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Dear BESSY-Users and Friends, 

 

 

 

It does not happen often that you are lucky twice in a row. Sometimes it happens in real life when you play 

lottery or when you are expecting twins. But in science...  

Then last year we were "hit" by the announcements from Stockholm that Peter Grünberg and - just one day 

after - Gerhard Ertl would receive the Nobel Prize in physics and in chemistry, respectively. We have been 

thrilled for several reasons, not least owing to our long lasting and very successful collaborations with the 

Forschungszentrum Jülich and the Fritz-Haber-Institut in Berlin, but more importantly, due to the awardees 

enormous impact on two major research fields at BESSY during the last 15-20 years. In fact, joint studies, 

then still at BESSY-I, revealed the basis of the mechanism of Grünbergs giant magnetoresistance discovery   

the discrete quantized electronic structure of the interlayer. And already in 1986, Ertl and his co-workers at 

FHI started to use synchrotron radiation to study heterogeneous catalysis. Today, scientists study more 

complex catalytic reactions under realistic conditions (see article) and many researchers work on new layered 

systems, which still have some surprises in stock.  

 

Many recent studies have been presented at the VUV XV conference, which took place in the "Konzerthaus 

am Gendarmenmarkt" in Berlin in the summer. The conference was organized by BESSY in collaboration with 

the Technische Universität Berlin. More than 500 participants gathered in the centre of Berlin to present and 

discuss their latest research results, mainly achieved by using synchrotron radiation sources world wide. We 

would like to thank all participants and the organizing team at BESSY to make this extraordinary event 

possible. 

 

But last year held another, however less surprising, issue. After being solely a synchrotron radiation facility for 

almost 30 years, BESSY is about to merge with the Hahn-Meitner-Institut to form a new "Helmholtz Centre 

Berlin for Materials and Energy". The new centre will operate two large scale facilities (BESSY-II and Ber-II) to 

provide synchrotron radiation and neutrons with a state-of-the-art experimental infrastructure. The merger will 

strengthen our joint research programs on modern materials and will also improve opportunities and services 

for our users. In particular, we encourage research projects taking advantage of the complementary use of 

photons and neutrons. 

 

We hope that our user community will largely benefit from the merger. Please keep on putting forward 

challenging experiments. We are indebted to all our users, who have been, and still are, the main reason for 

the BESSY story of success. However, without the drive and the enthusiasm of our staff to make things 

possible, many ideas would stay just ideas.  

 

Enjoy following our "noble traces"... 
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Characterisation of a TES-based X-ray microcalorimeter for astrophysical applications

L. Gottardi, Y. Takei, J. van der Kuur, P.A.J. de Korte, H.F.C.Hoevers, D.
Boersma, M. Bruijn, W. Mels, M. L. Ridder, D. Takken, and H. van Weers

SRON Netherlands Institute for Space Research,
Sorbonnelaan 2, 3584CA, Utrecht, The Netherlands

Electronic address: l.gottardi@sron.nl

I. INTRODUCTION

We are developing an imaging array of Transition Edge Sensor (TES) microcalorimeters for future X-ray astronomy mis-
sion like EDGE (Explorer of the Diffuse emission and Gamma-ray burst Explosions)[1], XEUS [2] and Constellation-X[3].
The experiment described here is part of the European-Japanese project EURECA, which aims to demonstrate technological
readiness of a 5 x 5 pixel array of TES-based micro-calorimeters read-out by two SQUID-amplifier channels using frequency-
domain-multiplexing (FDM) [8]. We discuss here the details of the detector set-up and the first results of the tests made using
synchrotron radiation at the PTB beamline of the BESSY II [10]. The aim of the campaign was to test the sensor behaviour to
investigate crucial detector issues like calibration of the energy scale, non linearity, large signal analysis and energy resolution
retrieval from pile-up events.

A cross section of the experimental set-up is shown in Fig. 1. The sensor is a single-pixel of a 5x5 array and consists of
a Cu absorber on top of aTi/Au TES deposited on aSixNy membrane, which provides a weak thermal link to the ADR bath
temperature. The TES is voltage-biased with aRth = 10mΩ (thevenin equivalent) load resistance, and kept at the transition by
negative electro-thermal feedback (ETF) [4]. The current through the TES was measured by a 100-SQUID array [11] operated
in flux locked loop (FLL). The inductance of the SQUID input coil isLs ∼ 70 nH. The SQUID array is directly read out by a low
noise commercial PTB-Magnicon electronics [12]. The detector has been integrated in a Janis two-stage ADR cooler precooled
at 3.5 K by a mechanical Cryomech Pulse Tube (PT).

We characterised the detector using the soft X-ray two plane grating monochromator beam-line (SX700) in the PTB laboratory
at BESSY II synchrotron facility in Berlin [10]. The photons energy can be selected with high resolution (< 0.5 eV) in the range
from 50 to 1800 eV. The radiation flux can be easily change from a few tenths to thousands of photons per second.
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FIG. 1: Cross section of the detector integrated in a two-stage Adiabatic DemagnetisationRefrigerator precooled by a Pulse Tube. From [5]

5



 40

 50

 60

 70

 80

 90

 100

 110

 120

 130

 140

 0  500  1000  1500  2000

 τ
fa

ll 
[µ

 s
e

c]

 energy [eV]

tau fall
polynomial fit

�
�
�

�
�
�

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 0  500  1000  1500  2000

en
er

gy
 r

es
ol

ut
io

n 
F

W
H

M
 [e

V
]

energy [eV]

baseline-WF
X-ray pulses-WF

τfall + excess noise

a) b)

�
�
�

�
�
�

dE=1.56 eV

FIG. 2: a) X-ray (full circle) and baseline (open circle) energy resolution as a function of the photon energy for the TES optimal working point.
The photon flux was of about 50 photons/sec. The theoretical (M=0) energy resolution for this detector at the working point discussed here, is
estimated to be∆Eth ∼ 0.6 eV.b) Pulse fall timeτ f all as a function of energy. The dashed curve is the polynomial curve fitting the data. From
[5].

II. EXPERIMENTAL RESULTS

A detailed characterisation of the single pixel thermal and electrical responsivity can be found in [6] [7]. We study the
microcalorimeter detector by measuring the energy resolution in the energy range from 150 eV to 1.8 keV and for the mi-
crocalorimeter optimum bias point observed atR/RN = 0.46 and zero perpendicular magnetic field [5]. In Fig. 2.a. the energy
resolution is shown as a function of the incident photon energy. In the graph we plotted with full circles the X-ray energy reso-
lution obtained after applying the matched filter to each single photon. The open circles show the baseline resolution obtained
by filtering the detector noise with the same filter used for the X-ray pulses. When the instrumental resolution of the detector
is dominated by random noise, the baseline resolution is equal to the X-ray resolution. At 250 eV we measured the best energy
resolution of 1.52±0.03 eV (see insert of Fig. 2.a.). In the presence of electro-thermal feedback (ETF) and for large ETF loop
gainL0, the energy resolution can be approximated, in the small signal analysis, as

∆EFWHM ≃ 2.355
√

4kTcτ f allPJ0(n(1+M2)/2)1/4, (1)

whereTC is the TES transition temperature,α andβ describe respectively the temperature and current dependent TES transition
steepness andPJ0 = I2

0R is the steady-state Joule power. The pulse fall time is calculated to beτ f all = τ0/(1+L0/(1+ β )),
whereτ0 = C/G andn = 3.7 is determined by the heat transport mechanism. M represents the ratio of the level of excess noise
to the Johnson noise as described by Ullom et al. [9]. The theoretical energy resolution (M = 0) for this sensor is estimated to
be∆Eth ∼ 0.6 eV.

The observed dependency of the energy resolution on the photons energy is related to the change of the pulse fall time as a
function of energy shown in Fig. 2.b. In a neighbourhood of this particular bias point the sensor parameters likeα, β , andL0
are changing quite rapidly [6], leading to a strong dependence of theτ f all on the signal amplitude and thus the energy. From
Eq. 1 and the polynomial curve obtained to fit the experimental measurements ofτ f all as a function of energy we derive the
dashed curve shown in Fig. 2, which gives the expected energy resolution in presence of excess noise for our sensor.

We usedM = 3, PJ0 = 6.5 pW and we assumed them to be constant for all the energies. The behaviour of the X-ray and
baseline resolution is qualitatively explained by Eq. 1. The discrepancy between the measured baseline resolution and the
calculated resolution is of only about 15%. This could be due to the thermal fluctuation noise (not include in the estimateddE
due to the presence of a dangling heat capacitance thermally decoupled from the TES[6].

The X-ray energy resolution is about 20% worse than the baseline resolution. This may indicate that the applied matched filter
is not optimal due to the non-stationary property of the noise. In that case one would expect however the difference to be larger
at higher energy. Drifts due to fluctuations of the bath temperature or magnetic field could also explain the discrepancy.

Fig. 3 shows the energy distribution at 250 eV for a count-rate as large as 500 photons per second. When large photon fluxes
are applied to the calorimeter a slightly worse energy resolution is observed. However, as shown in the figure, for a radiation flux
as large as 500 photons/sec we could still measure an energy resolution of 1.78±0.02 eV. To produce the spectra we rejected
about 30% of events due to pile-up. The energy degradation could be due to a non perfect pile-up rejection or non-linear effects
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FIG. 3: Energy spectra for the optimal bias point and photon flux of about500 photons/sec. We rejected about 30% of events due to pile-up.
From [5].

in the detector caused by the large number of photons reaching the microcalorimeter. The excess energy counts observed in the
low energy side of the spectrum are due to photons not directly absorbed in the microcalorimeter absorber. This is consequence
of the fact that the collimator opening is slightly larger than the absorber size.

The data analysis is still in progress. Using the data collected during the campaign reported here we aim to fully investigate
crucial detector issues like the calibration of the energy scale, non linearity, energy resolution retrieval from pile-up events and
large signal analysis. We are currently preparing a follow-up synchrotron campaign where we will characterise an imaging X-ray
TES microcalorimeter array using frequency multiplexing techniques [8].
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Influence of a carbon over-coat on the X-ray reflectance of 
XEUS mirrors 

D H Lumb  

Advanced Concepts and Science Payloads Office, European Space Agency, ESTEC, Postbus 299, 
2200AG Noordwijk, Netherlands 

F E Christensen, C P Jensen 

Danish National Space Centre, DK-2100 Copenhagen Ø Juliane Maries Vej 30, Denmark 

M Krumrey 

Physikalisch-Technische Bundesanstalt, Abbestr. 2-12, 10587 Berlin, Germany 
 
 

Grazing incidence X-ray telescopes have been used for decades as a core element of space-borne 
X-ray astrophysics observatories, most recently in the case of the XMM Newton [1] and Chandra [2]  
telescopes. Based on a novel optics technology a new generation of X-ray space telescope design is 
being investigated for the XEUS (X-ray Evolving Universe Spectrometer) mission by the European 
Space Agency, in preparation for potential consideration in the future Cosmic Visions 2015-2025 
Science Programme. The core of the telescope concept is the Silicon based High resolution Pore 
Optics (HPO) [3].  

Typically grazing incidence X-ray telescopes comprise Wolter 1 hyperbola-parabola mirror pairs, 
arranged in a highly nested co-axial configuration. High reflectance up to photon energies of a few 
keV is secured through the use of highly polished, high density, high atomic weight coatings, most 
often gold. A few years ago, Pareschi et al [4] pointed out that the deliberate employment of a low 
density external film over any mirror acts to reduce the photoelectric absorption when the mirror is in 
the total external reflection regime. In such a case the effective area of the mirror could intentionally 
be increased between 1 keV and 4 keV. We report here on an investigation into the effect of a 
deliberately introduced carbon layer over a platinum reflecting surface. We present measurements of 
the reflectance vs. graze angle at selected energies, and of an energy scan for the reflectance at a 
typical graze angle for the XEUS mirrors. The data are compared with models and used to verify 
predictions for the beneficial effect on the XEUS effective area. 

A number of silicon strips were coated in a planar dc magnetron sputtering facility of the Danish 
National Space Center [5] with Pt layers or Pt on C bi-layers. The samples were measured using the 
Four-Crystal Monochromator (FCM) of the PTB laboratory at BESSY [6]. The mirrors were placed in 
a UHV reflectometer that provides 0.001° angular resolution for sample and detector [7]. Silicon 
photodiodes with different apertures and a counting detector are mounted on the detector (2θ) arm. An 
additional thin photodiode operated in transmission in front of the reflectometer is used for 
normalization. For the measurements presented here, the reflectance was determined as the ratio of the 
normalised current for one of these diodes in the reflected beam to its normalized current in the direct 
beam. 

θ/2θ scans were performed at two photon energies; at 8.048 keV to facilitate comparison with 
potential measurements in laboratory reflectometers, and at 2.8 keV that is near the peak energy in 
expected reflectance improvement. At 8 keV the difference in response between the samples was not 
significant (Figure 1 left). At 2.8 keV it was expected that the maximum difference in reflectance 
would be manifested. Figure 1 (right) compares the measured data with best fit modeled response 
according to the parameters in table 1. For the XEUS telescopes, with the mirror radii in the range 
from 0.66 m to 2.2 m and a focal length 35 m, the grazing incidence angle range is 0.3° to 0.9°, 
therefore from Figure 1 (right) it can be seen that the reflectance with C overcoat is significantly 
higher than for bare Pt for all angles of interest. 
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TABLE 1 Properties of the deposited layers of three samples that are derived from a best fit to the reflectance 
data sets (θ/2θ  and energy scans) for each sample. 

 Xeusb20 Xeusb23 Xeusb21 
Pt thickness / nm 53.3 ± 0.5 53.0 ± 0.6 49.1 ± 2.0 
Pt Surface roughness / nm 0.7 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 
Pt relative density 98% 98% 95% 
Si surface roughness/ nm 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 
C thickness/ nm 0.3 ± 0.2 9.7 ± 0.2 9.7 ± 0.8 
    

 

FIGURE 1. θ/2θ scans at a fixed photon energy  
Left: 8.048 keV,  Right: 2.8 keV    
Xeusb20 (- - - - ) and Xeusb21 (______). The periodicity x   Xeusb20 (no C overcoat)   
in reflectance is primarily determined by the thickness +   Xeusb21 (10 nm C overcoat ) 
of the Pt layer, which in these samples differ by ~ 5%  In each case the full line is the model based on 
 the best fit parameters. 
 

For a typical grazing angle chosen for a mirror radius in the middle of the XEUS telescope range 
(0.57°), we performed an energy scan to confirm the energy dependence of reflectance improvement. 
This is shown in Figure 2, where the reflectance was calculated using Fresnel equations modified by 
the Nevot & Croce description of interface roughness imperfections. The calculations were 
implemented by the IMD code which allows a convenient fitting minimization using the Marquardt 
algorithm. The details of implementation are provided in [8]. The best match between theory and 
measured data is made assuming the parameters in Table 2. The Pt surface roughness compares with 
~0.5 nm (r.m.s.) achieved with interface layers of graded depth multilayers [9]. The Si layer roughness 
is somewhat larger than normally achieved, and the C layer roughness was not formally 
distinguishable from that of the Pt, so was simply tied to the former. A best fit was achieved assuming 
an apparent density of Pt a little lower than the nominal. The fit was insensitive to density of carbon. 
For the Xeusb20 sample a thin layer of C is also required formally, and this we assume to represent a 
monolayer of contamination. 

The measured reflectance data are well fit with layer properties that are close to those of the 
nominal deposited depths. The addition of the carbon coating significantly increases the reflectance at 
a typical graze angle for X-ray telescopes and at energies in the range 1 to 5 keV as predicted. The 
consequent improvement of effective area for the specific case of the XEUS baseline telescope design 
varies from 10 % to 60 % depending on photon energy within the range from 0.8 keV to 4.5 keV [10]. 
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FIGURE 2. Energy scans at a grazing angle of 0.57°. x Xeusb20  (no C overcoat).  + Xeusb21 (10 nm C 
overcoat). The full lines represent the best model based on parameters determined from angle scans. 
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X-ray imaging is a key point to study dense and warm plasmas produced by inertial confinement 
fusion experiments (ICF). These plasmas will be produced at the future Laser MégaJoule (LMJ) 
facility of the Commissariat à l’Energie Atomique (CEA) at Bordeaux (France). A high resolution X-
ray diagnostic named PIXEL (Plasma Imageur X pour les Expériences Laser MégaJoule) was 
designed to realize spatially and time resolved pictures of the plasmas induced by the 240 focused 
laser beams of the LMJ. For the PIXEL prototype, non-periodic multilayer, so-called supermirrors 
were developed at the CEA-DIF laboratory in collaboration with the “Laboratoire des Matériaux et de 
Microélectronique de Provence” (L2MP, CNRS). The mirrors were optimized to have the best 
compromise between the number of layers and a uniform reflectivity over the photon energy range. 

The mirrors were produced at the L2MP laboratory using magnetron sputtering [1]. Here we report on 
measurements on one of theses mirrors (Ma151) at the four-crystal monochromator (FCM) beam line 
in the PTB laboratory at BESSY II, using the UHV X-ray reflectometer [2]. The Ma151 multilayer 
structure consists of only 20 bi-layers of W/Si. Figure 1 shows that the Ma151 multilayer is composed 
of five sub-multilayers corresponding to zone 1 to 5. Zone 1 is the most aperiodic part of the mirror 
with a huge variation of thicknesses and of the Γ factor. Zone 2 (6x, 68 Å with Γ=0.558), zone 3 (3x, 
66 Å, Γ=0.545), zone 4 (2x, 68 Å, Γ=0.558) and zone 5 (3x, 68 Å, Γ=0.529) are the periodic parts of 
the multilayer. 
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FIGURE 1 : Thickness of W (triangles) and Si (squares) layers of the Ma151 supermirror. The different parts of the 
multilayer are referred to as Zone 1 to Zone 5. 
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The reflectivity of the Ma151 mirror for 0.6° grazing angle in the energy range from 4 keV to 
10 keV is presented in figure 2 (left). In this figure the measured reflectivity is compared to an ab-inito 
theoretical calculation and an adjusted calculation. As predicted, the reflectivity remains mainly above 
40 %, except in a narrow range around 6.5 keV where it drops down to 35 %. However, the shape of 
the measured reflectivity curve is less smooth than expected by the ab-intio theoretical calculation.  

In the region of the total reflection (below 5 keV), the ab-initio calculation underestimated the 
reflectance. Thus improved calculations were performed with adjusted parameters: the substrate 
roughness was set to 3 Å, the inter-layer roughness was fixed at 3 Å for the deep layers (near 
substrate) and at 2 Å for the upper layers (five last layers). In this new calculation the density of the Si 
layers was reduced by 10 % compared to the bulk density. The adjusted calculation is also shown in 
figure 2. Both calculations result in a decrease of the reflectivity above 9 keV which was not observed 
experimentally. The adjusted calculation is in better agreement with the experimental results but there 
remain differences which can be attributed to small variations in the experimental layers thickness. 
Measurements of the reflectivity were also performed at a fixed photon energy of 8048 eV 
(corresponding to Cu Kα radiation) by varying the grazing angle from 0° to 4°. The experimental 
results and the corresponding ab-initio calculation are shown in figure 2 (right). 

 
 
FIGURE 2.  Reflectivity of the Ma151 supermirror: 

Left: at a fixed grazing angle of 0.6° right: at a fixed photon energy of 8048 eV 
 
 
In order to completely characterize the Ma151 aperiodic multilayer response, five reflectivity 

curves were measured in the center of the supermirror as a function of the photon energy (between 
4 keV and 10 keV with 50 eV step size) and the grazing angles (between 0.5° and 0.7° with 0.05° step 
size). These curves were then bi-cubic interpolated. The corresponding reflectivity diagram is shown 
in Figure 3. In this figure, a global decrease of the total reflectivity from 4.5 keV to 6 keV with the 
increase of the grazing angle from 0.5° to 0.7° can be observed. Also, the contraction of the 
reflectivity curves towards lower photon energies with the increase of the grazing angle is visualized. 
In the region from 5 keV to 9 keV and from 0.5° to 0.7° the reflectivity response is flat as expected 
due to the supermirror effect with only some small oscillations. This diagram shows the good control 
of the thickness during the deposition process and the very high reflectivity of this multilayer for this 
energy range. Notice that “a” and “b” dashed lines shown in Figure 3 correspond to figure 2. 

These measurements indicate a very high reflectivity of 40% for the supermirror Ma151 with a 
remarkable smooth response over the photon energy range from 5 keV to almost 10 keV [3].  
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FIGURE 3.  Measured reflectivity diagram of Ma151 non-periodic multilayer as a function of the energy and the 

grazing angle, dashed “a” and “b” lines correspond to figure 2 left and right, respectively. 
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Introduction 
 
Complete cleans characterization plays an important role in today’s semiconductor fabrication. This 
term summarizes investigations necessary to understand and improve cleaning processes, i.e. etch 
residue removal. Therefore, elemental depth profiles as well as the chemical speciation of certain 
contaminants are useful information. 
Sidewall layers are of special interest but they are only accessible with difficulties using most 
analytical techniques. ARXPS for example, suffers from low depth sensitivity. In addition to that, it 
becomes very challenging when structures are slanted and have rounded edges [1]. 
This work describes a novel technique, based on simultaneous excitation of multiple sidewalls. It 
allows such investigations on nanoscaled sidewall layers described below using grazing incidence 
XRF to reveal elemental depth profiles. 
 
The test structures 
 
The development of an alignment procedure for grazing incidence investigations on sidewall layers 
required special test structures. Two 200 mm silicon wafers, each covered with 4 differently dense 
fields of poly-Si bars, were fabricated by IMEC. The fields have a size of 1 cm² and are covered with a 
repeating pattern of silicon bars and trenches offering several identical sidewalls to be probed 
simultaneously. Four different bar/trench widths are available on a wafer. A schematic cross section of 
these structures is shown in fig. 1a. The sidewalls are covered with a silicon nitride layer (Si3N4) 
whose thickness is varied on the two wafers. Bar widths of 45 µm, 15 µm, 450 nm and 150 nm are 
used to modify the sidewall density between different structure fields. With increasing density, the 
spacing width between two adjacent bars decreases. 
 

 

Figure 1: Part a) shows a schematic cross section of a silicon bar. The sidewall layer is colored green. 
The pitch of the sidewalls is 84° in the present structures while their heigth is 200 nm. Part b) shows a 
SEM-picture of the 150 nm structures. Part c) shows one of the test wafers inside the vacuum 
chamber. 
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Experimental 
 
The developed alignment procedure consists of three main steps. They are necessary to identify the 
different structure types and to be able to position the beam on such a structure field without having 
any contributions from adjacent fields.  
The first step is done in TXRF geometry, which is realized by an angle of incidence of 0.9° with 
respect to the wafer surface at an incident photon energy of 1622 eV. The reflected beam is measured 
with a diode while the wafer is turned around its surface normal. The intensity of the reflected incident 
beam is maximal when the silicon bars are positioned parallel with respect to the beam. Knowing this 
position is essential for grazing incidence measurements on such sidewalls since an absolute angular 
scale is necessary.  
The other parts of the alignment procedure are performed to identify the structure fields in horizontal- 
and vertical direction. The wafer is moved vertically through the beam while the reflected beam is 
measured in the second step. Different reflectivity between bar and trench as well as shadowing effects 
causes the oscillations shown in fig. 2 (left hand side). The micrometer-scaled structures can be 
distinguished by this measurement. 
For horizontal identification, the angle of incidence is increased to 2.5° as the incident energy is 
reduced to 475 eV. This is done to shorten the footprint length on the wafer surface and to ensure 
better excitation conditions for the nitrogen on the sidewalls. The TXRF-chamber is then moved, 
which results in a horizontal movement of the footprint across the wafer surface. The nitrogen Kα 
count rate (CR) is used as the distinctive feature since it rises suddenly as the footprint moves from a 
less dense field onto a field with higher density. This is caused by the higher amount of sidewalls 
within the area of the footprint of the PGM beam spot. 
The center positions obtained in step two and three are combined and define the optimal measurement 
positions for each structure type. 
 

 

Figure 2: This figure shows the results of the alignment measurements. The norm. diode signal of the 
reflected beam as the footprint is moved vertically is shown on the left. The right part shows the result 
of step three, where the footprint is moved horizontally [2]. 

Results 
 
GIXRF measurements were conducted on each structure density. The angular dependency of the N-Kα 
fluorescence intensity is shown in fig. 3 (right hand side): The run of the curves is comparable. The 
absolute height correlates with the sidewall density. Shadowing effects occur at larger angles. Their 
influence is maximal on the 150 nm structures. The intensity offset at zero degrees is caused by etch 
residues inside the trenches. The figure below shows a comparison of the two 450 nm curves to 
calculated ones. The model is based on an IMD simulation [3] of the wave field inside the sidewall. It 
has also been assumed that the nitrogen concentration is step-like. This could be one reason for the 
differences between calculation and measurement.  
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Figure 3: Left: Logarithmic diagram of N-Kα CR obtained in grazing incidence measurements on all 
four sidewall types on wafer D21. Right: Comparison of the offset corrected GI measurements on the 
450 nm sidewalls on both wafers with calculated curves. 
 

Conclusion 
 
The development of the presented alignment procedure enables measurements for cleans 
characterization and depth profiling on sidewall structures as provided here. The analytical methods 
used (TXRF combined with GIXRF) provide an enhanced information depth compared to ARXPS [1]. 
Hence, layered systems with thicknesses of several 10 nm can be characterized.  
However, there are requirements towards samples due to the size of the footprint at the PGM-beamline 
[4]: the structures must be of comparable dimensions to the ones presented here. Furthermore, it is 
necessary, that the structures are spread evenly across this field because the technique is based on the 
simultaneous excitation of multiple sidewalls. 
For more reliable calculations, improved values of the optical constants need to be determined by X-
ray reflection (XRR) or transmission experiments [5]. Combining GIXRF with near edge absorption 
X-ray fine structure (NEXAFS) experiments, depth profiling may not only provide information 
concerning the elemental compositions but also on the respective chemical state. 
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Introduction Electron based detection methods are nowadays widely-used for the non-
destructive analysis of very thin layers and surfaces regarding elementary composition and chem-
ical speciation. Without modifying the material of interest it is required to develop a method
based on photon detection to gain access to a layered structure or to deeply buried thin layers.
The basic idea is to combine near edge x-ray absorption fine structure spectroscopy (NEXAFS)
and grazing incidence x-ray fluorescence analysis (GIXRF). If the material is irradiated on con-
dition of the grazing incidence (GI), then it is possible to gain access to a range, where at given
photon energy the choice of the incident angle determines the penetration depth[1, 2].Thus the
penetration depth varies in the nanometer scale from a few to hundreds of nanometers with
increasing angle of incidence. Due to the angular dependence of GIXRF, it is possible to obtain
the composition as a function of the information depth. But if the samples should be probed
regarding their chemical speciation and ensure simultaneous the variability of the penetration
depth, x-ray absorption spectroscopy has to be combined with GIXRF.

Method The GIXRF regime for sufficiently flat samples is characterized by the occurrence of
interference effects of incident and reflected beam above, at and below the surface. That effect
is also referred to as X-ray standing wave (XSW) field[2]. The calculation of the intensity dis-
tribution of the XSW field uses a plane wave approximation for the electromagnetic field. This
approach implicates the refraction index and consequently the optical constants n and κ. The
intensity of the XSW field shows a strong dependence on the incident angle and the photon en-
ergy. At the absorption edges the optical constants, especially κ (the imaginary part) exhibits a
resonant behavior, which causes a strong variation of the penetration depth. This circumstance
becomes more important for combining GIXRF with x-ray absorption spectroscopy and suggests
a new definition of the penetration depth.

Experimental The GIXRF-NEXAFS measurements were carried out at the plane grating
monochromator (PGM) beamline[3, 4] for undulator radiation in the PTB laboratory at BESSY
II. For the analysis of the buried nanolayers employed instrumentation and an approach for
reference-free TXRF is detailed discussed in recent work[5]. For the detection of the fluores-
cence radiation a calibrated energy-dispersive Si(Li) detector with an 30mm2 area and with
well-known response functions[6] was employed. For every photon energy an energy dispersive
X-ray fluorescence spectrum was recorded and for Ti Liii,ii GIXRF-NEXAFS the normalized
(on the incoming radiant power and Si(Li) detector efficiency) count rate of Ti Lα and Ti Lι.
Employing a ion beam sputtering deposition (IBSD) technique[7] the titanium and titanium
oxide layers, respectively, were produced by IWS Dresden. It was attempted to deposit different
kinds of titanium oxides by controlling the oxygen flow rate. The nanolayer system has the
following configuration: as the substrate a polished 8 inch Si wafer was used and coated with 50
nm Mo, and afterwards with 5 nm C. On the prepared substrate six differently oxidized titanium
layers (30 nm) were successively deposited. The oxygen flow rate was varied between 0 sccm
and 18 sccm. Afterwards the T iOx layers were coated with 5 nm C to ensure an appropriate
system for the methodological investigations and to prevent further oxidation processes.

Results The calculations of XSW field intensity are intended for an estimation of the penetra-
tion depth for a specific angle at given photon energy. The software IMD 4.1.1 [8] (D. Windt)
provides a tool for computing the intensity distribution dependent on the depth z and the graz-
ing incidence angle θ for a layered system. The excitation energy was chosen below (E = 450 eV ,
figure 1) and above (E = 475 eV , figure 1) the titanium Liii absorption edge. Setting the photon
energy below the edge, the XSW field significantly occurs in the sample. If the excitation takes
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place energetically above the absorption edge than the peaks and troughs are vanished. The field
intensity is exponentially decreasing with increasing depth. A significant decrease of intensity
occurs when passing the absorption edge.
As a first approximation the incident angle θ (θ=8◦) was kept constant in order to answer-
ing the question if it is possible to characterize deeply buried nanolayer with respect to their
chemical state far beyond the depth range of electron based techniques. A significant shift of
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Figure 1: Calculations of the intensity distribution dependent on the depth z and the grazing incidence
angle θ of the layered system were performed by using IMD[8] Left: below the Ti Liii; Right: above the
Ti Liii. Ilayer denotes the mean intensity of the XSW field in the Ti layer.

both absorption edges Ti Liii,ii towards higher energies when increasing the oxygen flow-rate is
observable. Considering the chemical shift two differing oxides T i2O3 and T iO2 occur. Sample
T iOx 2 mainly consist of T i2O3, T iOx 3 is probably a mixture of both levels (T i3+ and T i4+) and
T iO7 consist of T iO2. Continuing with the fine structure of the Ti Liii and Ti Lii, respectively,
generally spoken, for all analyzed nanolayers at constant incident angle θ the fine structure
is partially less distinctive (T iOx 1 - T iOx 3) and much broader (T iOx 7) than expected. We
assume that this behavior is caused by a absence of any kind of crystalline structure. The lay-
ers are deposited beyond epitaxial growth, that means the occurred microstructure is mainly
dense polycrystalline or amorphous. The Ti Liii,ii NEXAFS spectra of titanium oxides are char-
acterized by the transition of Ti 2p core electrons into Ti 3d states in the conduction band.
Describing the splitting of the Liii and Lii, respectively, in two main peaks one draws on the
crystal field of the surrounding of the O atoms. The D4h crystal field splits the Ti 3d band into
t2g (dxy, dxz and dxz orbitals) and eg (dz2 , and dx2

−y2 orbitals) subbands.[9]. The structures
denoted as A, B and C belong to t2g subbands and D, E and F belong to eg subbands of the
Liii. Moving on to the absorption fine structure of the Ti Lii edge the related peaks are poorly
distinctive and broad, as can seen in figure 2. For the first three samples it is almost impossible
to fit the expected peaks. Based on studies of Kucheyev[10] three Gaussian were assumed to fit
the Ti Lii related peaks F, G and H for the samples with T iO2 like fine structure at the Ti Liii.
One expects a similar behavior like at the Liii edge, the crystal field splitting in the following
subbands t2g and eg.

Conclusion In this work we have presented that a non-destructive analysis of deeply buried T iOx

nanolayer with grazing incidence x-ray fluorescence combined with near edge x-ray absorption
fine structure (GIXRF-NEXAFS) is possible. In this connection the electronic structure of
these thin layers have been examined with high-resolution soft x-ray absorption spectroscopy
detecting a ’partial fluorescence yield’, e.g. the intensity of selected fluorescence lines associated
with a specific inner-shell ionization. The spectra measured at the Ti Liii,ii edges are exhibiting
different bonds and oxidation levels of titanium, e.g T i2O3 and T iO2. In conclusion, GIXRF-
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Figure 2: Ti Liii,ii NEXAFS spectra of T iOx 1 a), T iOx 2 b), T iOx 3 c)and T iOx 7 d) are plotted
including the fit of the spectrum (thick line), measured data (�), the Gaussian (thin line) and a S-shape
function (thin line) for the absorption edges.

NEXAFS provides comparable information to non-destructive electron detection based methods
when dealing with near-surface layers.
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Cryogenic electrical substitution radiometers are commonly used as primary standard 
detectors for the measurement of absolute radiation power with low uncertainties. PTB 
operates a dedicated radiometer system for the use with synchrotron radiation in the UV- and 
VUV spectral range (40 nm to 400 nm) [1]. This instrument enables determination of the 
radiant power in this spectral range with relative uncertainties in the order of 10-3. Typically, 
semiconductor photodiodes which can be calibrated against the primary standard with 
uncertainties below 1 % are used as secondary standards. At this level of uncertainty, the 
detector characteristics play a non-negligible role in the uncertainty budget. Usually, the 
homogeneity and the radiation hardness of the detector are critical issues, but depending on 
the application, also e.g. limits in linearity might be relevant. In the long-term use of a 
detector standard, its stability (concerning degradation) shows to be the limiting factor. 

Maintenance and dissemination of the radiometric scale of spectral responsivity for 
photodetectors is one of PTB’s permanent tasks. In this context, the suitability of different 
photodetectors as transfer standards is tested on a regular base, and in particular long-term 
stability data are collected on the base of the (typical about two years) re-calibration cycles. 
The detector types reported here were selected for an intercomparison of radiometric scales 
between PTB and NIST1 in the wavelength interval between 130 nm and 250 nm. The test 
measurements were extended down to 120 nm to cover the Hydrogen Lyman-alpha 
wavelength of 121.6 nm. A set of five detector types was chosen, which already proved to be 
suitable candidates as transfer standards in this spectral range. The set consists of a phototube 
with MgF2-window (Hamamatsu R6800-23), different silicon photodiodes (AXUV100 and 
SXUV100 by IRD Inc. - the latter with a platinum-silicide layer for enhanced radiation 
hardness -, SPD 100-UV by the Ioffe Physico-Technical Institute [2]) , and a PtSi-Schottky 
photodiode SUV100 produced by the ETH Zurich.  

Fig. 1 shows the results for the homogeneity in responsivity of the selected detectors. The 
detectors were scanned across a 1-mm diameter beam at the four given wavelengths; Fig. 1(a) 
shows an example of a relative responsivity map for the AXUV100 detector at 193 nm. The 
maximum deviation over the detector’s surface (without regarding a 1-mm zone at the 
detector edges) gives the inhomogeneity value in Fig. 1(b). It can clearly be seen that the 
inhomogeneity is quite different for different wavelengths, and differs between a few 0.1 % 
for the AXUV100 at 193 nm and almost 10 % for the photocathode. In general, the 
inhomogeneity rises towards lower wavelengths. 

 

                                                           
1 National Institute for Standards and Technology (U.S.) 
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Fig. 1 Responsivity inhomogeneity: (a) example for relative changes in responsivity over detector 
surface, for a AXUV100 photodiode at 193 nm, (b) comparison of the maximum relative deviation in 
responsivity over the detector surface at 70 nm, 121 nm, 157 nm, and 193 nm for a selection of different 
transfer standard detectors. 

In Fig. 2 the radiation stability of the different detectors is depicted. The stability was 
determined by the relative difference of the spectral responsivity before and after irradiation 
with monochromatized synchrotron radiation at 193 nm (2 mJ total dose) and 121 nm (0.6 mJ 
total dose). These quite high irradiation doses (in comparison to typical calibration 
measurements) were realized by irradiations of more than ½ h.  Fig. 2(a) gives an example for 
the relative difference in responsivity of the AXUV100 photodiode at 121 nm after irradiation 
at the same wavelength. The irradiated spot can clearly be seen; the maximum change in 
responsivity is taken as the measure for irradiation damage and collected in Fig. 2(b).  
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121 nm, (b) maximal relative change in responsivity after irradiation at 193 nm (2 mJ dose) and 121 nm 
(0.6 mJ dose) for a selection of transfer standard detectors.  
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Fig. 3 gives on overview of the long-term stability of the transfer standards. Here, the relative 
difference in the absolute spectral responsivity versus wavelength is shown for a re-
calibration period of 13 months. For the AXUV100 and SXUV100, two different individual 
detectors were taken into account: While detectors “A” were used in routine calibrations, 
detectors “B” were stored under dry air without being exposed to radiation. Obviously, all 
detectors show a significant trend to degrade towards shorter wavelengths in the percentage 
range – even if they were not in use. For wavelengths from 150 nm to 250 nm, the detectors 
show no significant spectral change, while having individual changes in their responsivity up 
to ± 1 %. The AXUV100 samples show the lowest overall changes, while the SUV100 has the 
lowest degradation towards shorter wavelengths.  
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Fig. 3 

 Relative difference in 
absolute spectral 
responsivity for 
selected detectors over 
a 13-months re-
calibration cycle. 

 

In summary, it can be stated that there is no “ideal” detector to cover the whole spectral range. 
In particular at wavelengths around 120 nm, all detectors suffer from inhomogeneities and 
degradation. Moreover, this correlates with a minimum in the absolute spectral responsivity. 
Generally, the metal-Si-covered detectors (SXUV100 and SUV100) have a higher irradiation 
stability at 121 nm, however, their responsivity is lower by an order of magnitude. Close to 
the transmission edge of the MgF2-window around 120 nm, also the photocathode tends to 
loose responsivity, either by window ageing and/or due to contamination effects. 
Nevertheless, for the longer wavelength region between 150 nm and 250 nm, all detectors 
show reasonable characteristics.  

 

[1] A. Gottwald et al., Metrologia 43 (2006) S125 

[2] E. I. Ivanov et al., Sov. Tech. Phys. Lett 6 (1980) 377 
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Soft X-ray reflectometry  
from the water-window to EUV 
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Annett Kampe, Jana Puls and Gerhard Ulm 
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Torsten Feigl, Sergiy Yulin 
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The routine availability of high-accuracy soft X-ray radiometry is a prerequisite for the 
development of thin film coatings and nanostructuring methods. Measurement requests range 
from multilayer mirrors for scientific instruments to optics development for extreme UV 
lithography (EUVL) and many other fields of semiconductor, space science and optical 
technologies. PTB pursues the characterization of optical components in the VUV to X-ray 
spectral regions using synchrotron radiation in its laboratory at the storage ring BESSY II. An 
EUV reflectometer [1] enables the PTB to characterize optical components for EUV or other 
wavelength ranges like the water window around 3 nm at their respective working 
wavelength. Specimen up to 550 mm in diameter and 50 kg in mass can be characterized.  

 

 

Figure 1 Compilation of typical 
multilayer-mirror 
  reflectance curves.  
 

Figure 1 illustrates the variety of soft X-ray optics used today. The mirror around 30nm 
(figure 7) can be used as passfilter and reflector in a solar spectrometer in space. 
Focused around 13.5nm (see figure 6) are development activities for EUV Lithography 
(e.g.[2]). A new record reflectivity of >70% at 13nm has been shown.  
The water-window (2.3nm to 4.4nm) (see figures 2 to 4) becomes increasingly important for 
bio sciences. As reflective multilayer coatings and optics [3] in this wavelength region 
improve (see figure 3), Schwarzschild optics become feasible and improved soft X-ray 
microscopes come online. 
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                 Figure 2                  Figure 5 

                 Figure 3                  Figure 6 

                 Figure 4                  Figure 7 
 
Fig. 2 - 7: The multilayer-mirror reflectance curves from figure 1 in order of ascending central wavelength. Each 

scan separate to give more detail. The angle of incidence (AOI) is definded relative to the surface normal 
of the multilayer-mirror and is given in each graph. 

 
 
 
As figures 2 to 7 illustrate, PTB regularly performs reflectometry in the soft X-ray range. The 
angle of incidence relative to the surface normal of the mirror can be chosen between 1.5° and 
90°. Careful alignment [4] of the mirrors and optimized stability of the beamline allow a 
typical measurement uncertainty of the spectral reflectance of 0.1 % [5]. 
 
 
[1] J. Tümmler, et al. Proc. SPIE 4688, 338 – 347 (2002) 
[2] N. Kaiser, et al., Optical Interference Coatings 2007. ISBN: 1-55752-841-1 
[3] Schäfers, et al., Proc. SPIE 5188, 138-145 (2003) 
[4] C. Laubis, et al., Proc. SPIE 6151, 61510I (2006) 
[5] F. Scholze, J. Tümmler, G. Ulm, Metrologia 40, S224-S228 (2003) 
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Determination of line widths on EUV photomasks using 
EUV scatterometry 

Frank Scholzea, Christian Laubisa, Gerhard Ulma, Uwe Derschb, Jan Pomplunc,d,  
Sven Burgerc,d, Frank Schmidtc,d   

a Physikalisch-Technische Bundesanstalt, Abbestraße 2-12, 10587 Berlin, Germany 
b Advanced Mask Technology Center, Rähnitzer Allee 9, 01109 Dresden, Germany 

c Zuse Institute Berlin, Takustrasse 7, D-14195 Berlin, Germany 
d JCMwave GmbH, Haarer Straße 14a, D-85640 Putzbrunn, Germany 

Scatterometry, the analysis of light diffracted from a periodic structure, is a versatile 
metrology for characterizing periodic structures, regarding critical dimension (CD) and other 
profile properties. For extreme ultraviolet (EUV) masks, only EUV radiation provides direct 
information on the mask performance comparable to the operating regime in an EUV 
lithography tool. With respect to the small feature dimensions on EUV masks, the short 
wavelength of EUV is also advantageous since it increases the sensitivity for small structural 
details. Investigations of PTB within the “ABBILD” project, supported by the 
Bundesministerum für Bildung und Forschung showed that it is feasible to derive information 
on the absorber line profile in periodic areas of lines and spaces by means of EUV 
scatterometry in combination with rigorous numerical modeling with the finite element 
method (FEM)1. A prototype EUV mask with fields of nominally identical lines was used for 
the measurements. The scatterometry data were compared to scanning electron microscope 
(CD-SEM) and surface nano probe (SNP) measurements of the line profiles as provided by 
the AMTC.  
The investigations were done on an EUV test mask2. The mask is divided into 121 fields 
labeled as “A1” through “K11”. Each field is structured into 16 subfields containing large 
bright and dark areas for reflectometry as well as lines & spaces with either the same CD and 
pitch for all fields (180 nm bright lines at 720 nm pitch) or systematically varying CD 
(140 nm dark lines in column H). 

 

Figure 1 Comparison of measured and calculated 
diffraction intensities for semi dense 
180 nm bright lines at 720 nm pitch. 
Shown are data for 3 wavelengths (green: 
13.4 nm, red: 13.67 nm, and blue: 13.75 
nm). The experimental values are shown as 
solid circles and the calculation as open 
circles. The lines (solid and dashed, 
respectively) are only to guide the eye. 

Reflectometry allows to measure the silicon capping and oxide layer thickness in open fields 
on the mask and also to measure the total height of the absorber stack above the multilayer3. 
Parameters like the height of the absorber lines can therefore be measured independently. 
Results of scatterometry measurements are shown in Figure 1 for the 180 nm bright lines at 
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720 nm pitch in field D8. Only the intensities in the discrete diffraction orders are used for the 
further evaluation using rigorous FEM calculations of the electromagnetic fields to derive the 
structure parameters from the measured diffraction intensities4. 

 

Figure 2 Comparison of CD measured at semi dense 
180 nm bright lines at 720 nm pitch: 
measurements with the CD-SEM (blue closed 
circles) and scatterometry (red open circles). 
The dotted lines are only to guide the eye; the 
dashed line shows the CD SEM values shifted 
by an offset value of  -21.5 nm. The labels on 
the X-axis denote the respective fields at the 
mask. 

Figure 3 Comparison of CD measured at nominally 
140 nm dark lines with varying duty cycle. 
Shown are measurements with the CD-SEM (blue 
closed circles) and the results of the scatterometry 
(red open circles). The blue dashed line shows the 
CD SEM values shifted by an offset value of 
+16.6 nm. CD values from an SNP measured 
near the top of the line are shown by filled 
triangles; the short dashed line represents these 
values shifted by -7 nm.  

Figure 2 and Figure 3 show a comparison of the line width (CD) as determined using 
scatterometry to the values obtained at the AMTC using the CD-SEM or SNP for nominally 
180 nm bright lines and 140 nm dark lines respectively. There is always a significant offset 
between scatterometry and CD-SEM, which is due to the different image generation processes 
for photons and electrons. Besides that, a close linear correlation of 0.2 nm rms for the 
180 nm lines and 0.3 nm for the 140 nm lines is achieved between scatterometry and CD-
SEM. EUV scatterometry has thus been proven as a viable tool for reliable and destruction 
free CD measurements. 
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The impact of carbon-containing fine aerosol particles on human health and atmospheric 

chemistry is an important issue for several environmental studies. Carbonaceous particles mostly 

originate from traffic related sources that are very variable in space and time. Simultaneous 

information on gaseous pollutants and particulate matter is often necessary for source 

apportionment of urban particulate matter. For this reason, development of analytical techniques 

for aerosol samples allowing very high temporal resolution is required, since compounds in gas 

phase can be measured with time resolution as low as 1 minute. This would allow a time-resolved 

correlation between pollutant gases and the composition of primary and secondary aerosols. Near 

edge X-ray absorption fine structure (NEXAFS) at the carbon K-edge is widely used in the total 

electron yield mode for deriving the ratios of differently bound carbon atoms in bulk particulate 

matter [1], however samples collected on filters need pre-treatment prior to measurements. 

NEXAFS measurements in the total-reflection X-ray fluorescence (TXRF) geometry offer non-

destructive speciation of the atmospherically important low-Z elements (C, N and O) in minute 

samples collected by cascade impactors directly on the reflector surface [2, 3, 4].

Urban and suburban aerosol particles were collected in Budapest, on silicon wafers using a 7-

stage May cascade impactor, during different traffic intensity periods. The May impactor has, at a 

20 l/min sampling flow, aerodynamic cut-off diameters of 1, 0.5 and 0.25 µm for stages 5 to 7, 

respectively. In order to obtain the best loading of particles in the impacted lines, the sampling 

durations were different for the different stages (2 min for stage 7, 10 min for stage 6 and 20 min 

for stage 5).

The TXRF experiments were performed at the plane grating monochromator (PGM) beamline of 

Physikalisch-Technische Bundesanstalt (PTB), the German national institute for metrology, at the 

electron storage ring BESSY II using undulator radiation that provides a high photon flux of high 

spectral purity in the soft X-ray range. The K edge of carbon was examined on the wafer samples 

in the UHV irradiation chamber of PTB. The beam profile was 140  40 µm², which resulted in 

an illuminated area of 3.2 mm  40 µm at an angle of incidence of 2.5°. For a typical energetic 

scan at the C-K edge, the incident photon energy was varied from 274 eV to 310 eV in steps of 

200 meV. At each point of the scan a TXRF spectrum was recorded for 10 s and the detected C-

K  count rate was deduced. Graphite and CaCO3 standard particles in the 0.25 to 2 µm size range 

deposited on silicon wafers were measured in identical conditions.  

The C K-edge TXRF-NEXAFS spectra of the two standards show characteristic * resonances 

for elemental carbon and carbonate at 285 and 291 eV, respectively. Figure 1 shows C K-edge 

TXRF-NEXAFS spectra of fine aerosol samples (on May-impactor stages 7, 6 and 5) collected in 

Budapest in August 2006, during different traffic conditions. The general trend of the decreasing 

intensity of the elemental carbon peak with increasing particle diameter was observed during low 

traffic conditions. This is in accordance with the transmission electron microscopy observation of 

primary soot particles [5]. They are chain-like agglomerates of 30–50 nm diameter globular units, 

with a typical length below 1 µm. The length of these chains decreases with the distance from the 

emission source, since they break during long-range transport. Despite the decrease with 

increasing particle diameters, the intensity of the * resonance at 285 eV is still relatively high in 
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the 1–2 µm size fraction. This is most probably due to the fact that fragments of primary soot 

particles were agglomerated with larger secondary particles. The TXRF-NEXAFS spectra of the 

sample set collected during high traffic conditions show a larger decrease of the elemental carbon 

peak intensity with increasing particle diameters, because the intense sources of carbonaceous 

particles are closer to the sampling site than during low traffic conditions. The twofold effect of 

the higher traffic intensity on the aerosol composition can be clearly seen on the TXRF-NEXAFS 

spectra. On one hand, the higher concentration of primary carbonaceous particles was observed in 

the smallest size fraction (0.25–0.5 µm), resulting in a second * resonance at 288 eV in the C K-

edge NEXAFS spectrum that was found to be typical for diesel exhaust soot [6]. On the other 

hand, higher traffic increases resuspension of particles of crustal erosion origin, with calcium 

carbonate as a major component in Hungary. These particles are dominant in the larger size 

fractions. Our results are in accordance with this, since the * resonance of carbonate (at 291 eV) 

is clearly visible in the C K-edge spectrum of the 1–2 µm fraction collected during high traffic 

conditions.

The above results were obtained from samples collected from much smaller air volumes than 

usually used for filter sampling, supporting the applicability of TXRF-NEXAFS in the 

characterization of carbonaceous particulate matter with high time resolution. Further research is 

planned for quantitation of the ratios of differently bound carbon atoms present in the samples. 

Fig. 1. C K-edge TXRF-NEXAFS spectra of fine aerosol samples collected in Budapest during high (left) and low 

(right) traffic conditions 

This work was partially financially supported by the Hungarian Scientific Research Fund (OTKA) through project 

no. T049581. 
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Application of EUV reflectometry to DUV photomasks 
Frank Scholze, Christian Laubis  

Physikalisch-Technische Bundesanstalt, Abbestraße 2-12, 10587 Berlin, Germany 

The routine availability of high-accuracy soft X-ray radiometry is a prerequisite for the 
development of thin film coatings and nanostructuring methods needed for future 
semiconductor lithography masks and in many other fields of semiconductor and optical 
technologies. PTB's EUV reflectometer allows full field surface scanning of semiconductor 
masks at 10 μm positioning reproducibility. The probed area (photon beam size) is about 
1 mm². The investigations shown here were done on a DUV chrome-on-glass (CoG) test 
mask1 with periodic line structures of 580 nm width at 1120 nm pitch. Reflectometry on these 
structures has been used to determine the depth of the trenches between the lines, see Figure 1 
and Figure 2. The test mask had periodic line structures oriented in X and Y direction. By 
measuring at different spots, we had the light incident parallel or perpendicular to the lines. 

 

Figure 1 Specular reflectance measured at 13.5 nm 
on a lines & spaces field of a CoG mask 
with the light incident parallel to the lines 
(red dots). The green solid line is the 
calculated reflectance of Cr using a 
roughness (HSFR) of 2 nm rms, the blue 
line is for SiO2 and 1.3 nm rms HSFR. The 
critical angle for the Cr reflectance is 
obviously higher than measured; a reduced 
density of 4 g/cm³ and 1.6 nm roughness 
yields a better agreement (green dashed 
line). The black solid line is a calculation 
of the interference of the partial waves 
reflected on top of the absorber and in the 
bottom of the trench (see scheme below) 
using h = 194.5 nm. The angle of incidence 
is measured relative to normal. 

 

Figure 2 Specular reflectance measured at 13.5 nm 
on a lines & spaces field of a CoG mask 
with the light incident perpendicular to the 
lines (red dots). The green and blue lines 
are as in Figure 1. The black solid line is a 
calculation of the interference of the partial 
waves reflected on top of the absorber and 
in the bottom of the trench (see scheme 
below) using h = 195.2 nm. Here the 
interference vanishes above a certain angle 
due to shadowing of the bottom of the 
trench. 

For the measurement with the light incident parallel to the lines, the data can be fully modeled 
with a simple Bragg-like scheme as shown in Figure 3. The absorber stack is too thick to 
create interference between the light reflected at the top of the absorber and at the Cr/SiO2 
interface because the light is fully absorbed within the absorber layer. Thus, there are only 
two components in the reflected light propagating in vacuum from either the top of the 
absorber lines or the bottom of the trench. The height of the structure is thus directly obtained 

29



from the interference fringes observed. The height of the lines is determined to be 194.5. This 
number was independently confirmed by measurements using an atomic force microscope, 
yielding 194 nm step height. 

 

Figure 3 Scheme for the reflection of light incident parallel 
to the lines of a structured area on a photomask. 
Provided the absorber lines are thick enough to 
fully absorb the radiation, only partial waves 
reflected at the top and bottom surface areas 
interfere as described with a Bragg-equation.  

 

Figure 4 Scheme for the reflection of light incident 
perpendicular to the lines of a structured area on a 
photomask. The illuminated area in the groove 
shrinks with increasing angle of incidence. 

Reflectance measurements at an adjacent structure with the lines perpendicular to the 
incoming beam are shown in Figure 2. Here, the interference wiggles disappear at an angle of 
about 60°. This is explained by shadowing of the bottom of the trenches, Figure 4. The fringes 
at near normal incidence, however, can be used for depth determination as well. Here a 
slightly different height of 195.2 nm is derived, well within the homogeneity of the etch 
process. The simple geometrical model of interference of the partial waves reflected at the top 
and bottom of the structures, describes correctly the amplitude of the fringes near normal 
incidence. At higher angles, semi-shadowing and edge transmittance effects not included in 
the model are obviously significant and rigorous calculations would be needed to describe the 
measured signal correctly. It should be noted that the specular reflection, used here for the 
measurements, does not depend on the period of the structure, i.e. such measurements could 
also be done at arbitrary non-periodic structures. Going to angles close to normal also allows 
to measure even narrow trenches or deep contact holes. If there is not enough angular range 
available to observe the interference fringes, the same measurement could be done at fixed 
angle with varying wavelength. 
It is demonstrated that EUV reflectometry which allows to measure up to near normal 
incidence is a versatile tool to measure structure heights on 3D structured objects like 
photomasks.  
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Verification of the radiometric calibration of the space instrument 
SOLSPEC traceable to the primary-source-standard BESSY II 

S. Kroth, W. Paustian, R. Thornagel  
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In February 2008 the space shuttle Atlantis will be launched to bring the European module 
Columbus to the International Space Station (ISS). One of the instruments on board is 
SOLSPEC (SOLar SPECtrum), a space qualified spectroradiometer dedicated to the 
measurement of extraterrestrial solar spectral irradiance in absolute radiometric units from 
180 nm to 3000 nm [1]. This kind of measurement allows a better understanding of the 
interaction between solar radiation and earth atmosphere. Especially solar radiation with short 
wavelengths is important for the extensive interaction of different processes in the high 
atmosphere. 

For the spectral range from 180 nm to 300 nm SOLSPEC has a radiometric calibration based 
on the primary source standard BESSY II. The Belgisch Instituut voor Ruimte-Aeronomie 
(BIRA) and the Physikalisch-Technische Bundesanstalt (PTB) cooperate for this calibration. 
The radiometric calibration of SOLSPEC is performed in two steps: First, PTB calibrated 
transfer-standard deuterium lamps against the electron storage ring BESSY II as a primary 
radiation source standard. To do so, the spectral radiant intensity of the lamp was compared 
with the calculable radiant flux of synchrotron radiation emitted from BESSY II. In a second 
step, the spectral sensitivity of SOLSPEC against these transfer-standard lamps has been 
calibrated at BIRA.  

The calibration of SOLSPEC in 2007 for the spectral range 180 nm - 300 nm with these 
lamps at BIRA demanded operation of the lamps completely in vacuum. These terms for 
operation of the lamps differ from the calibration terms at PTB, where the lamps are mounted 
to a vacuum system but the predominant part of the lamp bulb was circulated with air.  

This fact demands an answer to two questions: (i) Did the spectral radiant intensity of these 
lamps change (before and after the SOLSPEC calibration)? (ii) Does the operation of the 
lamps completely in vacuum affect the spectral radiant intensity of these lamps? For 
clarification, PTB recalibrated the used transfer-standard lamps in 2007 against BESSY II two 
times. First, the lamps were operated as usual at PTB with the lamp bulb in air, then with the 
lamp body completely in vacuum just as 2007 at BIRA. Fig. 1 shows a sketch of the lamp 
operated within a high vacuum chamber connected to the beam line. During calibration, the 
whole beam line was evacuated. A liquid nitrogen cooled baffle was installed near the lamp 
for reducing the hydrocarbon partial pressure in the beamline in front of the lamp window. 
The deuterium lamp calibrations come along with typical extended measurement uncertainties 
of 7 % on the absolute scale. 
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Fig. 1:  Mounting the deuterium lamp within a vacuum chamber 

Fig. 2 shows the measured spectral radiant intensity for both cases. The determined values 
with the lamp bulb in air reproduce the results of the measurements from 2002 (before the 
SOLSPEC calibration) within the repeatability of 2 % which is typical for the lamp type in 
use. However, the values for the lamp completely under vacuum are about 5% smaller than in 
air. This can be explained by the different (higher) operation temperature of the lamp under 
vacuum, which obviously changes the discharge characteristics. The result was for all 
deuterium lamps used for the calibration, and can therefore be regarded as typical. 

 
Fig 2: Spectral radiant intensity (sri) of one of the deuterium lamps for SOLSPEC calibration:  

(A): absolute values, (B): values relative to calibration in 2002 
       Black: lamp bulb in air before SOLSPEC calibration (2002) 
       Green: lamp bulb in air after SOLSPEC calibration (2007) 
       Violet: lamp bulb in vacuum after SOLSPEC calibration (2007) 

[1] http://www.aeronomie.be/fr/projets/projets.php 
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Investigation of silicon nitride based two dimensional photonic crystals 
for the visible spectral range 

J. Kouba, S. Kiss, B. Loechel 
BESSY GmbH, Application Centre for Microengineering, Albert Einstein Str. 15, 12489 Berlin, Germany 

As part of the works related to the OPHRES project, two-dimensional silicon nitride based 
photonic crystals were fabricated and investigated. The aim was to create photonic band gap 
materials in the visible wavelength range and use them to form high quality microscopic 
optical resonators. Two different lattice types, namely the square and the hexagonal one, were 
investigated. As a result of our experiments, we could show that both of them exhibit band 
gaps in the visible range, while only the hexagonal lattice shows the evidence of the full band 
gap. Using the hexagonal lattice type, photonic crystal cavities were investigated as good 
candidates for optical micro resonators. Using an emitter free characterization method, cavity 
resonances of L3 cavities could be identified indicating quality factors of few hundreds. 

Photonic crystals are periodically structured dielectric materials, showing ranges of 
frequencies in which light cannot propagate through the structure, the so called photonic band 
gaps. The periodicity modulation of the refractive index causes very unusual optical 
properties of photonic crystals, enabling them to realize light confinement on the wavelength 
scale, enabling thus the creation of extremely high density and high performance optical 
devices. While most of the research work concentrated on the IR spectra, there is a broad 
range of important photonic applications operating in the visible spectra such as blue or UV-
lightning LEDs or miniaturized laser emitters for spectroscopic or display purposes, which is 
why we decided to explore this area. 

To experimentally prove the photonic band gap, samples having a form of a thin dielectric 
waveguide with a small region perforated with regular hole lattice were fabricated and their 
transmission was measured by collecting the white light spectra. An example of a square 
lattice type photonic crystal is depicted in figure 1.  

 

(a) (b) 
Figure 1 – (a) Diagram of the geometry of the square lattice type two dimensional photonic crystal (in real 
and reciprocal space); (b) SEM micrographs showing top view sections of fabricated samples and 
characteristic symmetry directions 

The corresponding photonic band structure as well as the characteristic transmission spectra 
of the sample together with results of finite difference time domain (FDTD) simulation are 
shown in figure 2. The band gaps along the high symmetry directions appear as deep drops in 
the transmission spectra. The origins of these drops, obviously, are the missing optical modes 
of the periodic structure. Further, the results of the FDTD simulation fit the position of the 
gaps very well. The attenuation strength, on the other hand, remains slightly lower in the 
experiment, which is caused mainly by the fabrication errors. Similar spectra were collected 
for the hexagonal lattice (not shown). There, the band gaps overlap and form the so-called full 
band gap.     
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(a) (b) 

Figure 2 – Photonic band structure of a square lattice type photonic crystal slab (a) showing two band gap 
regions; corresponding transmission spectra as measured on a sample with N = 20 periods of holes with a 
lattice period of a = 275 nm, an average radius of holes of r/a = 0.298, and a slab thickness of t = 200 nm;  

Using the hexagonal lattice arrangement microscopic optical resonators were created by 
omitting few holes in the lattice. By this way, discrete modes from the band gap can exist 
within the cavity and thus form resonator modes. SEM micrograph of a fabricated, the so 
called L3 cavity (3 consecutive holes removed) is shown in figure 3 (a). Besides removing the 
holes, the geometry of the cavity surrounding was modified slightly, helping to increase the 
quality factor of the cavity modes. Figure 3 (b) shows signal intensity spectra of three 
different L3 cavities with varying geometry which were coupled to a straight portion of a 
waveguide embedded in a photonic crystal. The labeled peaks correspond to characteristic 
resonator modes of the cavity.  

 

 
(a) (b) 

Figure 3 – (a) SEM micrograph of a L3 cavity created by removing three consecutive holes and altering 
the cavity surrounding holes (small holes on the edges); (b) signal intensity spectra of three cavities with 
varying geometry showing  resonance peaks centered at 620 nm, 637 nm, and 644 nm; the experimentally 
observed quality factors are compared to the theoretical values in the inset table 

As indicated in the table inset, quality factors as high as 325 could be achieved. Further 
improvement is expected with an improved design and fabrication accuracy. 

The authors would like to acknowledge the financial support of the EU funding program 
ProFIT (Program for Support of Research, Innovations and Technology), Grant Number 
10133408.  
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A growing demand for quality standards for foodstuffs and the avoidance of commercial 
damage require innovative concepts for a fast, reliable and cost-effective in situ analysis for 
the detection of pathogenic microorganisms. According to the marketing standards for fruit 
and vegetables the produce must be clean and practically free of any visible foreign matter, 
among other things. Hence, lots of agricultural products need to be carefully washed to fulfill 
these claims.  

On the one hand, the washing process helps to reduce the product temperature and to decrease 
their microbial load. On the other hand, microorganisms suspended in washing water are a 
potential source for produce contamination. Therefore, a fast detection of the relevant 
bacterial load can be a helpful tool with respect to safety and quality aspects and controlled 
processing. Here, many advantages of the micro technology can be applied for developing 
high-end technologies and manufacturing low-cost, highly automated, robust, and mobile 
detection systems with a high level of integration for fast and reliable in-situ analysis.  
 

 
Within the grant-aided collaborative project Prosenso.net² an on-line system for the detection 
of microbial contamination in the water used to clean agricultural products by means of an 
on-chip PCR shall be developed. Figure 1 shows a schematic of the detection system. A water 
sample will be pre-purified by filter units to catch big particles like plant residues and soil. 
The microorganisms will then be cracked by ultrasound to release their DNA. The released 
DNA will be bound to a modified surface in order to be extracted and conditioned for the 
PCR in the next step. The quantification of viable pathogens will be realized by a real-time 

 
 

Figure 1 – Schematic of the detection system for biochemical analysis of water used for cleaning produce 
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PCR used for amplification of 16S rRNA, a significant molecule for the determination of 
specific pathogens. A monitoring system for the verification of every purification and 
detection step is intended. 

A preliminary model of the PCR chip with linear micro fluidic channels, cannulae for the 
fluid coupling into the chip and cavities for heaters and temperature sensors was fabricated in 
polycarbonate by milling (figure 2). There are three temperature zones, currently realized 
using foil heaters that are passed by the fluid via bidirectional pumping.  

 

foil heater

channels

bottom side

2 cm

foil heater

channels

bottom side

2 cm2 cm
 

 
Figure 2 – Preliminary model of the PCR fluidic chip with foil heaters to implement three different 
temperature zones. 

 
The three different temperature zones are essential for the PCR and will be passed by the fluid 
for the duplication of the DNA during one cycle. After every single cycle, the detection and 
quantification of the labeled DNA shall be realized via fluorescent spectroscopy. 
Approximately 20 cycles will be necessary for amplifying a sufficient amount of DNA in 
order to receive reliable results. A total analysis time of about 15 min from sampling to data 
interpretation shall be achieved.  

 

The authors would like to acknowledge the Federal Ministry of Education and Research, 
Germany, Grant Number 0339992D. 
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Processes for plastic molding and surface machining are very important steps during the 
fabrication process of micro components by means of LIGA (German acronym for 
lithography, electroplating and molding). Injection molding and hot embossing are used for 
the micro and nano patterning of polymers like Plexiglas® and polycarbonate. Lapping and 
polishing machines are applied for the finishing of micro parts. Furthermore, metals and 
alloys are processed by means of laser machining, wire cutting electro discharge machining 
(EDM) and die sinking EDM as well as micro milling.  

The micro milling is also used for prototyping of micro fluidic components inserted in bio 
analysis chips. This technique allowed us to establish the fabrication of 50 μm wide micro 
channels and three-dimensional micro reservoir in polycarbonate and Plexiglas®. 

With the intention of a continuous improvement the mentioned technologies are upgraded and 
optimized for specific materials and applications. So, process parameter of Nd:YAG laser 
machining were optimized for engraving micro structures in different materials like silicon 
and steel and for cutting of silicon and glass carbon with separating of micro components and 
standard measure chips in mind.  

 
 

Figure 1 – Axially symmetrical test structures fabricated by wire cutting EDM 

The wire cutting EDM used for both micro chip separating and the fabrication of complex 
structures was upgraded by a rotating spindle (H80R.MAC Hirschmann GmbH, Germany). 
This upgrade allows now the fabrication of axially symmetrical components similar to turning 
machines (figure 1).  The advantage of the “EDM turning” is the possibility to create 
structures with a minimal feature size of about 100 μm and a gap of 200 μm in very hard, 
conductive materials like steel. Further “EDM turning” reduces abrasive waste that becomes 
important for expensive materials like platinum. 

Within a BESSY in-house project mirror holders made of copper were lapped with 7.5 μm 
white corundum. After processing the copper surface was ideally plane to facilitate heat 
transfer from the mirror into the copper cooling elements without any thermal conductance 
paste. That is a big advantage for ultra high vacuum components. 

1 cm 
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On behalf of an industrial partner micro and nano structured silicon stamps were successfully 
used for hot embossing of nanotiter plates made of thin Teflon FEP foils (figure 2). The 
extremely small micro and nano cavities imprinted into the Teflon foil were used by our 
industrial partner for precise examination of highly sensitive single molecule kinetics through 
biological nano pores [1]. The required cavities were imprinted into a thin Teflon foil which 
was laminated on a quartz substrate for better imprint and handling conditions. Although the 
diameter of cavities was approx. 3 µm, according to the given dimension requirements, there 
are no technical limitations for the fabrication of submicron or nano cavities. 

(a) (b) 
Figure 2 – REM picture of a silicon stamp (a) used for the imprinting of micro cavities in Teflon (b) 

 

[1] Peters, R.; Traffic, Vol. 6, No. 3, pp. 199-204, 2005 
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Abstract 
Promising investigations of SU-8 removal experiments with a novel plasma etching technique are presented. The 
basic idea of this technique is to separate the highly effective generation of chemical radicals (e.g. oxygen 
radicals) using a traveling wave reactor (TWR) microwave source with water cooled plasma zone from the 
chemical reaction with the resist polymer. The etching tool operates in a remote and downstream mode with very 
high radical density allowing precise thermal management of the substrates on the chuck giving controlled 
process conditions without deviation in temperature, and generally preventing ion bombardment. Very good 
removal of SU-8 with very few residues and very high etching rates up to 10 micrometers per minute are 
observed. The etching process is isotropic, and the rate stays stable during the whole removing process even for 
very thick films of 1 mm and more. Application examples of SU-8 removal are demonstrating the great potential 
of the presented microwave plasma based technique not only for the cleaning of metallic microparts but also for 
other more sensitive materials which is demonstrated by SU-8 removal from graphite X-ray mask substrates. 
 
Introduction 
The application of SU-8 or similar photo resists for X-ray lithography represents an 
indispensable step for this technology to become competitive from an economic point of view 
[1]. Important steps in this direction were reported by Kouba et. al. [2, 3] in the last years. 
They showed that both metallic high aspect ratio micro parts and resist moulds made by a 
direct LIGA technology using negatively working chemically amplified epoxy SU-8 resist for 
X-ray depth lithography have a geometric shape competitive to the commonly used PMMA. 
Today, products like the high tech Micro Harmonic Drive® gear are manufactured 
commercially with this technology by using SU-8 for patterning resist forms [4].  
However, some challenges are not yet satisfactorily solved at least. Besides, e.g., the 
metrology for in-line process control of the high aspect ratio X-ray lithographic resist micro 
structures, this is the removal of the SU-8 resist from metallic micro parts. Especially for 
technologies which want to apply the metal parts for injection molding, a clean removal of the 
resist is essential for the quality of the final products. A cooperative project initiated by R3T 
GmbH was started for this reason and promising results are reported. Unfortunately, SU-8 
epoxy resists moulds as cross-linked materials are extremely stable and difficult to remove 
due to their chemical and mechanical properties. 
 
The plasma technique 
Starting point of the technical development of the etching tool is the traveling wave reactor 
(TWR) plasma based source of chemical radicals (figure 1) which commercially available 
from R3T. Working principle is that a microwave which is generated by a magnetron is 
coupled into a wave guide and routed as a traveling wave to a coaxial discharge system. The 
microwave energy is completely converted into a resistive plasma load there. Highly effective 
generation of contamination free radicals (e.g. oxygen radicals) is provided by effective water 
cooling of the plasma chamber. 
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Figure 1: The TWR (Traveling Wave Reactor) source for generation of chemical radicals. 
 
The TWR (Traveling Wave Reactor) is a source for generation of chemical radicals. The basic 
idea of the novel technique for SU-8 resist removal is to use the TWR source to generate a 
very high density downstream of chemical radicals and to separate the plasma from the place 
of the reaction of generated radicals with the resist polymer. This way, the etcher operates in a 
remote mode and bombardment with ions accelerated by electromagnetic fields is avoided at 
all. The rate of chemical reactions at the resist stays nevertheless high because of the very 
high density of the downstream of chemical radicals. The high efficiency of radical generation 
by the TWR source allows parallel processing even of large substrate area. Figure 2 
demonstrates the dimension of the processing chamber of the prototype etching tool. Parallel 
processing of several 6’’ wafer substrates is possible. 
 

 

 
 
Figure 2: Prototype of the TWR downstream etching tool for SU-8 epoxy resist removal (left) 

   and view into the processing chamber (right). 
 
Advantage of this technique is that thermal load of the microparts is caused only by the 
chemical reactions during the removal process. This allows precise thermal management of 
the substrates on the chuck giving controlled process conditions without deviation in 
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temperature, which could jeopardize the integrity of the metal structures. Last but not least, an 
effective end point detection of the removal process can easily be integrated into the system 
even separately for each substrate. 
 
Results 
The results of the DoE experiments are characterized with figure 3 as an example. The 
coordinates of some of the experiments which are matching the processing settings are 
marked in this diagram. The curves are representing the best fitted to the experiments 
quadratic regression model.  
 

 

 
 
Figure 3: Representation of the results of first SU-8 removal experiments. The diagram shows 
                SU-8 etching rate as a function of the microwave power setting. 
 
The diagram shows the SU-8 etching rate as a function of the microwave power setting of the 
TWR source. The analysis can give two statements: An etching rate of SU-8 removal of ~10 
μm/min could be experimentally verified with this first test yet, and there is evidence to 
achieve even rates of 20 μm/min in experiments which will be made in the future. 
Moreover, further experiments verified that these results can be applied also to other SU-8 
layers with different thickness and other preprocessing (table 1).  
 

Preprocessing 
parameters 

Initial SU-8 
layer thickness 

Etching time in 
the experiment 

Range of 
etching rate 

UV litho*) / exposure 
dose 300 mJ/cm2*) / 
hardbake: no*)   

~ 30 μm 2 min ~ 5 μm/min 

UV litho / exposure dose 
900 + 1800 mJ/cm2 / 
hardbake: yes + no 

~ 300 μm 25 min 6.1 – 6.7 μm/min 

X-ray litho / bottom dose 
4 + 10 J/cm3 / hardbake: 
yes + no  

~ 300 μm 25 min 6.8 – 7.3 μm/min 

X-ray litho / bottom dose 
4 + 10 J/cm3 / hardbake: 
yes + no 

~ 1050 μm 50 min 6.9 – 8.0 μm/min 

 
Table 1: Results of the application of “standard” removal settings to different SU-8 layer 
               thicknesses and preprocessings. 
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The results in table 1 show some facts which are important for the removal of ultra thick SU-
8. First, the etching rate is obviously not decreasing with longer etching time. Second, the 
removal rate shows even a tendency to be a little higher for thicker SU-8 layers than for 
thinner ones. Third, the preprocessing conditions of the SU-8 resist before the removal have 
no significant effect on the etching rates. 
The new TWR downstream technique was finally applied to several applications from 
practice of LIGA manufacturing processes of high aspect micro structures. Typical results are 
given in figures 4 to 6 which characterize the situation quite well. 
 

 
 

 
 
 
 
 
 
Figure 4: Metallic micropart after removal of 210 μm SU-8 layer. The processing time was 
                ~70 min (incl. ~10 min overetching). 
 

 
 

 
 
 
 
Figure 5: Removal of 38 μm SU-8 from graphite X-ray mask substrate. The processing time 
                was ~15 min (no overetching). 
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Figure 6: Metallic microparts embedded in ~1 mm thick SU-8 resist mould (left), and after 
                removal of the SU-8 (right).  
 
The processing time was ~5.5 h (incl. ~1 h overetching). Results show the very high potential 
of the new removal technique for application in LIGA manufacturing. The metallic microparts 
were well cleaned and ready for use. 
The technique is also suitable for the processing of other substrate materials than silicon. 
Figure 5 demonstrates the removal of 38 μm SU-8 from a graphite X-ray mask substrate. 
 
Conclusions 
Performed experiments verified the great potential of the novel TWR downstream etching 
technique for the removal of SU-8. Very high etching rates of ~10 μm/min were measured in 
experiment. These results give furthermore evidence to achieve more than 20 μm/min. The 
experiments showed that the etching process is isotropic, and no indication of a decrease of 
the SU-8 removal rates for ultra thick SU-8 layers as well as for differently preprocessed SU-
8 in UV or X-ray lithography and during longer etching times was detected. The method is 
very well suitable for the removal of large quantities of SU-8 with these etching rates which 
are a requirement for the application in LIGA manufacturing of high aspect ratio micro parts. 
The application tests provided very good results of an effective and gentle SU-8 removal even 
for more than 1 mm ultra thick films without leaving residues at microparts or on substrates. 
These results should be a breakthrough to make SU-8 definitely competitive for the 
application in LIGA techniques as well as for other high aspect ratio micro structure 
technologies. 
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Introduction 

The production of microstructures or microcomponents in the industrial environment is 

accomplished with replication techniques like hot embossing or micro injection molding. 

Suitable mold inserts are fabricated routinely by precision engineering , LIGA or UV-LIGA 

technology. However, these mature techniques show technical limitation for the fabrication of 

nanostructured molding tools. Nanostructured mold inserts are essential for the realization of 

polymer based micro-nano-systems, where functional nanostructures are integrated into 

microsystems to facilitate novel applications and devices. Thus, there is a need for new 

approaches to bring molding tool fabrication into the nanometer regime. 

 

Fabrication process 

The Anwenderzentrum fuer Mikrotechnik (AZM) developed a reliable process for the 

molding tool fabrication at the sub-micron and nanometer level. The fabrication starts with an 

conventional silicon wafer, which is precisely patterned by an e-beam lithography, a lift-off 

and a reactive ion etching step (RIE). The etch procedure is optimized to ensure smooth and 

vertical sidewalls of the etched silicon structures enabling the fabrication of lateral feature 

sizes down to 50 nm and less. That way, a nanostructured silicon template is generated, which 

is then copied into a metal or metal alloy by electrodeposition. A thin metal layer is deposited 

onto the patterned silicon surface using thermal evaporation technique. The electrical 

conductive layer is then used as a plating base in a subsequent electroplating step. At a 

suitable current density (usually less then 1 A/cm
2
), nanocavities are filled properly without 

defects or impurities, allowing the controlled generation of metallic nanostructures. After 

cavity filling, the electroplating step is continued at higher currents, thus higher deposition 

rates, to generate a certain film thickness according to the individual application. The silicon 

template is removed afterwards simply using a KOH-based wet etch procedure. 

 

Results 

The released nickel tools show the exact inverse pattern of the silicon templates. This way, 

nanostructured molding tools can be fabricated with an accuracy of details, which overcome 

the technical limitation of the currently used procedures. An exemplary line structure on the 

silicon template (200 nm wide and high), and the associated nickel pattern is shown in figure 

1 and 2. The successful filling of nanocavities between the silicon pattern during the 

electrodeposition step without the incorporation of voids or defects is demonstrated by figure 

3 and 4. The smallest nickel features fabricated so far are illustrated by figure 5 and 6. A line 

85 nm in widths and a pores with diameters of 90 nm are successfully replicated from a 200 

nm deep etched silicon template (giving a max. aspect ratio of AR ~ 2). 

44



 

Figure 1: Exemplary silicon structure (200 nm 

wide and high) showing smooth and vertical 

sidewalls achievable by e-beam lithography and an 

optimized reactive ion etch procedure. 

 

 

Figure 3: 200 nm wide silicon structures at 

intervals of 400 nm are covered with a 30 nm thick 

nickel layer. The layer is used as a plating base for a 

subsequent electrodeposition of nickel (here, 

additional 50 nm).  

 

 

Figure 5: The precise fabrication of nanostructured 

silicon templates allow the creation of nickel 

structure with dimension in the sub-100nm region., 

e.g. a 85 nm wide and 200 nm high line shown 

here. 

 

Figure 2: Nanoscaled nickel structure (200nm lines 

and spaces) successfully replicated from the silicon 

template shown in figure 1 by an optimized 

electrodeposition process.  

 

 

Figure 4: The same line structure from figure 3 

after an additional electrodeposition step. Here, a 

total of 200 nm nickel is deposited. The space 

between the lines is filled properly enabling the 

defectless replication of the nanostructures. 

 

 

Figure 6: A field of regular pores in nickel with a 

diameter of 80 nm is fabricated using silicon 

nanopillars of the same size as the template for a 

electroplating step. The silicon is removed 

afterwards by wet etching. 
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Based on the previous work described in [1], 2D photonic crystals with photonic band gaps in the visible
range could be successfully fabricated at BESSY AZM. To create these artificial periodic structures in
the nanometer regime, an appropriate reactive ion etching (RIE) process was found and optimized. By
introducing line defects into the hexagonal lattice, photonic crystal micro cavity filters of air-bridge type
format have been successfully fabricated and investigated.

INTRODUCTION

2D Photonic crystals are dielectric materials with a periodic modulated refractive index in two
dimensions. This enables a so-called photonic band gap, a frequency range in which propagation or
existence of electromagnetic waves through the photonic crystal are forbidden for all wave vectors. The
optical properties of photonic crystals are strongly determined by their corresponding spatial dielectric
function. Especially, modifications of the lattice type and the value of the geometrical parameter r/a

(hole radius/lattice constant) allows to adjust the position of the photonic band gap. The applications
of 2D photonic crystals reach from passive photonic components such as waveguides, splitters, multiple
wavelength demultiplexers and wavelength filters [2] to advanced active photonic devices such as laser
resonators. Particularly, photonic crystals for the visible spectral range are proposed to be a promising
concept to improve, e.g., the efficiency of LED´s and moreover to alter the fundamental process of light
generation in the material itself [3]. At BESSY AZM photonic crystals based on a LPCVD stoichiometric
silicon nitride (nSi3N4 = 2.0) are one subject matter of investigation. As illustrated in fig. 1 (c) and fig.
2 (a) these devices are of air-bridge type format, which implies a two side suspended Si3N4 membrane.
In order to receive band gaps in the visible wavelength range, the periodicity of the refractive index
must be in the range of the half of the desired band gap wavelength. For this reason, a well-engineered
RIE-process with nanometer resolution (down to 100 nm) is required.

EXPERIMENTAL

RIE was performed using the Plasmalab 80 Plus RIE etcher (Oxford Instruments). For etching of the
photonic structures a metallic hard mask consisting of nickel was used, which was previously generated by
electron beam lithography. We developed a suitable fluorine-based RIE-process (gas mixture of C4F8 and
SF6) with a radio frequency (RF) and an inductively coupled plasma (ICP) excitation for high resolution
pattern transfer into Si3N4. The former process configuration only delivered insufficient results and
was utilised for the very initial measurements. Instead of delivering cylindric holes, the previous recipes
resulted in conus like holes, decreasing thus the optical performance of the fabricated devices. Fig. 1 (a)
shows the top view of a fabricated hexagonal lattice type photonic crystal showing a significant sidewall
slope (up to 7◦). In order to achieve vertical sidewalls, we optimized the recipe by adjusting the C4F8/SF6

gas and RF/ICP power ratio. Fig. 1 (b) and (c) illustrate an accurately structured sample obtained with
the optimized process. In accordance to fig. 1 (b) the sidewall tilt could be significantly reduced. Besides
the improvement of the sidewall profile, the optimized process provides also a higher etch rate and a
better mask selectivity, when compared to the initial one.
Using a hexagonal lattice of cylindric holes, a photonic crystal micro cavity filter could be fabricated
and characterized employing a broad band transmission setup described in [1]. This optical wavelength
filter works due to the removal of one row of holes (known as W1 line defect) from the hexagonal lattice.
Fig. 2 (a) shows a scanning electron microscope (SEM) top view of an exemplary fabricated structure.
As can be seen, the light path (along the ΓK direction) is perpendicular to the line defect (along the
ΓM direction). The defect forms a resonant cavity with strong light confinement, exhibiting narrow filter
characteristics. By varying the geometry of the cavity, properties of the resonant peaks, such as their
position and width, can be adjusted.

46



Figure 1: SEM images of fabricated samples; (a) top view of structured Si3N4 membrane (about 200 nm

thick) prior to the RIE process optimization. As shown, the inner concentric circles (indicating
a smaller hole diameter on the bottom of the holes) in each hole are an obvious evidence of non-
vertical sidewalls; (b) and (c) patterned Si3N4 membrane after the RIE process optimization;
in accordance to the image there is no evidence of the sidewall slope;

In order to achieve high transmission and narrow peak lines, we optimized the defect geometry. Comparing
to fig. 2 (a), for instance, the cavity width as well as the diameter of the inner defect holes were decreased.
A decisive criterion for high quality resonant peak lines is given by the Q-factor, which is determined
as shown in fig. 2 (b). The figure illustrates a representative selection of measured transmission spectra
of our photonic crystal filter devices. As can be seen, photonic crystal line defect filter devices with a
transmission of up to 90 % and a peak width of less than 4 nm in the visible spectral range could be
realised.

Figure 2: An example of a photonic crystal filter device utilising a W1 line defect; (a) SEM image showing
a top view of a waveguide suspended Si3N4 membrane; the photonic crystal structure with an
introduced line defect forms a resonant cavity, being able to exhibit narrow filter characteristics;
(b) measured transmission spectra and Q-factors of photonic crystal filter devices featuring
different line defect geometries;
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Introduction

In the last annual report we described how we prepared the �rst silicon nitride (Si3N4) membranes [1].

These membranes were developed for nano�uidic cells in order to investigate liquid water in transmission

via x-ray absorption spectroscopy (XAS). Due to the short penetration depth of soft x-rays in water, thin

water �lms with thicknesses in the submicron range are needed in vacuum. Therefore we established ap-

propriate micro-technological processes to produce x-ray transparent Si3N4 membranes for cell windows

and to apply structured metal on their surfaces.

Here we report on our recent progress: The production of membranes with superior quality, variable size,

geometry and coating, and the possibility for deposition of microstructures on the membranes. These

developments primarily aim at improving the stability of the nano�uidic cells. They also demonstrate

possible designs for custom-made Si3N4 membranes that could be developed with BESSY users for their

applications at BESSY.

Fabrication

The surfaces of our �rst Si3N4 membranes were comparably rough with a maximum distance from peak-

to-valley of 8 µm. The used material was super low stress silicon nitride. We found that stoichiometric

silicon nitride from low pressure chemical vapor deposition with a refractive index of 2.0 has a �atter

surface as a consequence of the internal stress in the material. These �at membranes are needed to ensure

a homogeneous water �lm.

Figure 1: Two cell parts form a nano�uidic

cell. In one cell part are three windows, two

can be used for the �lling procedure.

The fabrication starts with a double-side polished silicon sub-

strate which is coated on both sides with silicon nitride. From

this we produce cell parts with micro-technology processes such

as etching and lithographic steps. The product is a silicon ni-

tride membrane on a silicon support. Two cell parts forms a cell

(see �g. 1). Di�erent designs were used (see �g. 2). A nano�u-

idic cell is assembled by combining two parts. Such parts can

have di�erent or similar designs as displayed in �gure 2. We

tested the stability of the window of the cell by varying its size

and shape.

Furthermore membranes were coated with thin metal layers. This leads also to a more stable membrane

even though the signal intensity is attenuated. Another problem is to dispense a very small volume of wa-

ter. To address this problem we varied the size of the water reservoir in the cell (see �g. 2). We observed

that two membranes with a distance of some hundred nanometers tend to approach each other and touch

due to the cohesion and adhesion of the silicon nitride and water. To grant the right distance between

the membranes we applied a structured metal layer on the surface of the membrane (see �g. 3). The cells

were sealed in two di�erent ways. One is by sealing the silicon wafer using proper adesive technology. The

second is by using viton o-rings and a mechanical mount (see �g. 4). Di�erent �lling procedures were used.
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Figure 2: Di�erent designs of the cell parts (light

blue: Si3N4 membrane, dark blue: Si wafer, gold:

Metal coating). The left and center design with

no channel has in one part three membranes. On

the right side is a design with an open channel.

Two similar parts form a cell for the aluminium

holder.

Figure 3: A membrane (800x800 µm2) with

structured metal on the surface is shown on the

left (membrane thickness 100 nm). The struc-

ture consists of square pillars (length of the edge

100 µm). A rectangular membrane is shown on

the right.

Figure 4: Aluminium holder designed for holding the siliconnitride membranes with open channels.

Preliminary Results and Outlook

With the improved membrane quality, size, and geometry and with the structured metal layer it was pos-

sible to build liquid water cells for NEXAFS investigations. The �rst cells were measured with NEXAFS

and also FTIR [2].

In the future we want to investigate other membrane materials to realize measurements of liquids at the

Nitrogen K-edge and we want to develop a cell for �owing liquids. We are also planning to produce

membranes for BESSY user groups. Custom-made designs optimized for the respective applications at

BESSY could be realized in close collaboration.

We also acknowledge the �nancial support granted by the DFG - SPP 1134.
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Pulse Plating with Gold 
Johannes Wolf, Ivo Rudolph, Daniel Schondelmaier, Bernd Löchel 
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Cog wheels can be manufactured by electroplating of gold. With an aspect ratio of 2:1 and a 
diameter of 5.2 mm, they are used for high quality mechanical watches. Due to low hardness of 
pure gold and the resulting mechanical wear, the gold plating needs to be hardened. This can be 
reached by adding a second appropriate metal to the electrolyte. The used bath is sulfured and 
non cyanide. Because alloy coatings with a thickness of at least 200 µm are difficult to realize, it 
is important to understand the functioning of the electroplating system. To manipulate the 
deposition well directed, unipolar rectangle pulses are used. Thus it is possible to create layers 
with different attributes and surfaces. By finding the right deposition speed for the used layout, 
the grown layer can be made shiny, with high micro- and macroscopic homogeneity and with few 
defects. In detail: the current density, the pulse period with pulse amplitude term and pulse 
relaxation term, the thickness of the coating and the total deposition time to achieve this thickness 
has to be put in relation to each other. 

  

  
(a) (b) 

Figure (a) and (b) show SEM images of coatings (magnification: 30000x). Figure (a): high current density 
with long relaxation terms. Figure (b): low current density and short relaxation terms. 

  
The first experiments are realized with non-structured coatings on silicon wafer with titanium 
gold plating base. The figures show the surfaces of 160 µm thick layers made with pulses of 10 
ms duration. The different topography is caused by different current densities and different pulse 
relaxation terms. Although the surface of figure (a) is not shiny and of less hardness compared 
with the surface of figure (b), it has a higher macroscopic homogeneity and grows with fewer 
defects.  
Upcoming tests will be made with structured wafers with resist of 250 µm thickness and a 
comparable aspect ratio to the cog wheels. Due to different diffusion length for different layouts, 
the deposition speed has to be defined again.   
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Results of synchrotron XPS measurements at Bessy-II with RuxSey type cluster-like 
compounds are reported.  These compounds are known of high activity towards oxygen 
reduction reaction (ORR), and they display excellent cathode tolerance towards methanol.  
We have investigated electronic effects (both on Ru and Se) due to Ru and Se intermixing 
within RuxSey, and proved that Se protects Ru against oxidation.  The protective mechanism 
was found at high potentials, relevant to the operating conditions of direct methanol fuel cell 
(DMFC).  We have also demonstrated that Se becomes metallic due to the neighbor-to-
neighbor interactions with Ru.  The results that we obtained may be the key in understanding 
of the exceptionally high activity and tolerance of the Se-Ru chalcogenide materials in 
DMFC, of broad scientific and technological interests worldwide. 
 

The experiments were conducted at the 
SoLiAS experimental station of the TU 
Darmstadt, (located at the Bessy-II 
center at Berlin) which is dedicated to 
the analysis of solid/liquid interfaces 
(SoLiAS = Solid/Liquid Interface 
Analysis) [1].  SoLiAS is equipped with 
a Phoibos 150-MCD9 electron analyser, 
and was operated at the U49/2-PGM2 
beamline of the CRG BTU Cottbus, 
Hahn-Meitner-Institut and TU 
Darmstadt. The XPS spectra were 
recorded in the normal emission mode.  
Binding energy (BE) of each 
photoelectron peak was calibrated with 
respect to the Fermi edge for every 
sample and for every excitation energy.  

 As received

300 295 290 285 280 275

 CV reduced

 I(
E

) /
a.

u.

BE /eV

Fig. 1. XPS spectra of the as received (blue) and 
CV-reduced RuxSey samples.  370 eV excitation 
energy.  No Ru oxides [2] are found after one CV 
cycle between 50 and 750 mV vs. RHE.  
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In order to prepare the RuxSey sample, a 
known amount of RuxSey was dispersed 
in miliQ water using sonication (which 
yielded homogeneous suspension of the 
particles).  A controlled volume of the 
suspension was applied to the surface of a 
gold disk, and dried in air [3].  A thin 
nanoparticle RuxSey film thus obtained 
was investigated for the XPS spectra 
using the Bessy-II XPS beamline (see 
above).  Having obtained the XPS data 
from the “as received” samples (Figure 
1), the RuxSey film deposited on gold was 
electrochemically reduced in 0.5 M 
H2SO4 between 50 and 750 mV vs. RHE 
using cyclic voltammetry (CV).  (The 
electrochemical processing was 
conducted without air exposure, in a pre-
designed inert gas cell, directly attached 
to the system vacuum load-lock.)  
Apparently, one CV scan was sufficient 
to completely reduce the Ru and Se 
oxides to the elemental state, as 
confirmed by XPS (see below).  Next, re-
oxidation experiments were carried out 
by the use of chronoamperometry (CA) at  
600, 750 and 900 mV for 5 minutes.  At 
each potential, the oxidation state of the 
sample were monitored by XPS. 

292 290 288 286 284 282 280 278 276

I(E
) /

a.
u.

 600 mV, FWHM 0.54 eV

 
BE /eV

 900 mV, FWHM 0.54 eV

 
 

  

Fig. 2. Ru 3d XPS spectra of the RuxSey samples after 
the reoxidation experiment (see text). Even at 900 mV 
no oxidation occurred. (The excitation energy was 370
eV). 
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) /
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The Ru 3d core levels XPS data before 
and after cyclic voltammetry are shown 
on Figure 1. Clearly, Ru surface oxides 
were removed upon a single CV scan. 
Notice that with bare Ru, the Ru oxides 
are not removable under voltammetric 
conditions [4]: 2 hours  of hydrogen 
evolution is needed for the bare Ru 
reduction to be complete.  Further, with 
RuxSey, the re-oxidation is not occurring 
even at high electrochemical potentials 
(Figure 2).  This experiment 
demonstrates a high resistance of RuxSey 
to oxidation at the cathode potentials 
relevant to the operation of DMFC. 

Fig. 3. Se 3d spectra of pure Se powder. No 
significant asymmetry in Se 3d peak was found, as 
expected for the non-metallic material. Excitation 
energy was 370 eV. 

 

 

Figures 3 and 4 show that the Se 3d doublet is shifted towards lower BE by 0.5 ± 0.02 eV as 
compared to the elemental Se.  Also, the Se 3d5/2 peak has an asymmetric line shape, 
characteristic of metallic state (Figure 4).  The Se 3d5/2 peak deconvolution according to 
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Doniach-Ŝunjić yields the asymmetry parameter α = 0.12  ± 0.01 (Figure 4), while α is only 
0.02  ± 0.01 for Se powder (Figure 3).   The α = 0.12 ± 0.01 obtained for RuxSey indicates a 
finite DOS at the Fermi level, i.e. a clear metallic behavior of Se.  Also, it is well-known that 
in semiconductors, the band gap eliminates the possibility of the low-energy electron-hole 

pairs excitation, so the asymmetric line of 
the Doniach-Ŝunjić type is not seen, like 
for the Se powder (Figure 3).   

 Experimental points
  Ru/Se

 elemental Se traces

These results are completely consistent 
with the observation of Korringa-
behavior obtained in parallel solid-state 
77Se NMR experiments [5]. We believe 
that charge transfer from Ru to Se atoms 
in RuxSey is responsible for the unusual 
chemical stability towards oxidation of 
the RuxSey family of catalysts, even at 
high electrode potentials.  These results 
suggest a possible strategy to design 
stable and active fuel cell catalysts by 
combining two or more elements to 
produce desirable electronic alterations 
similar to the one seen on the Ru-Se 
catalysts. Work is in progress to 
accomplish this goal. 

62 60 58 56 54 52 50

 Convolution

 

 

 I(
E

) /
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u.

BE /eV

Fig. 4. Se 3d spectra of RuxSey sample. Excitation 
energy 370 eV. There is a significant change in BE and 
increase in asymmetry of Ru 3d peaks. 
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Introduction 
 New classes of heterogeneous oxidation catalysts often contain complex oxides like 
vanadyl pyrophosphates (VPO), mixed MoVTe(Nb)-oxides (so-called MoVTe´s) and other 
Mo or V containing mixed oxides which are often used for the activation of alkanes1. The 
synthesis of such oxides is a very complex process and often difficult to reproduce. Each step 
of the preparation could influence the final structure of the catalyst. One challenge is the 
tailoring of such complex oxidic systems for best catalytic performance which requires a deep 
understanding of the processes taking place during the preparation and the determination of 
the final structure. To achieve this aim sophisticated methods for the on-line monitoring of the 
synthetic process are necessary. Powerful methods for the observation of precipitating oxides 
from the solution are synchrotron wide- and small-angle X-ray scattering (WAXS/SAXS). 
From these experiments information about the precipitate could be derived, like the state of 
agglomeration of particles, the crystallite size, and the phases formed during the precipitation. 
At the µ-spot beamline at BESSY an experimental setup was assembled and used for the 
structural observation during synthesis of Mo-containing oxides. 
 
Experimental setup 
 A new setup was established to perform WAXS/SAXS experiments during the 
preparation of Mo oxides at the µ-spot beamline (Fig. 1). The synthesis of the oxides has been 
carried out in an Erlenmeyer flask. In a closed circuit of flexible tubes the suspension could be 
pumped through a flow cell used for the measurements and back to the flask. A borosilicate 
capillary was used as measuring cell with an inner diameter of 5 mm and a wall thickness 
100 µm (Hilgenberg, Malsfeld, Germany). The time for pumping the solution from the 
Erlenmeyer flask to the flow cell was about 2 min. 
The X-ray scattering experiments were performed at an energy of 12 keV (λ = 1.033 Ǻ) and a 
beam spot diameter of 100 µm. The accessible region for the scattering vector q ranges from 
1.5 nm-1 to 40 nm-1, i.e. in the WAXS region. The average radiation time for each 
measurement was 4 min. 
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Fig. 1 Scheme of the experimental setup with an image of the flow cell (sample holder with 
glass capillary). 
 
Preliminary Results 
 To test the performance of the experimental setup some measurements were 
implemented. Different amounts of ammonium heptamolybdate and phosphoric acid were 
added to metal-containing acid nitrate solutions. The scattering curves obtained after 4 min 
are presented in Fig. 2. Steadily increasing intensities for smaller scattering vectors lead to the 
assumption of the formation of small particles. Both scattering curves show sharp Bragg 
reflexes at the same positions indicating the same crystalline phase in both amounts. The 
reflexes of the suspension with the lower amount of the heptamolybdate show a lower half 
width than the other ones, which is evidence of larger crystallites at lower Heptamolybdate 
amounts. Acquired progress of the scattering intensity at low scattering vectors confirms this 
evaluation. The curve obtained for the higher molybdate amount shows no significant slope, 
whereas at the lower amount a decrease of the curve could be observed. From this curve the 
existence of particles around 1 nm was estimated2. An apparent quantity of such small 
particles could not be detected at higher Molybdate amounts.  

 
 Fig. 2: Scattering curves obtained 
after addition of different amounts of 
ammonium heptamolybdate to acidic metal 
nitrate solutions. 
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To get information about the crystalline phase of the particles the scattering curves were 
background-corrected and transformed to lattice-plane distances (d-values). The phase could 
be identified as a phase containing of hexamolybdate rings (Fig. 3). 

Fig. 3: Diffractogram for phase analysis of the 50% amount (left). The structure of the 
obtained phase is presented in the model (right). 
 
Conclusions 
 First results show that the experimental setup is suitable for the investigation of 
processes in solution during the preparation of complex oxides, such Molybdates. Further 
insights are expected from the combination with other methods like Raman- or UV/VIS-
spectroscopy. 
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                          Spectroscopy of  ClF in the Vac UV region.  
                                                     V.A. Alekseev  
Institute of Physics, St.Petersburg State University,  Peterhof, 198504 Russia
                                                     N. Schwentner
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Motivation. 
Spectroscopy of chlorine monofluoride in the Vac UV region is  poorly known.  The 

lowest in energy Rydberg 4sσ 1,3Π states of ClF in the 129-140 nm region were studied 
photographically  in  absorption  [1].  Some  of  the  observed  bands  were  diffuse  implying 
predissociation. To best of our knowledge, this is the only study of ClF spectra in the shorter
Vac UV region. Here we report on  absorption and fluorescence excitation spectra of ClF in 
the 105 -140 nm region. 
Experimental.  

Spectra were recorded  at the 10m NIM beamline. The gas cell  had  LiF windows 
for transmission measurements and was 12.5 cm in length.  Undispersed fluorescence was 
detected  via   side-on  windows.   One  window  was  made  of  MgF2 to  record  Vac  UV 
fluorescence  by a solar-blind photomultiplier.   ClF from ABCR  was used without further 
purification.  Experiments  were  performed  under flow conditions.  In equilibrium ClF 
contains admixtures of Cl2 and F2. Spectra of Cl2/Ar 1:100 mixture were recorded to separate 
contributions from ClF and Cl2 .  F2 is transparent in the spectral region under study. 
Results and discussion.   

Figure 1a and 1b display  overview absorption  spectra of  ClF and Cl2/Ar mixture in 
the 105-140 nm region. Estimates shows that ClF used in the present experiments contains 
~15-20% of Cl2.The chlorine contributions are indicated and not  commented further on. 
Transitions to the 3 1Π1, 3Π1, and 1Π2, Rydberg states of ClF are assigned according to [1]. 
The system in the 116-122 nm region is tentatively assigned to 2 1Σ+ and 4 1Π,  states using 
ab initio results [2].  Like spectra of  ICl, IBr, and BrCl  molecules [3],  the  spectrum of ClF 
shows a broad quasicontinious band in the 120-130 nm region assigned to transitions to high 
v-levels  of the ion-pair  state  E 0+.  At  pressure  ~  0.1  mbar this  band is  not  seen    in 
absorption, but appears in the fluorescence excitation spectrum (Fig.1c).  Figure 2 shows 
absorption and fluorescence excitation spectra   in the region of X → E transition at elevated 
ClF pressure.  The spectra display reach rovibronic structure (see insert).   At high resolution 
two sequences of bandheads with ∆Gv ~195 and ∆Gv ~180  cm-1  are seen. Tentatively, these 
progressions  are  assigned  to  transitions  to  the  E 0+  state  of  35ClF and  37ClF.  Spectral 
congestion in these spectra consisting of overlapped transitions to  two isotopes does not yet 
allow rotational assignment. Experiments with jet cooled ClF might facilitate assignment. 

Fluorescence excitation spectra of  heteronuclear halogen  molecules in the region of 
X →  E transition  display  a  sequence  of  intensity  dips  coinciding  with  transitions  to 
vibrational levels of Rydberg states [3]. These transitions are  weak or not seen at all in the 
absorption  spectra.  The  effect  was  assigned  to  coupling  of  rovibronic  levels  of  IP  and 
Rydberg states, which are predissociated. Fluorescence excitation spectrum in the 120 -130 
nm region display several  such  intensity  dips  as  well.  The  three  most  pronounced dips 
match  energies of v=8,9 and 10 levels of   1Π1 Rydberg state (Fig.2). The energies of these 
levels were calculated using spectroscopic constants obtained from analysis of transitions to 
1Π1  v'=0-5 in the absorption spectrum [1].  There is yet another and stronger dip  at 121.5 
nm. Unlike the above case, the absorption spectrum displays an intense band peaked at this 
wavelength (Fig. 2.a). Absorption of ClF in the 118-120.5 nm region is very strong and 
shows three  structured   bands  in  high  resolution  spectra  (Figs.2.a  and 2.b).   Excitation 
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yields  no fluorescence,  implying that  the absorbing states   are  predissocated.   Ab initio 
calculations [2] predict  transitions to a bound part of 2 1Σ potential  in this spectral region.

Due to strong perturbations, transitions to Rydberg states in the 116-122 and 105 
-112 nm regions (Fig.1a)  do not arrange themselves in regular vibrational progressions and 
assignment of upper states is hardly possible from the absorption spectra. In contrast to Cl2, 
all Rydberg states of ClF are strongly predissociated  and none of the Rydberg series are 
seen in the excitation spectra.  Collisions with buffer gas may transfer population to stable 
states which decay radiatively. This effect was demonstrated for predissociated  Cl2  31Σ+

u 

Rydberg state in mixture with Ne [4].  However, no ClF fluorescence from mixtures  with 
buffer gases (Ar, CF4  P~ 1 bar)  was observed in our experiments. The predissociation rate 
is apparently much faster than the collisional population transfer. 

 Excitation above the dissociation asymptote Cl* 3p4  4s(4P5/2)  + F 2p5(2P3/2 of the 
lowest energy Rydberg state   yields strong fluorescence in the  λ> 200 nm region .It was 
checked by filling the solar blind PMT housing with air. This fluorescence is likely due to 
excitation of  ion-pair states of ClF or Cl2  in reaction of  Cl* + ClF → Cl+F- or Cl+Cl- as it 
has been observed for reactions I* with ICl, IBr and I2 [3] and Br* with Br2  [5].

Conclusion.
Spectroscopy of ClF molecule in the Vac  UV region is remarkably similar to other 

heteronuclear  halogen  molecules  studied  before..  Spectra  display  broad  quasicontinious 
band corresponding transitions to high v-levels of the E 0+ ion-pair state and sparse intense 
bands  associated  with  Rydberg  states.  All  Rydberg  states  are  predissociated  and  their 
excitation yields no fluorescence.  The E 0+ state is weakly perturbed by  1Π1 Rydberg state, 
which lies lower in energy. This perturbation results in few characteristic dips in  the E 0+ 

state  fluorescence excitation spectrum coinciding with position of  v-levels  of  the    1Π1 

state. At high energy the  E 0+  state is strongly perturbed by another Rydberg state, most 
likely the 2 1Σ+ state. Onset of  strong absorption at λ~121.5  nm associated with this state 
coincides  with  abrupt  disappearance  of  signal  in  the  fluorescence  excitation  spectrum. 
Fluorescence  following excitation  above  Cl*  3p4  4s(4P5/2) threshold  at   λ=107.5  nm  is 
tentatively assigned  to   ion-pair states of ClF  and (or)  Cl2  excited  in  Cl* + ClF reacion.  
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Figure  2.  Transmission  (upper  panel)  and  fluorescence  excitation   (lower  panel,  ClF 
pressure  2 mbar) spectra in the region of  ClF  X →  E  transition. The insert  shows  a part 
of excitation spectrum at high resolution. Intensity of scattered  SR radiation in the empty 
cell  is indicated by the horizontal dotted line.

Figure 1. Transmission (a) and fluorescence excitation  spectra (c) of  ClF,  PClF~0.1 mbar 
and  Cl2/Ar 1:100 mixture, P=7 mbar  (b,d).  The cell length was 12.5 cm. Fluorescence 
was recorded in the 115-350 nm region with use of a solar blind PMT.
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Scientific background: 

Catalytic hydrogenations are one of the most important processes of the chemical 

industry. In heterogeneous hydrogenations the majority of catalysts include palladium that is 

known to be very active in hydrogenating both alkynes and alkenes. However if the feed 

contains alkynes it is preferentially hydrogenated to the corresponding alkene leaving an 

olefinic function intact. This behavior of palladium was explained by the difference in the 

heat of adsorption of alkynes and alkenes leading to preferential adsorption of alkyne and 

forcing the product alkene to desorb while alkyne is in the feed [1]. On the other hand we 

have recently recognized that under selective 1-pentyne gas-phase hydrogenation the near-

surface region of palladium was strongly modified in a way that carbon dissolved in the top 

few layers of Pd forming a palladium-carbon “PdC” surface phase [2]. The thickness of this 

layer was estimated to be 3 Pd-layers with the amount of carbon of approximately 35-45 

atom% incorporated in the lattice.  

Experimental and aim of the work  

In situ high-pressure XPS investigations were conducted at BESSY, while in situ 

Prompt Gamma Activation Analysis was performed at the cold neutron beam of the Budapest 

Neutron Centre, Hungary. Our previous result encouraged us to continue our research in 

seeking for a generalized pattern of alkyne and alkene hydrogenation over palladium. 

Results 

 As highlighted in the introduction, a PdC surface phase forms under selective 1-

pentyne hydrogenation. To relate carbon incorporated into palladium to hydrogenation 

selectivity, we have performed 1-pentyne hydrogenation experiments in the mbar pressure 

range varying the experimental conditions to induce modification in the product pattern. 

Figure 1 includes the selectivity response of unsupported palladium black (mean particle size: 

230 nm) to the variation of hydrogen partial pressure, as well as the XP spectra of palladium 

3d core levels (Pd 3d5/2). Increasing hydrogen pressure accelerates selective hydrogenation 

but above a certain pressure total hydrogenation prevails. Palladium before contact with the 

hydrogenation feed is in the metallic state (Pd 3d component at 335 eV). The regime of 

selective 1-pentyne hydrogenation is however characterized by the strong peak at ~335.6 eV, 
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Figure 1. (A) Catalytic 1-pentyne gas phase hydrogenation on Pd black as a function of H2 partial 
pressure. (Experiments carried out in a closed-loop circulation setup.) (B) Right panel depicts the 
corresponding X-ray photoelectron Pd 3d5/2 spectra recorded under hydrogenation conditions for both 
Pd foil and black, using 720 eV excitation energy. The palladium component at 335 eV (red curve) 
corresponds to bulk, metallic Pd, while the higher binding energy peak (blue curve) represents the sum 
of adsorbate-induced surface core level shift components and of (PdC).  

which includes any adsorbate-induced surface core level shift components and the 

contribution from PdC. At the applied 720 eV excitation energy the adsorbate-induced surface 

component should contribute approximately 20% to the total intensity of the peak, therefore 

the dominant part of the newly formed state corresponds to PdC. Using nondestructive depth-

profile analysis (i.e. variation of the energy of excitation and therefore of the detected 

photoelectrons) we have verified the location of the 335.6 eV component as on top, above the 

metallic Pd [3]. However when hydrogenation gets unselective (e.g. at high pH2) much less 

carbon is incorporated into the top few layers of palladium decreasing considerably the Pd 3d 

component associated with PdC. 

We have studied the near-surface region of palladium under various hydrogenation reactions, 

hydrogenating alkynes and alkenes. Figure 2 summarizes the state of palladium under 1 mbar 

alkene or alkyne hydrogenation conditions. 
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Figure 2: Comparison of in situ Pd 3d5/2 spectra of Pd foil under alkyne and alkene 
hydrogenation at 1.1 mbar (H2/CxHy: 10/1) and 343-353 K. A: 1-pentyne; B: propyne; C: 
acetylene; D: 1-pentene; E: propene; F: ethylene.   

Clearly, all investigated alkynes induce the formation of PdC since the higher binding energy 

component dominates the spectra. The only difference seems to be in the amount of carbon 

dissolving in the Pd lattice; lower chain alkynes are more easily fragmented on the surface 

and hence more carbon is dissolved in Pd making thicker PdC. On the other hand, 

hydrogenating alkenes generate much weaker signal at the higher binding energy side of bulk 

Pd. According to our fitting procedure this peak corresponds roughly 1/3 of the whole signal 

intensity, which might indicate that some carbon is indeed dissolved in the upper part of the 

metal lattice, but we attribute the lack of a clearly distinguishable high EB component to the 

absence of PdC. Therefore, as a general rule, the result emphasizes the widely different nature 

of the surface under alkyne or alkene feed: alkynes are hydrogenated on PdC while no carbon 

is incorporated in palladium under alkene hydrogenation. As a consequence of this, alkynes 

are prone to a hydrogenolysis path on palladium, at least until PdC formed. 

 By the help of the newly developed in situ Prompt Gamma Activation Analysis, we 

followed the hydrogen content of palladium during hydrogenation. The results clearly indicate 

that unselective hydrogenation proceeds on hydrogen saturated β-hydride, while selective 

hydrogenation was only possible after decoupling bulk properties from the surface events. 

Furthermore, the hydrogen content of Pd during alkene hydrogenation was high, in line with 

the absence of PdC that would hinder the equilibration of hydrogen between surface and bulk.  

Conclusion 

 Alkynes can be selectively hydrogenated on palladium catalysts. This process requires 

however a strong modification of the near-surface region of Pd, in which carbon 

(autocatalytically fragmented feed molecules) occupies interstitial lattice sites. This modifies 

the surface electronic structure of palladium and hinders the formation of detrimental 

palladium β-hydride. On the other hand alkenes (and alkyne unselectively) are hydrogenated 

on a Pd surface (i.e. no PdC) with high concentration of subsurface hydrogen. On emerging to 

the surface, subsurface hydrogen hydrogenates chemisorbed alkynes and alkenes to alkane. 
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Heterogeneously catalyzed reactions are often performed using highly dispersed particles, ex-
hibiting a variety of defect sites, which are proposed to be very reactive. Poisoning of these 
active sites is a major issue in large scale applications of heterogeneous catalysis. One very 
efficient poison for catalysts is sulfur, which leads to the blocking of reactive sites, faceting of 
the catalysts surface [1] and a strong reduction of the total adsorption capacity, i.e., of all 
available adsorption sites.  
We have investigated the influence of preadsorbed sulfur on the CO adsorption on two 
stepped Pt surfaces, namely Pt(355) and Pt(322), by in-situ X-ray photoelectron spectroscopy 
(XPS), which allows site-resolving measurements during adsorption and during heating of the 

surface. Both surfaces have five atom rows 
wide (111) terraces with monatomic steps, but 
the orientation of the steps is (111) and (100), 
respectively. The experiments were performed 
at beamline U49/2-PGM1, using a transport-
able apparatus described elsewhere [2]. 
 
Fig. 1 shows selected C 1s spectra of CO ad-
sorption experiments on clean and sulfur pre-
covered Pt(355) surfaces at 110 K. On the 
clean Pt(355) surface (Fig. 1a), at low 
temperatures initially occupation of step sites 
with a binding energy of 286.43 eV is 
observed. At higher coverages also terrace on-
top (286.80 eV) and terrace bridge sites 
(286.09 eV) are populated [3]. 
A sulfur precoverage of 0.04 ML leads to a 
decrease in step contribution and total CO cov-
erage (Fig. 1b). For a sulfur precoverage of 
0.14 ML the C 1s peak due to adsorption of 
CO on step sites is completely suppressed (Fig. 
1c). Similar experiments were performed for 
Pt(322) [4]. 
 
The quantitative analysis shows that no CO is 
adsorbed at step sites at low temperatures on 
both differently stepped sulfur-passivated Pt 
surfaces, within the margins of error (±0.02 
ML). Also, the relative population of on-top 
and bridge sites on the (111) terraces is signifi-
cantly modified.  

 

Fig.1: Selected C 1s spectra of CO uptake 
experiments at a pressure of 1,5 x 10-9 mbar and 
a sample temperature of 110 K; (a) on Pt(355), 
(b) on Pt(355) with 0.04 ML S, (c) on Pt(355) 
with 0,14 ML S. Photon energy hν = 380 eV.

In
te

ns
ity

 [a
rb

.u
.] 

Pt(355)     
       a 

b

c

289 288 287 286 285 284
Binding Energy [eV]

ΘCO, sat. = 0.31 ML
ΘS = 0.14 ML

ΘCO, sat. = 0.43 ML
ΘS = 0.04 ML

ΘCO, sat. = 0.48 ML
 

63



Upon heating the CO covered surfaces a repopulation of the steps sites with CO occurs at 
characteristic temperatures of 185 K for Pt(355) and 240 K for Pt(322). This can be seen in 
Figs. 2a and 2c as color-coded density plots of C 1s spectra and more clearly in the 
quantitative analysis displayed in Figs. 2b and 2d. As judged from S 2p data, no S desorption 
takes place. For Pt(355), finally the same step coverage as for the clean surface is obtained, 
whereas for Pt(322) only half the value of the clean surface is found. This behavior is 
attributed to the S-induced formation of double steps on Pt(322), which can be observed in 
LEED data and which are stable in the investigated temperature range. From the lifting of the 
step passivation by sulfur upon heating for both surfaces we conclude that, under the 
experimental conditions applied, an occupation of step sites by CO is energetically favored 
over occupation with S. However, this CO-S site exchange process is kinetically hindered at 
low temperatures. The differences found for the two different step orientations are attributed 
to differences in the electronic structure and local adsorption sites.  
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Gold nanoparticles (Au NPs) attract considerable attention due to their unique physical 

and chemical properties [1]. In particular, Au NPs covered with inorganic sulphur species, 
deposited on metal sulphides, and other Au-S composites, including those produced via direct 
reduction of aqueous gold by sulphide ions, exhibit plasmon resonance spectra tunable in a 
wide range of wavelengths extending to near infrared region [2], and they allow obtaining 
very intense surface-enhanced Raman spectra [3]; large shifts of photoemission Au 4f lines 
along with suppression of electron tunneling were revealed for surprisingly big supported Au 
NPs [4], etc. The specificity of the Au-S nanostructures is induced by sulphur entities, which 
nature is poorly understood till now [5], so the aim of the current research was to gain an 
insight into the state of sulphur in the Au-S nanostructures. 

In a typical procedure, 33 ml of 3·10-4 M HAuCl4 solution pre-treated in microwave 
oven (400 W, 5 min) and allowed to cool down to room temperature was mixed with a 
predetermined volume of a Na2S solution (0.01 M) under stirring. All the chemicals were 
analytical grade and used as received. Optical absorption spectra of the hydrosols were 
acquired using a Shimadzu UV300 UV-vis-NIR spectrometer. The Au-S nanoparticle 
specimens were prepared by evaporation of a drop of the solution on highly oriented pyrolytic 
graphite (HOPG) or, in some experiments, metallic indium. The samples were then examined 
as obtained or they were carefully rinsed with bidistilled water. STM and AFM experiments 
were carried out with a multimode scanning probe microscope Solver P47 (NT-MDT, Russia) 
in air. XANES spectra were collected in the TEY mode at room temperature at the Russian-
German beam-line at BESSY. Additionally, Auger electron spectra and photoelectron spectra 
were measured using a SPECS instrument equipped with a PHOIBOS 150 analyzer; binding 
energies were corrected for electrostatic charging using the C 1s peak from HOPG (284.6 eV).  

A one-stage reduction of chloroauric acid, HAuCl4, with sodium sulfide at the atomic 
S/Au ratios less than 0.4-0.5 produces a sol with a weak optical absorption peak centered at 
520-530 nm and rather large gold particles, which rapidly precipitate. With increasing the 
amount of Na2S up to the S/Au value of about 0.65, the peak becomes intense, but it decreases 
and finally disappears as the S/Au ratio approaches approximately 2. At the ratio about 3, the 
solution is brown, with the absorption descending in the red direction with no maxima. The 
reaction solution is unstable at S/Au above 5, yielding a bulk residue. A second band appears 
in a narrower range of sulfur contents (S/Au = 0.5 - 1.2), and its magnitude and position in the 
red region (600-900 nm and beyond) strongly depend upon the reaction conditions. 

 

400 600 800
0.0

0.4

0.8
 1
 2
 3
 4

A
bs

or
ba

nc
e 

(a
.u

.)

W avelength (nm )  
 

Fig. 1. UV-visible absorption spectra of 
hydrosols prepared by reduction of 10-4 M 
HAuCl4 solution with sodium sulphide at the 
atomic S/Au ratios of 0.6 (1), 1.2 (2), 1.8 (3), 
3.0 (4).  
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Scanning probe microscopy revealed that the product deposited onto HOPG from the 
reaction media with S/Au of 3 represents an about 5 nm film (Fig. 2 a). The layer formed 
from a sol with S/Au ratio of 1.5 is less uniform and incorporates a number of nanoparticles; 
for lesser S/Au ratios, only a rather small number of Au NPs were observed. The findings 
suggest that adhesion of the Au-bearing nanostructures decreases sympathetically with 
sulphur content. 

 

 
Fig. 2. AFM images of hydrosols with the atomic S/Au ratios of 3 (a), 1.5 (b), 0.65 (c), 
deposited on HOPG and washed.  
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Fig. 3. S L-edge absorption spectra of Au-
S products deposited on HOPG (1-3, 5-7) 
and indium (4, 8) from the reaction 
solutions with S/Au ratios of 3 (1-4), 1.5 
(5,6), 065 (7), and 6 (8). Samples 2, 5, 7 
and 8 were washed with water; sample 3 
was aged in air for 10 days before 
examination. 

 

 
Figure 3 shows S L-edge 

absorption spectra collected from the 
immobilized Au-S structures. The shape of 
spectra is similar for all the specimens 
deposited on HOPG and closely resembles 
the spectra of pyrite and/or elemental 
sulphur [6,7], although the peaks are 
shifted to higher energies by 1 - 2 eV. At 
the same time, the spectra clearly differ 
from those of sulphate or other S-O 
compounds, first of all, due to the 
existence of the pre-edge peaks at about 
164.8 eV. This agrees with XPS and local 
AES analysis (not in Figures), which 
suggests the formation of di- or 
polysulphide anions and minor oxysulphur 
species. If the precipitates have been 
washed by water before the examination, 
the intensity of the pre-edge features 
increases relative to the post-edge ones, 
with the whole spectra being weaker and 
poorly resolved. The low-energy maxima 
are largely due to electron transitions to S-
S antibonding orbitals, while empty metal-
sulphur orbitals and possible S-O orbitals 
effectively contribute to the high energy 
ones [7]. Furthermore, one may suggest 
that the first peaks are due to S-C bonding 
on the HOPG surface [6], because their 
height and energy are lower for the 
product deposited onto indium. However, 
the peaks are strong also for a gold 

a b c 
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sulphide precipitated on indium from a solution with S/Au = 6. In general, the main features 
of the spectra remain similar with decreasing the initial content of sulphur, but the relative 
intensity of the pre-edge features somewhat increases as compared to the high-energy ones. 
The effect of oxidation of the samples in air (aging) on the S L-edge XANES is opposite but 
rather small. 

Therefore, we arrive at conclusion that the gold-bearing NPs produced via the 
reduction of aqueous AuCl4

- by sulphide ions, including gold sulphide surfaces at S/Au of 6, 
are covered by a polysulphide type sulphur species akin to that adsorbed on bulk gold. At the 
same time, the state of sulphur is dependent to some extent on both the S/Au ratio in the 
reaction media and the nature of the nanoparticle support.    
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Size effects in ferroelectric nanomaterials are observed in various parameters, such as Curie 
temperature, spontaneous polarization, coercitive field and others. A suitable model to discuss 
such effects is a core-shell model, assuming different order or geometric structure in an inner 
core area and in the surrounding shell of the particles. This is particularly true for mechanical 
preparation steps, such as milling. While most standard techniques probe both core and shell 
region, in this work methods are tested to obtain more specific information, in particular from 
the shell region. 
Our previous CPP (combined polymerization and pyrolysis) preparation of such nanoparticles 
started from solid metal organic precursors, readily yielding doped barium titanate 
(BaTiO3:Mn2+) nanopowders which rendered possible spectroscopic and thermal-wave 
investigations, with the latter disclosing a complex electrical poling and switching behavior 
[1]. Recently, the CPP route was enhanced by solution-based CPPl, in combination with a soft 
milling procedure yielding phase-pure doped PbTiO3:Cr3+ nanoparticles down to small sizes 
of 5 nm [2]. Such particles are investigated here. 
Surface sensitive X-ray photoelectron spectroscopy (XPS) measurements were performed 
using a VG ESCAlab 220iXL spectrometer with unmonochromatized Al Ka radiation. X-ray 
absorption (XA) and resonant X-ray emission (XE) spectra were recorded with the ROSA 
endstation at the U41-PGM beam-line at BESSY-II using synchrotron radiation. The powder 
samples of different particle diameters (ranging from 8 to 29 nm) were mounted on double 
sided adhesive carbon tape.  

 
Pb 4f core-level data show 
low binding energy peaks in-
dicative of reduction effects in 
the shell. Such contributions 
have also been observed for 
nanopowder in contrast to 
single crystal data, suggesting 
to originate from the shell of 
nanoparticles [3]. The addi-
tional features are smaller for 
the 8 nm sample, possibly 
pointing to a thinner shell in 
these particles. Using a labo-
ratory source, XPS measures 
both shell and core properties. 
  
XAS data of the Ti L2,3 re-
gion show both crystal field 
splitting and spin-orbit split-
ting. The observed intensity 
variations between t2g and eg 
states are indicative of 
changes in crystal field split-
ting [4] related to changes in 
particle size. Similar effects 
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Fig. 1: Ti L2,3 SXAS of PbTiO3 nanoparticles in 
dependence on mean particle size. Arrows mark the 
identification of spin-orbit and crystal field splitting.
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are also observed in the O 2p – Ti 3d part of the O K absorption spectra. Obviously, XAS is 
sensitive to changes in geometric structure, which depends on particle size. 

 
Resonant features (red arrows) are observed in the XES spectra (as shown in Fig. 2) which re-
semble results reported for FeTiO3 [5]. 
 
A combination of surface sensitive (XPS), bulk sensitive (XAS) and nearest-neighbor sensi-
tive (XES) methods was applied to study PbTiO3 nanoparticles. In preliminary experiments 
some size-dependent observations were made, possibly originating from a core-shell structure 
of the mechanically milled particles. More systematically performed experiments with en-
hanced data quality (both signal-to-noise and resolution) would be beneficial to further under-
stand this technologically interesting system. 
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for 500 eV (from bottom to top). 

69



Interaction of NO2 with stepped platinum surfaces 
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91054 Erlangen 

2) Wilhelm-Ostwald-Institut für Physikalische und Theoretische Chemie, Universität Leipzig, 
Linnéstraße 2, 04103 Leipzig 

 
The motivation for our study was to obtain high oxygen coverages, as they might appear 
during CO oxidation under realistic pressure conditions, under ultrahigh vacuum conditions. 
For the flat Pt(111) surface, Dahlgren et al. [1] showed that oxygen coverages can be obtained 
by dosing NO2, which are three times higher than those obtained by conventional exposure to 
O2. We studied the adsorption of NO2 on stepped Pt surfaces, namely Pt(322) and Pt(355), 
because previous studies with oxygen on these surfaces hinted to a higher reactivity and the 
possibility to oxidize the surfaces by dosing NO2 [2]. Both surfaces consist of five atom-row 
wide (111) terraces, separated by (111) oriented monatomic steps in the case of Pt(355) and 
(100) oriented steps for Pt(322). Besides in-situ adsorption experiments the behaviour of the 
adsorbed NO2 during heating to elevated temperatures was also studied. 
We performed high resolution XPS measurements at beamline U49/2-PGM1 with an 
apparatus described elsewhere in detail [3]. NO2 with 99.5 % purity was dosed from the 
background at a pressure of 1*10-9 torr and a sample temperature of about 110 K. The uptake 
series (data not shown) show peaks at 531.8 and 401.5 eV for the O 1s and N 1s regions, 
respectively. The absence of an O 1s peak at 529.9 eV, which would be characteristic for 
atomic oxygen, shows clearly that NO2 is adsorbed molecularly. For higher doses also 
multilayer signals at binding energies of 533.5 and 405.2 eV were recorded (see black line in 
Fig. 1). The data is very similar on both surfaces.  

 
Figure 1: O 1s spectra of NO2 adsorbed on Pt(355) during heating of the crystal. Spectra were recorded every 10 
K; selected temperatures are marked by colored lines.  
 
Figure 1 shows the spectral evolution of O 1s data while heating the Pt(355) surface with 
preadsorbed NO2 with a ramp of 0.5 K/s. The multilayer peak disappears first by desorption, 
leaving only the monolayer above 150 K. Starting at around 270 K the adsorbed NO2 
molecules decompose to NO and O which can be seen from the shift of the main peak to 
531.2 eV, which is attributed to NO [4] and the appearance of a new peak at 529.9 eV which 
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is characteristic for atomic oxygen. At 400 K, only atomic oxygen remains on the surface; NO 
has been desorbed molecularly, which can also be seen from the clean N 1s region at this 
temperature. 
In a second series of experiments NO2 was dosed from the background at a pressure of 1*10-7 
torr and directly at a sample temperature of 400 K, to obtain pure high coverage layers of 
atomic oxygen.  In this case the uptake spectra (data not shown) exhibit a continuous growth 
of the peak at a binding energy of 529.9 eV due to atomic oxygen. Saturation coverage could 
be reached by dosing 10 L.  

 
Figure 2: O 1s spectra of oxygen saturation coverages for the two preparation methods and for both surfaces. 
 
Figure 2 shows clearly that the saturation coverages of atomic oxygen reached by dosing NO2 
at a temperature of 400 K on the two surfaces are much higher than those reached by dosing 
molecular oxygen on the surfaces. In our case, oxygen coverages, which are in the same range 
as the saturation coverages reached by Dahlgren [1] on Pt(111) could be reached. 
Interestingly, these coverages are very similar on both surfaces, in contrast to the distinct 
difference observed for oxygen dosing; the higher coverage on Pt(355) (green line) was 
assigned by Wang et al. to a one-dimensional oxide being formed on the (111) steps [2]. From 
the Pt 4f peaks (data not shown) it can be concluded that we still have mainly chemisorbed 
oxygen and not an oxide layer. 
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Structure “flower” micelles formed by hydrophobically modified telehelic and semi-
telehelic poly(2-isopropyl)-2-oxazoline and poly(ethyl)-2-oxazoline in water. 
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Stimuli-responsive water soluble associative polymers attract continues interest due to 
their wide-ranging applications from medicine to microelectronics or paper coatings and 
paintings. These polymers are designed to form nanostructures, such as polymer micelles, via 
non-covalent interactions and are able to undergo a second step-aggregation process as a 
response to environmental stimuli, such as change in temperature, concentration, pH etc. Due 
to small size and core-shell nature of these associates, in-situ characterization with light 
scattering or microscopic techniques is not complete. Therefore the SAXS is a good choice for 
their fine structure characterisation. 

In the present work we investigate so called “flower” micelles [1] formed by 
hydrophobically modified poly-(2-isopropyl)-2-oxazoline (PIPOZ) and poly-(ethyl)-2 
oxazoline PEOZ in concentrated aqueous solution (2 wt %). Hydrophobic modification of 
PIPOZ/PEOZ (Mw = 10000 g/mol, PDI = 1.2) was achieved by introducing n-octadecyl groups 
either on one or on both ends of the polymer chains (semi-telechelic or telechelic PIPOZ, 
respectively). All polymers (PIPOZ/PEOZ) form transparent “solutions” in water at room 
temperature and undergo Low Crytical Solution Temperature (LCST) transition to milky, 
aggregated dispersion at ca. 32 and 60 °C respectively. Dynamic Light Scattering 
measurements reveal the micrometer size of these aggregates while the size (diameter) of the 
micelles formed at room temperature is in a range of 15-20 nm. The size of the micelles and the 
inner structure formed by the telechelic and semi-telechelic PIPOZ/PEOZ is additionally 
confirmed by SAXS, measured at the Microfocuse Beamline (µ-spot) of BESSY.  

The measured SAXS curves are shown on Figure 1. The best fit of the SAXS data for 
both polymers was obtained taking into consideration spherical shape of the micelles. All 
SAXS pattern of telechelic PIPOZ is fitted with the core / inhomogeneous shell model using 
program Scatter (Version 02) developed by Stephan Förster, University of Hamburg. In the 
case inhomogeneous shell model the electron density of the polymeric shell exponentially 
decays from the inner to outer part of the micelle [2].  
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Figure 1. SAXS curves of concentrated telechelic (left) and semi-telechelic (right) hydrophobically modified 
PIPOZ (filled circles) and PEOZ (open circles). The best fit of the SAXS data for both polymers was obtained 
considering spherical shape of the micelles (solid and dashed lines respectively).  
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The core for both polymer micellar solutions should be formed by assembled n-octadecyl 
chains with homogeneous electron density and its radius should be smaller than the length of n-
octadecyl chain in all-trans conformation (lmax = 1.265 Å · 17 + 1.5 Å = 23.0 Å [3]). These 
conditions are fulfilled for all samples. The core radius is equal to 1.8 nm for telechelic and 1.7 
nm for semi-telechelic PIPOZ and is 1.6 nm for both PEOZs. Relative standard deviation of the 
core radius in all cases is 0.2. The smallest shell was found for telechelic PEOZ (8.7 nm) while 
the semi-telechelic PEOZ forms micelles with the shell thickest of 11.8 nm. Shell thickness for 
semi-telechelic and telechelic PIPOZ is similar; it is 10.3 and 10.5 nm respectively. Since the 
core size is similar for all polymers one can suggest that there is similar number of n-octadecyl 
chains in the core. Hence, the aggregation number for semi-telechelic PIPOZ/PEOZ is almost 
two times higher than for telechelic PIPOZ/PEOZ. This should lead to two effects: 1. the 
number of micelles formed by telechelic PIPOZ/PEOZ is bigger; 2. the radius of micelles 
formed by semi-telechelic PIPOZ/PEOZ is ca. 1.3 (3√2) times bigger than the radius of 
telechelic PIPOZ/PEOZ micelles. Apparently, the first affects scattering intensity (Intensity at 
low q for telechelic micelle solutions is ca. 2 times higher) and the second was observed only 
for PEOZ. This can be explained by a deviation in the core radius for semitelechelic and 
telechelic PIPOZ. The smaller core for semi-telechelic PIPOZ means smaller than expected 
aggregation number and finely to thinner shell. Consequently the shell thickness for telechelic 
and semi-telechelic PIPOZ is similar. 

Thus, in the present work, the overall and the fine structure of the “flower” micelles in 
water formed from hydrophobically modified poly-(2-isopropyl)-2oxazoline and poly-(ethyl)-
2-oxazoline is revealed.  
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Introduction

Supramolecular recognition due to specific host-guest in-
teractions has become a growing topic in organic chemistry. 
Particularly interesting in that respect are self-assembled 
organic layers on surfaces, grown e.g. from solution. Specifi-
cally adsorbed halogenide anions form on a Cu(100) electrode 
surface highly ordered superstructures. These halide layers 
remain stable within a large electrochemical potential range 
from copper dissolution to the beginning hydrogen evolu-
tion. These superstructures act as templates for the formation 
of laterally highly ordered viologen (1,1´-disubstituted-4,4´-
bipyridinium) layers. [1]

In-situ Electrochemical Scanning Tunneling Microscopy 
(EC-STM) techniques allow a direct visualization of these 
structures at the solid/liquid interface. Previous studies have 
revealed that specifically on a c(2 × 2)-Cl/Cu (100) surface 
Dibenzylviologen (DBV) forms instantaneously a superstruc-
ture with the key motif of a cavitand structure consisting of 
four individual DBV²+ units (E > 170 mV vs. RHE). The indi-
vidual cavitands show a fourfold symmetry and can be orient-
ed in two circular fashions. Lowering the potential towards the 
hydrogen evolution causes a change in the lateral order to a 
stripe pattern phase. This structural change has been explained 
as a consequence of the reduction of the DBV²+ dications to 
DBV•+ radical cations. The phase transition is completely re-
versible and both phases can be transformed into each other 
by simply changing the electrode potential. An even further 
decrease of the potential (E < - 270 mV) leads to a complete 
loss of the lateral order due to desorption of the halogenide 
ions through the organic layer.

Another situation is found for Diphenylviologen (DPV) 
which forms already at potentials near the onset of copper 
dissolution a stripe pattern phase. This phase is ascribed to a 
stacking of the radical cations (DPV•+). [2]

The Goals

1. SXPS should substantiate the assignment of the oxidation 
states, which are suggested due to EC-STM and electro-
chemical, i.e. cyclovoltametric (CV), measurements.

2. EC-STM cannot resolve if extra halogenides are coad-
sorbed within the viologen layer, especially in the cavitand 
phase. However, different chemical shifts are expected for 
specifically (c (2 × 2)-Cl) and additionally coadsorbed halo-
genides.

3. The DBV cavitand phase is expected to be more hydrophilic 
than the DPV stacking phase. The intensity of the O1s sig-
nal should indicate the amount of water on the surface after 
emersion.

4. STM images show that the stripe phase is more compact 
than the cavitand phase. As a consequence it should cause 
a stronger attenuation of the Cl 2p signal from the underly-
ing chloride layer. 

Experimental

The experiments are performed at the SoLiAs-Station which 
is designed for the analysis of electrochemically prepared sur-
faces and interfaces [3].

The undulator beamline U49/2-PGM2 was used for our 
studies. The spectra are recorded with excitation energies of 
125 eV, 245 eV, 720 eV and 1040 eV, respectively, with 720 eV 
being a good compromise between surface sensitivity and the 
number of detectable signals. Our spectra are acquired by a 
MCD 9 analyzer (Specs) and referred to the Cu 3p₁/₂ (EB = 
75 eV) or Au 4f₇/₂ (EB = 84 eV) lines. Comparison with the 
Fermi level as reference (if a sharp Fermi level is obtained) 
gives excellent agreement. The photoelectron signals are fitted 
with Voigt profiles using constant Gaussian and Lorentzian 
widths. A Tougaard type background is substracted.

The Cu (100) crystals, obtained from MaTeck, are elec-
tropolished in 50 % orthophosphoric acid before each experi-
ment. The crystal is mounted in an electrochemical cell which 
allows the preparation under an argon atmosphere and a rapid 
and contamination free transfer into UHV. All used chemicals 
are of reagent grade or higher. All potentials given in the text 
are referred to the RHE.

We study DPV and DBV on chloride, bromide and iodide 
covered Cu (100). Under potential control the ground electro-
lyte is changed to the viologen containing electrolyte in order 
to prepare the organic layer.

For reference purpose we have also studied the pure violo-
gen salts (DBVCl₂ and DPVCl₂) on a gold foil. 

Redox-Chemistry of Viologens on Halogenide-
Covered Cu (100) Monitored by SXPS
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The Results

In the following we focus on the chemical analysis of the violo-
gen layers at high electrode potentials. Of particular interest is 
the chemical shift of the N 1s emission which is sensitive to the 
oxidation state. All our interpretation of the XPS data is based 
on the assumption that the chemical composition and the re-
dox state of the interface does not change during emersion of 
the electrode out of the electrochemical environment.

After electropolishing the sample is cycled between the on-
set of hydrogen evolution and copper dissolution in the base 
electrolyte (10 mM HCl or 10 mM KI in 5 mM H₂SO₄) until 
we obtained a steady state CV, followed by “electrochemical 
annealing” at + 100 mV for 30 minutes. The electrolyte is then 
changed to a 0.2 mM viologen containing solution in the base 
electrolyte. In agreement with the structural changes of the ad-
sorbed viologens observed with in-situ EC-STM techniques, 
we also notice differences in the ex-situ photoemission experi-
ments. 

Fig. 1a shows the N 1s spectra of the DBV “cavitand phase” 
emersed at EEmers = + 100 mV. The spectrum is fitted with three 

components. For the main component we find a binding en-
ergy of 402.1 eV. At lower binding energies two further signals 
are found at 400.1 eV and 399.1 eV. In turn, for the adsorbed 
DPV “stripe pattern” phase – emersed at + 130 mV – we find a 
main peak at 400.7 eV (Fig. 1b). [4]

From the pure viologen salts on a gold substrate we find 
N 1s signals at 402,6 eV (DBVCl₂, Fig. 1c) and 402.53 eV 
(DPVCl₂, Fig. 2), respectively, as well as smaller peaks at lower 
binding energies (see below). [4]

Similar binding energies are found by Liu et al. [5] for 
1,1´-bis-(4-vinyl-benzyl)-viologen (VBV) in their studies for 
polymerized VBV on electrically conductive surfaces. They 
ascribe a peak at 401.7 eV to the positively charged nitrogen 
(VBV²+) and a peak at 399.5 eV to the reduced mono-radical 
species (VBV•+); and a signal at 398.6 eV to the fully uncharged 
species (VBV⁰).

  We ascribe the main signal in case of DBV (Fig. 1a) to the 
charged nitrogen and conclude that at high potentials DBV 
adsorbs as DBV²+. On the other hand we ascribe the N 1s 
signal of DPV in Fig. 1b to the mono reduced radical cations 
(DPV•+).

The signals at lower binding energies, found in the spectra 
of the “cavitand phase” as well as for the pure salts are ascribed 
to beam reduced species. Fig. 2 shows a series of N1s spectra 
of the DPVCl₂ salt. It is clearly seen that the peak at 402.5 eV 
decreases with time while the peaks at lower binding energies 
increase (with slight shift to lower binding energies). Similar 
results are also obtained for DBV. We explain this behavior by 
a beam induced “dry” reduction of the dicationic species due 
to secondary electrons. 

Significant differences are observed for the O 1s spectra, 
too. These O 1s signals are assigned to water (specifically ad-
sorbed or unspecific residue of the emersion process), because 
there are no other oxygen containing species in the process. 
These O 1s spectra are thus an indication if a surface is more 
hydrophilic or hydrophobic. 

Fig. 3 shows the O 1s spectra we obtain for the c (2 × 2)-Cl/ 
 Cu (100) surface in the absence and presence of DBV or DPV. 
There is a dominant peak at 532.5 eV which we ascribe to wa-
ter in direct contact to chloride. The absence in case of DPV 
shows that the water, adsorbed on chloride, is completely dis-
placed by DPV. The smaller signals at lower binding energies 
are assigned to residual water of the solvation shell of the solu-
able viologens [6].
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Fig. 1: N 1s-Spectra. Excitation Energy: 720 eV. a) DBV²+ “cav-
itand phase” after emersion at + 100 mV vs. RHE. b) DPV •+ 

“stacking phase” after emersion at + 130 mV vs. RHE. c) pure 
DBVCl₂ salt prepared on an inert gold foil.

Fig. 2 N 1s of pure DPVCl₂ salt on a gold foil as a function of 
irradiation time, compared with DPV adsorbed on chloride cov-
ered Cu(100) at + 130 mV vs. RHE.
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The intensity of the O 1s signal in case of the DBV is much 
greater than in case of DPV, interestingly, also greater than in 
case of the uncovered c (2 × 2)-Cl surface. The ratio of coad-
sorbed water within the “cavitand layer” can be estimated from 
the oxygen/nitrogen ratio using the integrated intensities, cor-
rected with the energy dependent cross sections. We found 
an oxygen/nitrogen ratio of 3.92 to 1, which corresponds to a 
water to DBV²+ ratio of approx 8 (7.84), because DBV contains 
two nitrogen atoms. However this represents only the lower 
limit of coadsorbed water within the viologen layer. As con-
clusion we can say that the DBV²+ “cavitand structure” is much 
more hydrophilic than the DPV•+ “stacking phase”. [4]

Fig. 4 shows the Cl2p signals of the viologen covered and 
viologen free c (2×2)-Cl/Cu (100) surface (obtained with 
245 eV photon energy) as well as of the pure viologen salt on 
gold (excitation energy 720 eV).

The comparison of the Cl 2p intensities (obtained with the 
more surface sensitive photon energy 245 eV than 720 eV) 
shows that the signals of the DPV covered chloride layer are 

much more damped than those with a DBV overlayer. This ob-
servation is in agreement with the previous EC-STM studies 
which showed that the “stacking phase” is much denser than 
the “cavitand phase”. [4]

For the viologen covered and viologen free chloride modi-
fied surface we find a binding energy EB(Cl 2p₃/₂) = 198.3 eV, 
while for the salt we find a binding energy of 197.5 eV (Fig. 
4). The signals from the viologen covered surfaces can be 
well fitted with one component only. Hence, there is no other 
chloride than that in the c (2 × 2) underlayer. This conclusion 
is supported by measurements of the I 4d (Fig. 5b) and the 
I (MNN)-Auger signal (Fig. 5a) after the viologens were pre-
pared on an iodide precovered Cu (100) surface. The Cl 2p sig-
nal (from the used viologen chlorides to prepare the solutions) 
would overlap with the I (MNN)-Auger signal between 194 eV 
and 215 eV. However, no hint of a chloride signal can be seen 
in Fig. 5a, only iodide from the underlayer (Fig. 5b).
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Fig. 4 Cl 2p spectra (obtained with an excitation energy of 
245 eV) of different adsorbates compared with the Cl 2p spectra 
of pure DBVCl₂ salt (photon energy 720 eV)
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Amino acids play a central role both as building blocks of proteins and as intermediates in 
metabolism. A profound knowledge of amino acid structure and properties is hence the basis 
for understanding more complex protein structures and properties. Moreover, surface 
modifications of nanoparticles with biomolecules, such as amino acids, allows for new 
applications for sensors and diagnostics in life science. Therefore, it is important to 
understand in detail the interactions between nanoparticles and ligands.  
High resolution core level excitation is used to investigate the intrinsic properties of free 
nanoparticles in the gas phase consisting of neat amino acids as well as amino acids that are 
bound to nanoparticles. Pure particles consisting of amino acids are prepared from dissolved 
species. Amino acid functionalized silica nanoparticles are chemically prepared and dispersed 
in liquid media. The solutions or dispersions are sprayed into the gas phase at ambient 
pressure by using an atomizer. Subsequently, the solvent is evaporated in a diffusion dryer. 
The nanoparticle beam is aerodynamically focused in the size regime r > 20 nm in the 
interaction region with synchrotron radiation.[1] Total electron yields are measured near inner-
shell absorption edges in order to probe the local electronic surroundings of the absorbing 
sites as a function of chemical binding. This approach relies on a short interaction time of the 
nanoparticles with X-rays, so that radiation damage is avoided (cf. [2,3]. We investigate the 
two sulfur-containing proteinogenic amino acids L-cysteine and L-methionine. It is well 
known that amino acids have a pH-dependent structure (see Fig. 1). Therefore, the pH of the 
solutions is varied in order to control the local structure and charge state. 

 
Specifically, NEXAFS measurements at the S L3,2 edge allow one to study the influence of 
the protonation/deprotonation of the thiol group on the local electronic structure of cysteine. 
Therefore, three different solutions were prepared. A solution of cysteine in pure water has a 
pH about 5. This value is far below the pKa value of the thiol group of cysteine (8.3), hence 
the typical spectrum of a thiol is observed (see red line in Fig. 2, cf. Ref. [3]). Higher pH 
values were obtained by addition of NaOH. At pH 12 the thiol group is fully deprotonated and 
a significant change in the spectrum is observed (see black line in Fig. 2). At pH 8 the 
equivalence point of the thiol group is approximately reached, thus a 1:1 mixture of both 
forms is present. The NEXAFS spectrum of this sample (blue curve in Fig. 2) is indeed a 
combination of the two precedent spectra. With increasing pH the major peak loses intensity, 
because the shielding of the sulfur orbitals increases when the thiol group of the cysteine 
molecules deprotonates.[3] At the O K edge the effect of the protonation/deprotonation of the 
COOH-group is investigated (see Fig. 3 (a)). A pH value of 1 is adjusted by adding HCl to the 
sample solution. This value is below the pKa value of this functional group (pKa=1.8). The O 
1s→π*

C=O-transition in this spectrum is rather broad. 

HS
+NH 3

O H

O

Cl-

HS
+NH 3

O -

O

Na+ -S
+NH 3

O -

O Na+ -S
NH 2

O - Na+

O

HCl NaO H NaO H

pK s(SH) = 8.3pK s(NH 3) =  10.8pK s(C O O H ) = 1.8

HS
+NH 3

O H

O

Cl-

HS
+NH 3

O H

O

Cl-

HS
+NH 3

O -

O

HS
+NH 3

O -

O

Na+ -S
+NH 3

O -

O

Na+ -S
+NH 3

O -

O Na+ -S
NH 2

O - Na+

O

Na+ -S
NH 2

O - Na+

O

HCl NaO H NaO H

pK s(SH) = 8.3pK s(NH 3) =  10.8pK s(C O O H ) = 1.8

Fig. 1: pH dependent structure of cysteine and acid dissociations constants pKa of its functional groups.
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Fig. 2: NEXAFS-spectra of cysteine at the 
sulfur L3,2 edge at different pH values. 
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Fig. 3 NEXAFS-spectra of cysteine at the oxygen K edge at different pH values (a) 
and simulation of L-cysteine + NaOH + 44 H2O compared with the experimental 
spectrum at pH 12 (b) 
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Fig. 3: NEXAFS-spectra of cysteine at the oxygen K edge at different pH values (a) and 
simulation of L-cysteine + NaOH + 44 H2O compared with the experimental spectrum 
at pH 12 (b). 

At pH 5 the carboxyl group is fully deprotonated, a 
zwitter ionic form of the amino acid is present and 
both C-O-bonds are degenerate.[4] Hence, we observe 
a less broad and slightly shifted O 1s→π*

C=O-
transition, similar to recent work on glycine.[4] At pH 
12 the O 1s→π*

C=O-resonance remains almost 
unchanged. However, a broad peak occurs above 534 
eV. The comparison with CPMD-calculations shows 
that this peak is mainly due to the large amount of 
NaOH present in the sample, which was necessary to 
raise the pH. The calculations further reveal that the 
cysteine nanoparticles in the particle jet contain a 
significant amount of crystal water. The best 

agreement between 
experimental and 
modeled spectra is 
observed for L-cys-
teine + NaOH + 44 
H2O. Finally, it is 
investigated how the 
electronic structure 
of amino acids is 
affected when they 
are covalently bound 
to 200 nm silica 
nanoparticles.  
 
 

These are functionalized by amino-propyltri-
methoxysilane and subsequently the amino acids are 
bound to the particles by their acid group in presence 
of 1-ethyl-3-(3-dimethylaminopropyl)-carbo-diimide. 
In this way, a submonolayer of methionine is 
prepared, which is studied in the sulfur L3,2 regime 
(see Fig. 4). The spectrum of the surface bound 
amino acid is significantly different from that of free 
methionine. A detailed analysis is currently in 
progress. The present results indicate that the high 
sensitivity of the experimental approach permits 
studies on sub-monolayer species bound to free 
nanoparticles. 
 

This project has been supported by the Bundesministerium für 
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Fonds der Chemischen Industrie. 
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For the development of new drugs and improving the existing ones single enantiomers of 

chiral bio-relevant molecules have significant importance. There are several methods used to reach 

pure enantiomers, one is direct asymmetric synthesis [1-4]. The nature of the asymmetric reaction 

products is controlled by the chiral environment provided by the catalyst. In this context chiral 

surface systems, e.g. chiral molecules adsorbed on chiral single crystal surfaces, are of considerable 

interest as they are model systems for potential enentioselective heterogeneous catalysts. Other 

possible applications are enantiomeric selection which could be used for chiral purification of 

pharmaceuticals or enentioselective gas chromatography [5, 6].  In this study adsorption properties 

of L- and D- Serine enatiomers on intrinsically chiral Cu{531} surface are investigated. These 

aminoacids have 4 functional groups which can make bonds to the Cu{531} surface:  OH, NH2, and 

two oxygen atoms in the carboxyl group (-COOH). The adsorption structures and geometries were 

determined with using XPS and NEXAFS. 

 

The experiments were performed at the BESSY beamline UE52-PGM (CRG) at a base 

pressure of 3x10-10 mbar in the UHV endstation. All XPS data were recorded at room temperature 

using a Scienta 200 mm electron energy analyser with pass energy 100 eV at a photon energy of 

630 eV. The binding energies (BE) were calibrated with corresponding measurements at the Fermi 

energy for the same photon energy and pass energy. The NEXAFS experiments were done at 

normal incidence; the orientation of the electrical field vector, E, within the surface plane was 

controlled by the undulator settings to be parallel or perpendicular to the [1-21] direction of the 

{531} surface as well as angles of 30°, 45° and 60° from parallel. A partial yield detector (PYD) 

was used with the retarding voltage set to accept electrons in the kinetic energy range up to 50 eV 

below the lowest photon energy in order to avoid detection of Cu d-band photoelectrons. The raw 

C, N, and O K-edge NEXAFS data were normalised with respect to the ring current and spectra of 

the clean sample. 

 

Uptake curves of L-serine on Cu{531} are shown in Figure 1. For the lowest coverage, the 

main peak in the O1s XPS spectra, at 531.5eV, has a shoulder at a lower BE (530.7 eV). As the 

coverage increases, this shoulder disappears and a new peak appears at higher BE (532.8 eV). The 
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main peak is assigned to be overlapping signal of the two oxygen atoms in the deprotonated 

carboxylate (COO) group, which form a bond to one Cu atom each [7,8,9]. The low BE shoulder 

for the lower coverages (90 min and 130 min dosing) is assigned to the –OH group (possibly 

deprotonated) also forming a bond with the Cu surface (Figure1, right molecule model). With 

increasing coverage (170 min and 250 min dosing) the surface becomes more crowded and a less 

space-consuming configuration is assumed with a ‘dangling’ OH group, as shown at the left of 

Figure 1, which is the origin of the high BE O1s peak. 

 

In order to investigate the orientation of the amino acids within the surface NEXAFS spectra 

were taken for different in-plane polarization angles at saturation coverage. Figure 2 a,b shows the 

C-NEXAFS spectra of the D and L-serine enantiomers for different angles of the polarization 

vector. The angle dependence of the π-resonance originating from the carboxylate group, in 

particular the fact that the intensity of the never goes to zero, indicates that the molecules adsorb in 

two different azimuthal orientations [8]. The heights of the π-resonance peaks as a function of the 

polarization angle were plotted (Fig. 2c,d) and the data were fitted with the function 

Iπ(φ) = A1[cos(φ - α1)]2 + A2[cos(φ – α2)]2 , 

which is the superposition of  the angular dependence of  two molecules with different azimuthal 

orientations α1 and α2 (A1 and A2 are relative coverages, φ is the polarization angle). The best fit 

values for L-serine are A1=2.0, α1=-59°, A2=1.7, α2=22° .These data imply that there are almost 

equal amounts of molecules in the two different orientations (A1/A2= 1.2). The relative angle 

between the two orientations is 81°. For the other enantiomer, D-serine, the same experiment leads 

to α1 and α2 values of -20° and 47º, respectively, and a A1/A2 ratio of 0.86, which indicates a very 

significant enantiomeric difference between for serine. 
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Figure 1. D-serine XPS Uptake Spectra in O1s region and corresponding configuration of D-serine 

on Cu{531}. Left adsorption model for high coverage; Right adsorption model for low coverage. 
Red=Oxygen, White=Hydrogen, Blue=Nitrogen, Gray=Carbon, Yellow= Cu.  
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Figure 2. a) C-NEXAFS of saturation coverage, D-serine at different polar angles (0º to 90º); b) C-NEXAFS 
of saturation coverage, L-serine at different polar angles (0º to 90º); c) π-resonance peak height vs 
polarization angle graph for C-NEXAFS of saturation coverage of D-Serine; d) π-resonance peak height vs 
polarization angle graph for C-NEXAFS of saturation coverage of L-Serine 
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Spontaneous supramolecular structure formation based on the self-assembly of suitably designed 
molecular components provides a promising way for the bottom-up construction of molecular devices. 
The emergence of specific functionalities can be controlled by the appropriate design of the molecular 
functional groups. In most investigated systems to date structural control was achieved through planar 
molecular building blocks (or tectons). These adsorb in a flat geometry on surfaces, thus favoring 
lateral linkages between functional endgroups. It is, however, much harder to control tectons exhibiting 
conformational flexibility, i. e., the possibility to adapt their geometry to the given environmental 
constraints by distorting or rotating specific moieties. Taking into account that such species qualify for 
the self-assembly of particularly elaborate nanostructures, it is evident that the conformational design 
of single molecules is a crucial ingredient to achieve a targeted set of chemical and physical 
properties, e. g., the realization of single-molecule switches or efficient heterogenous catalysts. For 
the complete control over spontaneous supramolecular structure formation it is thus necessary to 
master the effects of conformational adaptation during adsorption and self-assembled organization.  

Here we present a combined scanning tunneling microscopy (STM), near-edge X-ray-absorption 
fine-structure (NEXAFS) and x-ray photoemission (XPS) study on the adsorption and ordering of 
flexible organic molecules on metal surfaces of different chemical reactivity. All NEXAFS and XPS 
data were obtained at the HE-SGM beamline at BESSY II. In the various examples we quantify the 
conformation that the molecules exhibit in certain local environments and demonstrate the 
conformational influence on important properties namely diffusion, reactivity, the shape of molecular 
levels, and bond formation.  

In our first project we studied the chain-formation of diphenyl oxalic amide molecules (Fig. 1a) on 
the reconstructed Au(111) surface. A STM topograph of 0.2 monolayers (ML) evaporated at 300 K 
(Fig. 1b) evidences chains (appearing as bright protrusions) of an average length of about 10 nm 
consisting of several tens of molecules each of them appearing with a dogbone like shape (Fig. 1b, 
inset). When evaporating the same amount of molecules on a sample at 160 K no chain formation 
happens and single molecules prevail. By NEXAFS we studied the orientation of the phenyl rings and 
of the inner functional group by the lowest π* resonance in the C1s region and the π* resonance in the 
O1s region respectively (Fig. 1c). The angular dependence of the resonance for the single molecule 
case indicates a flat conformation as displayed in Fig. 1d. In contrast within chains the phenyl groups 
are rotated by about 35° with respect to the flat conformation. Together with the fact that the inner 
functional group remains flat, a conformational adaptation during chain formation is clearly evidenced. 

 
Fig1: a) The oxalic amid. b) STM image of chains with the Hydrogen bonding motif shown in the inset. c) 
NEXAFS data evidence a flat geometry for single molecules (d) and a rotated phenyl group within chains (e).  
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From X-ray structure measurement of the crystal phase it is known, that in 3D two hydrogen bonds 
between adjacent molecules are formed. Both an analysis of the STM data as well as density 
functional theory calculations indicate that within chains on the Au surface only one hydrogen bond 
per molecule is employed (Fig. 1b, inset) thus the bond motif is remarkably changed. Thus to adapt 
the hydrogen bonding to the local registry of the substrate the molecules adapt their conformation to 
overcome otherwise interfering steric hindrance. It is especially interesting that weak hydrogen 
bonding can override the molecule-metal substrate coupling trying to keep the phenyl groups flat on 
the surface. 

In a second project we investigated tetrapyridyl-porphyrin (TPyP) molecules on the Cu(111) 
surface. After evaporation onto the substrate at 300 K STM data (Fig. 2a) reveal single molecules (red 

circle) as bright protrusions dominated by two pronounced lobes near the center. The random 
distribution of adsorption places indicates that the molecules get immediately anchored when arriving 
on the substrate and that diffusion is frozen in. The smaller ring-shaped depressions (red arrows) stem 
from coadsorbed CO molecules that served as markers for the atomic registry and helped to find the 
TPyP’s adsorption site. The geometry of adsorbed TPyP was examined by employing NEXAFS at the 
N1s edge (Fig. 2b) because the assignment of peaks to certain molecular subunits is difficult in the 
carbon region. The two peaks A and B can be separated into three parts connected with the three 
different nitrogen atom types (Fig. 2c). Their angle dependences indicate that all of the molecular 
subunits exhibit strong tilts with respect to the substrate. The information obtained by NEXAFS only 
remains ambiguous as several different conformations could result in the same NEXAFS spectra. We 
simulated the STM appearance of the possible variants and found one that resembles to a high 
degree the experimental topography. Thus by the combinition of several techniques, we were able to 
find the full adsorption geometry (Fig. 2e). The macrocycle features an extreme saddle-shape 
distortion resulting from the fact that the pyridyl substituents are strongly pointing towards the surface 
to allow coordination between the pyridylic lone pair and Cu atoms. The shifts of the N1s binding 
energies between a multilayer and monolayer sample consistently indicate that the pyridylic nitrogen 
interacts most with the surface, thus the XPS data is further supporting our geometric interpretation. 
As a direct consequence of this specific conformation we were able to coordinate single Fe atoms with 

 
Fig 2: a) STM image of TPyP coadsorbed with CO on Cu(111). b) N1s NEXAFS spectra c) Overlapping 
resonances originating from the three different N atom types. e) Model of the adsorbed TPyP 

 
Fig3: a) The Co-TPP molecule.. b) STM image showing island formation. c) NEXAFS spectra indicate a 
slightly distorted macrocycle as similar to the model in the inset. d) Comparison of the HOMO for gas-
phase (left panel) and adsorbed conformation (middle panel) with the experimental tunneling spectroscopy 
map (right panel).  
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the pyridyl terminal groups, which was not possible with the same molecule on the Ag(111) surface. 
There the molecules exhibit a flat macrocycle and a much larger distance between the pyridylic N 
atoms and the surface rendering coordination with Fe atoms diffusing on the surface impossible. 

Our last example deals with Co-tetraphenyl porphyrin (Co-TPP) molecules (Fig. 3a) that have the 
ability to form islands on Cu(111) at room temperatues (Fig. 3b). This fact underlines our conclusion 
from the last example, that the pyridyl group is responsible for the strong anchoring. Both the 
appearance in the STM images and the NEXAFS data (Fig 3c) indicate again a saddle-shape for the 
macrocycle, but less pronounced than in the case of TPyP  (Fig 3c, inset). The molecules 
conformation is reflected in the shape of the molecular orbitals. We managed to map a series of 
orbitals by scanning tunneling spectroscopy. The effect of the conformational adaptation is evident in 
the example given in Fig 3d, where a calculation of the HOMO for a CO-TPP in the gas-phase 
conformation (left panel) and in the adsorbed conformation is compared to the experimental dI/dV 
map. 

In conclusion, with a combination of complementary techniques we were able to quantify and 
understand for three different systems the influence of conformational adaptation on the systems 
properties. Our results help to develop a rationale for the design of future nanosystems based on 
conformational design. We suggest that molecular building blocks based on conformationally adaptive 
design can upgrade the tools of 2D supramolecular engineering. 
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1. Introduction 

Currently, platinum based catalysts are predominantly used for the oxygen reduction reaction (ORR) at the 
cathode side in Polymer Electrolyte Membrane Fuel Cells (PEM-FC) due to their superior electrochemical 
activity in acidic media combined with sufficiently low degradation rates.  However, Pt is expensive and Pt rich 
ore deposits are limited.  Congruously, development of Pt free cost-saving alternatives is gaining importance.  
Thereby, the current improvement of such non Pt based materials faces the challenge of narrowing the activity 
gap towards the Pt based reference and of improving the long-term stability in the presence of oxygen in an 
acidic environment.  So far, two strategies have been pursued: (I) the preparation of chalcogen stabilized 
ruthenium nano-crystallites supported on soot particles, and, (II) the investigation of porphyrin-type catalysts 
consisting of nano-scaled in-situ formed graphene layers with integrated cobalt-nitrogen or iron-nitrogen centres. 

Since the final preparation temperature plays a crucial role in the preparation process of catalytically active 
catalysts, in-situ X-ray measurements (high temperature X-Ray diffraction – HT-XRD) were performed studying 
phase formation and particle growth of precursor mixtures heated under inert conditions. 

2. Experimental 

In-situ X-ray measurements were performed at BESSY II beamline KMC-2 using a stainless steel UHV cell, 
equipped with an electric graphite heater encapsulated in pyrolytic boron nitride (pBN) from Tectra GmbH, thus 
allowing continuous measurements in the temperature range between RT and 1000°C.  A water-cooled hemi-
spherical beryllium dome on top of the cell was used for optimum transmittance of synchrotron radiation.  The 
catalyst powder samples were pelletized (∅: 10 mm) and placed onto a pBN sample holder.  A two dimensional 
detector array (HiStar – Bruker AXS) was used to record the spectra.  Detector, sample and synchrotron 
radiation beam were aligned to meet Bragg-Brentano geometry.  Measurements were carried out under vacuum 
with synchrotron radiation energies between 7 and 13 keV, depending on the catalyst system.  Calibration was 
done using an alumina standard for the different beam energies. 

3. Results 
3.1. Chalcogen modified ruthenium catalyst 

It was shown previousely that Se modified Ru nanoparticles of composition Ru:Se = 1:0.3 and a mean particle 
diameter of 1.6 nm consist of a metallic Ru core and Se covalently bonded to the Ru atoms on the surface of the 
cores.  After a heat treatment at 800°C under reductive conditions the metallic particles are not completely 
covered by Se.  Surprisingly, Se exhibits a clustering while the unoccupied surface of the Ru particles forms 
metal - oxygen bonds after contact with air.  This type of catalyst has shown highest activity in the oxygen 
reduction reaction at the cathode side of direct methanol fuel cells [1-2].  Therefore, it was of interest to 
alternatively study sulphur modified Ru nano-particles and their behaviour at elevated temperatures.  For this 
reason, a commercial Ru catalyst (E-TEK: Ru 20wt% on carbon black) was treated in a H2S atmosphere for 
30 min at room temperature and heated afterwards in the high temperature device at BESSY. 

Fig. 1a shows the X-ray diffractograms taken as a function of temperature.  Analyzing line scans at 300°C, 
700°C, 900°C and 925°C (see Fig. 1b) it was found that with increasing temperature coalescence of the carbon 
supported Ru nano-particles occurred, leading to a decrease of full width half maxima (FWHM) of the Ru peaks.  
Further, at temperatures above 550°C new diffraction lines at 2θ ≈  45.5° and 53.8° become visible pointing to 
the formation of the pyrite-type phase RuS2.  At temperatures above 900°C the lines again weaken interpreted as 
decomposition of this compound with increasing temperature.  This result is in agreement with thermogravi-
metric investigations described in [3].  The observation also gives evidence that a substantial amount of sulphur 
is bonded to the surface of the Ru nano-particles prepared at low temperatures reacting to a defined sulphide at 
higher temperatures.  From Fig. 1b the occurrence of RuS2 can be recognized as well as the mentioned growth of 
Ru particles.  It is worth mentioning that no lattice expansion is visible neither in the case of Ru nor of RuS2. 

With this respect, the system Ru-S differs from the system Ru-Se where the formation of the counterpart RuSe2 
does normally not occur under the same annealing conditions.  As a consequence it can be concluded that the 
process of annealing to form a sulphur modified Ru catalyst of high activity has to be performed by an adapted 
procedure preventing the formation of a defined pyrite-type phase, which is known to lower catalytic activity in 
the ORR. 
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Figure 1: (a) 2D representation of diffractograms as a function of temperature heating RuSx/C nano-particles 
under vacuum from RT to 925°C.  Red colour represents low intensity of the diffraction signal, yellow and blue 
colour represent medium and high intensity, respectively.  The blue stripe is caused by coalescence of Ru nano-
particles.  Additional lines appearing at 2θ = 45.5° and 53.8° above 550°C indicate the intermediate formation of 
RuS2.  (b) X-ray diffractograms of heated RuSx/C catalysts at 300°C, 700°C, 900°C and 925°C. 

3.2. Porphyrin based catalysts 

Heat-treated porphyrin based catalysts show promising activities towards the oxygen reduction reaction.  Some 
metal porphyrin complexes feature inherent catalytic activity that increases with higher pyrolysis temperatures to 
reach a maximum between 700°C and 1000°C, depending on the porphyrin constitution.  Above this optimum 
temperature of catalyst formation the activity decreases again [4-6]. 

Recently, we developed a new preparation technique that affords catalysts exhibiting a highly porous carbon 
structure with embedded iron-nitrogen centres [7].  An iron porphyrin was used together with iron oxalate, acting 
as a foaming agent during thermolysis.  Above 430°C its solid decomposition products Fe and FeO form a rigid 
highly porous template for further structural development during the ongoing heating process.  Finally, at 800°C, 
the iron oxides are reduced by the carbon matrix originating from the pyrolized porphyrin precursor to Fe0-
species which are soluble in acidic media.  Removal of this metallic phase turned out to be necessary to yield 
highly active catalysts without inactive inorganic by-products. 

In-situ high temperature XRD measurements have the advantage to trace structural changes of the sample under 
preparation conditions avoiding an oxidation of intermediately formed metallic phases and making these 
intermediates analytically accessible.  However, due to the large amount of gaseous products (CO, CO2) from 
oxalate decomposition, measurements should be performed with heating rates not faster than 7.5 K/min.  
Otherwise, reflexes appear shadowed by the large amount of gaseous products released into the reaction chamber.  
In the following, the thermal evolution of an iron tetramethoxyphenylporphyrin chloride (FeTMPPCl) / iron 
oxalate/ sulphur precursor (named as Fe/Fe/S) is discussed. 

MS-coupled thermogravimetric analysis (TG-MS) was used as a supporting characterization technique.  It gives 
additional information on the temperature range of chemical transformations and the nature of gaseous species 
released during decomposition reactions.  In Fig. 2 the TG-MS measurement of this precursor mixture is shown.  
The decomposition steps can easily be separated. At temperatures ranging from 175 to 300°C crystal water from 
the oxalate and some SO2 is released corroborated by a weight loss of 20wt%, followed by a second 
decomposition step ranging from 300 to 500°C (25wt% loss) accompanied with the release of the methoxy 
groups and chlorine from the porphyrin.  Within the same temperature range oxalate itself decomposes releasing 
large amounts of CO (m/e = 28) and CO2 (m/e = 44) under formation of iron oxide which acts as a solid template 
in the subsequent process.  At the same time carbonization of FeTMPPCl proceeds, whereas C6H6 (m/e = 78) is 
released.  In this step of pyrolysis occurring at temperatures above 700°C oxides formed before are reduced.  
However, the exact temperature of this transformation strongly depends on the kind of porphyrin and oxalate 
used for catalyst preparation. 

Comparing the TG-MS results with the HT-XRD measurement in Fig. 3 it is now possible to correlate the 
thermal decomposition steps with phase transformations during the thermal evolution.  Even more, where TG-
MS only permits the detection of the gaseous decomposition products, the in-situ HT-XRD allows the 
identification of the remaining structures responsible for the observed high catalytic activity. 
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In Table 1 the species detected by HT-XRD are given for the different pyrolytic steps.  It can be seen that after 
decomposition of the oxalate hematite is formed.  It remains in the intermediate product up to a temperature of 
< 800°C.  Hematite has only a low solubility in acidic media.  Consequently, to avoid the formation of hematite 
during catalyst preparation, the precursor materials must be heated above 800°C.  Between 800°C and 940°C 
only FexC remains.  During the cooling process iron carbide species (or Fe and graphite) become more dominant 
as it can be deduced easily from Fig. 4.  As mentioned before, the formation of these structures should be 
inhibited what is correlated with pyrolytic temperatures of only 800°C. 
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Figure 2: Thermogravimetric measurement (TG-MS) of the 
Fe/Fe/S precursor mixture.  Heating rate: 7.5 K/min in Ar flow.  

Table 1: Assignment of crystalline phases formed during the 
heat-treatment of a Fe/Fe/S catalyst (HT – during the heat-up 
step, CD – during cool down). 

T [°C] Observed phases 

30 – 158 (200) (HU) FeC2O4·2 H2O, FeTMPPCl 
230 – 400 (HU) FeC2O4, FeO, FeS, Fe2O3 
430 (HU) FeC2O4 
480 (HU) Fe2O3, 
600 – 700 (HU) Fe2O3, FeS, FexN 
760 – 800 (HU) Fe2O3, austenite (Fe:C), FeNx 
800 – 940 (HU) austenite (Fe:C), FeNx, Fe3C 
940 – 74 (CD) Fe3C, austenite (Fe:C) 
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Figure 3: HT-XRD measurement of the Fe/Fe/S precursor.  
Heating rate: 7.5 K/min, λ = 0.96 Ǻ. Only the heating process is 
shown, the subsequent quenching step is omitted. 

Figure 4: HT-XRD measurement of Fe/Fe/S precursor material. 
Measurement conditions are the same as in Fig. 2. 

By performing the HT XRD measurements, it was the first time that the formation of the in-situ formed inter-
mediate products during pyrolysis of porphyrin based catalysts was monitored.  It is known that the addition of 
sulphur prevents the formation of iron and graphite [8]. By performing of HT-XRD measurements employing 
precursor mixtures of increased S/Fe oxalate ratio optimal precursor mixture and preparation temperatures could 
be identified. Furthermore, the technique opens a wide field studying other promising precursors for catalysts. 
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In-situ XPS study of adsorbed oxygen species on (La,Sr)(Fe,Co)O3-d perovskites 
 

Rotraut Merkle, Joachim Maier 
Max-Planck-Institut für Festkörperforschung, Stuttgart 

 
Introduction 
Mixed conducting perovskites are used as cathode materials in Solid Oxide Fuel Cells 
(SOFC)[1]. Knowledge about the type of adsorbed oxygen species and their concentration is 
important for a mechanistic understanding of the oxygen incorporation reaction into these 
materials. Depending on the actual reaction pathway, either molecular oxygen species such as 
superoxide O2

- or peroxide O2
2-, or atomic charged adsorbate species O- are expected. 

 
To examine such oxygen adsorbates, the samples have to be studied by XPS under a certain 
oxygen pressure (typically up to 1 mbar) which required the use of synchrotron radiation. The 
variation of the conditions (sample temperature 300-600°C, pO2, p(H2O), depth resolution) is 
important for a reliable assignment of the observed oxygen peaks to bulk or surface oxide ions 
in contrast to the adsorbed oxygen species (or undesired but alomost unevitable OH groups). 
According to theoretical estimates[2], the oxygen adsorbate coverages are expected to be 
rather small because of their negative charge (buildup of a surface dipole layer). 
 
Sr(Fe,Ti)O3-d and (La,Sr)(Fe,Co)O3-d  perovskite samples were prepared by pulsed laser 
deposition as dense thin films on YSZ oxide-ion conducting substrates and equipped with a 
counter electrode on the backside so that also an electrical current can be drawn through the 
film corresponding to a steady flux of oxygen incorporated into the perovskite or generated at 
the film surface. Thus fuel cell operation can be mimicked and adsorbate concentrations can 
possibly be modified by the applied electrical bias. 
 
Results 
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Figure 1: In-situ XPS of dense Sr(Fe0.5Ti0.5)O3-d films on YSZ substrates under applied gas 
pressure (pO2, p(H2O). 
 
Assignment of the observed oxygen 1s peaks is exemplary shown for Sr(Fe0.5Ti0.5)O3-d in Fig. 
1. In addition to the bulk oxide peak at 528.5 eV (fitted by 2 sub-peaks Ia/Ib) a peak II at 
531.5 eV is observed. Variation of kinetic energy indicates that this peak corresponds to 
surface-related species, while negligible pO2 and T dependences rule out its assignment to 
adsorbed oxygen on top of the oxide's surface. Since also OH groups are improbable 
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(different energy, typically 1.5-1.9 eV above peak Ia) the tentative assignment is an O- species 
(electron hole trapped on oxide ion) in the first layer(s) of the oxide. This assignment is also 
in agreement with the changes observed upon cation composition variation (Fig. 2): peak II is 
much weaker in LaFeO3 (only Fe3+) than in La0.6Sr0.4FeO3-d (iron partly Fe4+ = electron hole).   
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Figure 2: In-situ XPS under 0.5 mbar O2, T = 500°C, Ekin = 200eV: (La,Sr)(Co,Fe)O3-d 
 
The La4d and Sr3d spectra for (La,Sr)(Fe,Co)O3-d samples always exhibit two components (in 
addition to theJ = 3/2, 5/2 splitting) - not only at the surface but also for larger penetration 
depth. Although often such high binding energy components are assigned to surface species, 
the situation here is more complex because of the opposite trends of La4d (increasing with 
higher kinetic energy) and Sr3d (decreasing...) HBE peaks. The HBE component is almost 
absent in the La4d spectra of LaFeO3-d and La0.6Sr0.4CoO3-d, but present in the Sr3d spectra of 
the same sample. Thus also no simple correlation to cation order/disorder can be made. 
 
Measurements under applied electrical bias (which is expected to increase adsorbate 
concentrations, especially under anodic conditions when oxygen is generated at the perovskite 
surface) were also performed, although not yet under optimum conditions because of 
experimental difficulties (oxygen supply for counter electrode, contacting of working 
electrode, ohmic drop in electrolyte). Thus, so far no peak was detected that can explicitly be 
assigned to adsorbed oxygen species.  
 
Outlook 
The achieved oxygen peak assignment represent a sound basis for the further studies. The 
experiments will be continued in 2008 with an extended series of pO2 variation and bias 
application on samples with an optimized sealed counter electrode (oxygen reservoir). This is 
expected to allow either the unequivocal identification of oxygen adsorbates, or to yield a 
reliable estimate of the upper limit of adsorbate coverage. The latter case would also be a 
valuable result since such a finding allows to rule out a large number of hypothethical oxygen 
incorporation reaction mechanisms. 
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In situ XPS study on Mo-based oxides under conditions of selective 
oxidation of C3 hydrocarbons
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Introduction:
Molybdenum oxide is an essential component of multi-metal oxide catalysts

applied in selective oxidation of C3 hydrocarbons and oxygenates. Examples are the 
industrially performed oxidation of propylene to acrolein over promoted bismuth 
molybdates and the oxidation of acrolein to acrylic acid over promoted MoVW oxide 
catalysts. MoVTeNb oxides convert propane directly into acrylic acid with high 
selectivity. Supported molybdenum oxide and various metal molybdates have been 
studied in oxidative dehydrogenation of propane and direct oxidation of propane to 
acrolein, respectively.

Experimental:
The experiments were performed at the U49/2-PGM2 beamline (BESSY). The 

(Mo0.68V0.23 W0.09)5O14 and (Mo0.91V0.09)5O14 catalysts were prepared by spray-drying 
technique mixed solution of ammonium heptamolybdate, ammonium metatungstate and 
vanadyl oxalate.[1.] The samples were investigated a variety of reaction mixtures. 0.5 
mbar of propylene-oxygen (1:2; 1:1) mixtures, ~0.6 mbar propylene-oxygen-water (1:2:1; 
1:1:1), 0.5mbar acrolein-oxygen 1:2 and 0.6mbar acrolein-oxygen-water (1:2:1). Mo 3d, 
O 1s, V 2p, W 4f, C 1s and valence band spectra were recorded under reaction conditions.
In addition in-situ Nexafs spectra were taken at OK-edge and VL-edges. Selected mass 
numbers were recorded simultaneously with the XPS and absorption spectra, which 
allowed us to correlate the XPS and absorbtion results with the catalytic activity of the 
material.

(Mo0.91V0.09)5O14) and
(Mo0.68V0.23 W0.09)5O14 showed 
lower activity at 1:1 
propylene/O2 ratio in the feed. 
Under our conditions, both 
catalysts produced – other than 
CO2 – only aldehydes and no 
acids (Fig1.). The reason might 
be a pressure barrier existing 
between atmospheric and mbar 
conditions.
Further investigations are under 
progress to examine the effects 
of pressure dependence on the 
reaction.Fig.1. Catalytic MS trace
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During acrolein oxidation reaction the tungsten containg sample was produced acrylic 
acid, meanwhile the other catalyst produced only total oxidation products.
Before reaction Mo was in a mixed 5+/6+ state, V was mainly 3+ and W 6+.

Fig2. Vanadium core level spectra with and without adding steam to the feed.

Non-destructive depth-profiling was performed by varying the excitation energy at which 
the spectra were recorded XPS indicated V enrichment on the catalyst surface as well as 
significant changes in V oxidation states. Under reaction condition Mo became oxidized 
and the W oxidation states were not changed. As water was added to the feed vanadium
was further enriched at the surface. Moreover V became clearly oxidized to 5+ after
switching off H2O V reduced back to 3+. Showing that the change was reversible. (Fig2.)

Conclusion:
It can be concluded from the result that (Mo0.68V0.23 W0.09)5O14 has higher activity 

and selectivity than the tungsten free sample in both propylene and acrolein selective 
oxidation reaction. The W containing catalyst shows greater structure stability and is 
therefore less sensitive to the presence of water.
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Lead sulphide is an important mineral of Pb. Besides, the synthetic crystals of PbS 

meet many applications as narrow gap semiconductor material. Investigations on adsorption 
of oxygen on the surfaces of semiconductors like PbS is of great importance since the oxygen 
has a direct impact on the performance of devices fabricated from these materials. 

Although the interaction of the PbS surface with oxygen has been thoroughly studied, 
many details of the oxidation mechanism remain unclear. For example, the nature of the 
intermediate products with the corresponding chemical shifts XP-spectra in the range of 1-3 
eV is not established. The present report is devoted to a combined photoemission studies and 
quantum-chemical modelling of the oxygen adsorption on the surfaces of lead sulphide. By 
combining all data a description for the oxidation mechanism of PbS(001) surface with O2 
was obtained.  

The photoemission experiments have been performed at the Russian-German beamline 
(RGBL). The spectra were recorded using CLAM 4 (Thermo VG Scientific) electron energy 
analyzer. PbS single crystals of p-type were obtained by the Bridgman method. Clean surfaces 
were obtained by cleaving the crystals in the preparation chamber along the (001) plane. 
Before the cleavage procedure and during the measurements the sample holder was cooled 
with liquid nitrogen. The quality of the cleaved surfaces was confirmed with sharp LEED 
pattern.  

The Pb 5d and S 2p spectra were recorded at photon energies of hν = 125 eV and 205 
eV. An analyzer pass energy (PE) of 2.5 eV was used in order to obtain an overall 
(monochromator and analyzer) energy resolution was about 40-80 meV full width at half 
maximum (FWHM). The exposure of the samples to O2 was performed in the preparation 
chamber at room temperature using high purity gas (99.998 vol.%). For the data analysis, the 
spectra were fitted by the Gaussian – Lorentzian convolution functions with simultaneous 
optimization of the background parameters. The background was described by the equation 

)()()( ETtESsaEU ⋅+⋅+=       (1), 
where S(E) is a Shirley background and T(E) is a Tougaard background with the parameter 
C=1643 eV2 . 

Quantum chemical modelling of the interaction of PbS surface with oxygen molecules 
was performed using the hybrid density functional B3LYP method, with LanL2DZ basis 
augmented by d- polarization functions, pseudopotential LanL2 for Pb atoms; and 6-31G* 
basis for S and O atoms (B3LYP/LanL2DZ*). We used GAUSSIAN-03 programs to perform 
the calculations. Relative energies of isomers are given in the paper with zero-point energy 
correction (ZPE). The chemical shifts were estimated for each atom of interest in the initial 
state approximation as the difference in the electric potential (EP) at the atom centre before 
and after reaction. These results are compared with the values extracted from the experimental 
spectra. The PbS (001) surface was modelled as a cluster cut from the bulk structure. For the 
calculations a (PbS)34 25/25/9/9 cluster was used, where five central surface and subsurface 
atom positions each (5/5) were fully optimized, neighbouring atom positions were optimised 
only in vertical direction, whereas the boundary atoms were fixed in their bulk positions. 
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The S 2p and Pb 5d SXP-spectra of clean PbS (001) surfaces and after the oxygen 
exposures approximately 2⋅10 10L and 10 11 L are shown in Fig. 1.  

The spectra of a 
clean surface 
PbS(001) are shown 
in Fig.1a. Pb 5d 
spectrum consists of 
the spin-orbit split 
feature Pb I. the S 2p 
spectrum consists of 
two spin-orbit split 
peaks related to a 
bulk (S I) and a 
surface (S II) 
component with a 
surface core-level 
shift of 0.25 eV; this 
qualitatively agrees 
to the data given in 
literature [1].  

In the 
spectrum after 
oxygen exposure 
(Fig. 1b) the Pb 5d 
spectrum shows no 
changes whereas S 
2p spectrum consist 
of an additional 
spectral features S 
III-S V.. Higher 
exposure to oxygen 
of 1011 L results in 
appearance of the 
broad Pb II spectral 
feature which 

correlates with S VI component with the chemical shift of 7.44 eV (see Fig. 1c). Pb 5d level 
superimposes with 
the O 2s level, which 
increases in intensity 
with the amount of 
oxygen exposure. 
For the surface 
which underwent 

prolonged air exposure the spectral feature S VII with a chemical shift of 7.72 eV dominates 
in the S 2p spectrum.  

In the calculations performed, the adsorption enthalpy was estimated as follows 
( ),2/

2Oclusterstructureads EnEEH ⋅+−=∆                            (2) 
with Estructure being total cluster energy after adsorption, Ecluster being total cluster energy 
before adsorption, 

2OE being total energy of O2 molecule, and n being the number of adsorbed 
oxygen atoms. 
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Fig. 1. High resolution S 2p and Pb 5d XP- spectra of a) a clean PbS(001) surface 
as well as b) a PbS surface after O2 exposure 2⋅10 10L, c) a PbS surface after 

exposure 1011 L and d) a PbS surface after prolonged air exposure, e) d+ 105L. The 
solid lines through the data points represent the fit results and the subspectra the 
contributions of the different spectral features. Vertical dotted lines show for the 

different structures x=1 to 20 the calculated positions of lines. 
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In the calculation structures modelling the adsorption of one to twenty oxygen atoms 
were taken into account. Fig. 2 displays chosen central fragments of the structures and the 
adsorption energies of the different isomers corresponding to the adsorption of two and four 
oxygen atoms.  

The most stable structures including two oxygen atoms, i.e. S2O-c and c-S2O-d, form 
rhombus-shape fragment of S-2O-Pb. Its orientation in (110) plane being more stable (c-S2O-
d). In this situation the absolute value of ∆Hads per one oxygen atom (∆Hads/n) is higher, 
therefore the structures with two O atoms attached to one S atom is more beneficial than to 
form two separates S-O bonds. The adsorption of four oxygen atoms gives rise to the 
formation of the slightly disturbed tetrahedral of -SO4. The most stable structure has three 
bridging oxygen atoms and one subsurface O atom. The appearance of the structures which 
contain -SO4 fragments is the beginning of the PbSO4 formation as a final oxidation product. 
If the number of oxygen atoms is more then four, they form SO4 particles at the surface. Our 

calculations also indicate 
that the structures modeling 
the attachment of oxygen 
atoms to surface Pb atoms 
are less energetically 
favorable. 

In general, the Pb 5d 
spectra are not sensitive to 
the oxygen adsorption since 
lead remains in the same 
formal oxidation state. In 
contrast to this the S 2p 
spectra are much more 
informative to study the 
interaction with oxygen 
since the formal oxidation 
state of sulphur changes. 
This can be seen by the 
vertical dotted lines in Fig. 
1, which show for all 
structures considered within 
the current study. By 
comparing the obtained 

calculated chemical shift values for the attachment of one, two or several oxygen atoms to the 
same sulphur atom with the 
available chemical shift 
values for different sulphur 
compounds (taken from 

NIST database), one can conclude that the attachment of one oxygen atom gives rise to the 
formal oxidation state -1, two-+2, three-+4 and four - +6. The last state is the most stable. 

Summing up all mentioned above we came to a conclusion that the reaction between 
PbS(001) and oxygen surface the SO4 particles are finally giving rise to PbSO4 surface layer. 
The intermediate products with the chemicals shifts in the range of 1-3 eV are related to the 
attachment of the 1-3 O atoms to one S-atom rather than polysulphide particles (Sn) as it was 
supposed previously during spectra interpretation on the base of the comparison with the 
spectral data obtained for Na2Sn. 

 
[1] Leiro, J.A.; Laajalehto, K.; Peltoniemi, M.S.; Torhola, M.; Szczerbakow, A. Surf. 
Interface Anal. 2002, 33, 964.  
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As a new type of functional surfaces, mixed polyelectrolyte brushes [1] offer a wide range of 
interesting applications. A binary mixed polymer brush is a surface layer that consists of two 
different types of polymer chains which are end-grafted to a substrate. Depending on external 
stimuli such as pH, solvent, light or electric field, one of these polymers dominates the surface 
and defines the surface properties. Due to this possibility of changing the surface properties 
by external stimuli, polyelectrolyte brushes are 
used in applications for the control of wettability 
and adhesion [2]. The switching process of a 
PAA-b-PS/PEG brush (polyacrylic acid 
(Mn=27000) - b - polystyrene blockcopolymer 
(Mn=1000) / polyethylene glycol (Mn=5000)) 
was investigated in-situ by performing 
spectroscopic IR mapping ellipsometry on the 
solid/liquid interface in contact with aqueous 
solutions at the IRIS beamline in BESSY II. The 
rather complex processes during the stimuli 
response of PAA-PS/PEG mixed brush has not 
been analyzed in-situ by a chemically and 
structurally sensitive method like IR ellipsometry 
prior to this work. The experiments prove the 
possibility of laterally high resolved in-situ 
measurements of stimuli-responsive polymer 
brushes. 
 
The sample was prepared in the group of Prof. Luzinov at the Clemson University, USA 
using grafting-to-technique. A multicomponent polymer brush (PAA-b-PS/PEG) was grafted 
onto a wedge-shaped silicon substrate, using PGMA as grafting promoter. The thickness of 
the brush (~15 nm) was calculated from measurements with spectroscopic visible 

ellipsometry, performed at the IPF Dresden. An in-situ 
cell [3], developed at ISAS-Berlin, was used to 
perform measurements of the polymer-liquid-interface 
(Fig.2). The samples were measured with the 
spectroscopic IR mapping ellipsometer [4] at the IRIS-
Beamline (Fig.1). 
 
The pH-dependent behaviour of the brush was 
investigated in different aqueous solutions, either non-
selective (H2O, pH 6-7) or selective (e.g. KOH, pH 10 
or HCl, pH 2) only to one of the grafted polymers. 
Switching of the brush due to pH-stimuli was analyzed 

Figure 1: Spectroscopic IR mapping 
ellipsometer at the IRIS-Beammline 

Figure 2: In-situ cell for the investigation 
of solid-liquid interfaces (3 measurement 
points of a map are shown) 
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by monitoring the significant vibrational bands of the polymers. From interpretation of IR 
spectra changes in molecular structure were identified after injection of the solution of a 
defined pH for laterally varying composition. Repeating cycles of rinsing were used to 
confirm the reversible switching behaviour. 
 
Bands were observed at 1414 cm-1 
(symmetric stretching of COO-), 1560 cm-1 
(asymmetric stretching of COO-) and 1730 
cm-1 (C=O). Due to the strong absorption of 
H2O in the used IR-range, spectra were 
calculated as ratios based on the 
measurements at pH 2 and pH 10. These 
referenced spectra show strong differences 
in the regions of the mentioned bands, 
which indicate strong switching of the 
polymer brush (Fig. 4). Dissociation of the 
carboxylic group of the PAA-molecules due 
to change of pH value leads to a change in 
the absorption spectra (Fig. 3). 
All measurements were performed as 1D-maps by measuring spectra at 4 points (spot size ~ 1 
mm2) in a line with a step size of 1 mm. No differences in the absorption bands were 
observed, which proves the homogeneity of the brush.  
 
Synchrotron mapping-ellipsometry is a powerful method with regard to measurements of 
inhomogeneous samples which cannot be done in normal laboratory setups due to the 
characteristics of the IR-sources. It is planned to measure inhomogeneous samples in the near 
future, particularly gradient polymer brushes, with the IRIS mapping ellipsometer in order to 
investigate effects depending on the grafting-density of the polymer brush. 
 

 

 
[1] I. Luzinov, S. Minko, V.V. Tsukruk, Prog. Polym. Sci. 29: 635-698, 2004 
[2] L. Ionov, N. Houbenov, A. Sidorenko, M. Stamm, S. Minko, Adv. Funct. Mater. 16(9): 
1153-1160, 2006 
[3] Y. Mikhaylova, L. Ionov, J. Rappich, M. Gensch, N. Esser, S. Minko, K.-J. Eichhorn, M. 
Stamm, K. Hinrichs, Anal. Chem. 79(20): 7676-7682, 2007 
[4] M. Gensch, N. Esser, E. H. Korte, U. Schade, K. Hinrichs, Infrared Physics and 
Technology 49(1-2): 39-44, 2006 

Figure 3: Switching of PAA-chain (red) due to 
changes of H-bonds in the carboxylic group after 
adding of KOH to H2O 

Figure 4: Referenced 1D map showing changes in C=O and COO bands. 
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 The present investigation is a continuation of the previous our studies of the triglycine 
sulfate crystal (TGS), (NH2CH2COOH)3⋅H2SO4, [1, 2]. We have studied the experimental and 
theoretical dielectric functions ε1(E) and ε2(E) of TGS crystals in the range of 7 to 33 eV. Ex-
perimental dependences ε1(E) and ε2(E) were obtained for different temperatures in the range of 
300…350 K comprising the ferroelectric phase transition point Tc = 322 K in the crystal. 

Measurements of the pseudo-dielectric functions ε1(E) and ε2(E) of TGS crystals were 
performed using synchrotron radiation by spectroscopic ellipsometry [3, 4] between 7 – 33 eV 
with 0.1 eV resolution. The angle of incidence was ~45°, while the polarization of the incident 
beam was chosen ~20° tilted with respect to the plane of incidence during the measurements. The 
triple reflection polarizer with gold plates and rotating analyzer ensured the 98% degree of po-
larization. First principles band structure calculations and related dielectric functions ε1(E) and 
ε2(E) of TGS crystal have been performed in the framework of the density functional theory us-
ing the CASTEP code [5]. 
 Because of lack of the ellipsometric data for different angles of light incidence on the 
sample it is difficult to separete the dielectric functions attributed to the certain direction of the 
low-symmetry crystal [6]. In this study, we assume that magnitudes of the experimental dielectric 
permittivities, ε1exp and ε2exp, obtained refer mainly to the direction of polarization of incident 
light in the crystal. This direction of optical indicatrix has been specified on the basis of the ge-
ometry of “light beam – sample” assembly and then the respective dielectric functions ε1theor(E) 
and ε2theor(E) have been calculated and used for the comparison with the experimental ones 
(Fig. 1). 
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Fig. 1. Theoretical and experimental dielectric func-
tions ε2theor(E) and ε2exp(E) of the cleaved Y-cut of TGS 
crystal at room temperature. The angle of incidence is 
45°, the plane Ng – Np is the incidence plane of radia-
tion, the plane of polarization of radiation is tilted by 
20° around the light beam from the plane Ng – Np. 

5 10 15 20 25 30
0

2

4

20 25 30

1

2

-I
m
ε-
1

E /eV ε
2g

 ε
2m

 ε
2p

 ε
2

ε 2

E /eV  
Fig. 2. Theoretical dielectric functions ε2(E) of the 
cleaved Y-cut of TGS crystal at room temperature (ge-
ometry of the “light beam – sample” setup is the same as 
in Fig. 1). ε2g, ε2m, and ε2p are values referring to the 
principal directions g, m, and p of optical indicatrix. In 
the inset – the corresponding theoretical electronic loss 
function -Imε-1(E). The scissor factor is 0.9 eV. 
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Main features of the experimentally obtained spectrum of ε2exp(E) in the range of 7 – 33 eV 
are very similar to the calculated ones. The maximum of the theoretical electronic loss function -
Imε-1(E) (see inset of the Fig. 2) is placed near the energy of 26 eV and depends a bit on the di-
rection of light polarization. The interesting peculiarity of the dependence -Imε-1(E) for the polari-
zation along Np-half-axis of optical indicatrix is a splitting of the maximum of loss function. We 
believe that this splitting is caused by the smallest crystalline chemical bonding in this direction 
(Y-direction of the crystal), that is also revealed in the smallest refractive index Np (and dielectric 
permittivity εp = Np2) for the energy E = 0 eV. Qualitatively, in this direction of the high fre-
quency electric field the localized electronic states should take relatively greater part in the elec-
tronic excitations, that probably influences parameters of the electron plasma vibrations being 
substantially a delocalize-like (collective) effect. In this viewpoint, it would be interesting to 
study the polarized dependences -Imε-1(E) for other crystals possessing considerable anisotropy 
in the form of cleavage plane. 

Temperature dependences of optical reflectance of the cleaved surface of TGS crystal are 
presented in Fig. 3. The main feature of the temperature dependences of dielectric losses tgδ(T) 
(tgδ = ε2/ε1) is a minimum at the temperatures range of 42 – 46 °C taking place on the back-
ground of the monotonous and weak dependence tgδ(T) in the wider range 36 – 80 °C. The 
minimum of the dependences tgδ(T) mentioned looks more pronounced on the analogous de-
pendences of the normal incidence reflection coefficient R(T) (Fig. 3) calculated according to the 
known relationship [7], 
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This minimum of the dependences tgδ(T) and R(T) takes place not at the temperature of ferro-
electric phase transition Tc = 49 °C, but at the temperature region of the fastest temperature 
change of the spontaneous polarization Ps of TGS crystal [8]. Analysis has shown that a mini-
mum of the dependences tgδ(T) and R(T) is mainly due to the minimum of the dependence ε2(T). 
The value ε2 is proportional to the high frequency conductivity σ according to the relation, 

2
0

σ
ε

ε ω
=  ,                                                          (2) 

where ω is an angular frequency and ε0 = 8.85⋅10-12 F/m is a dielectric permittivity of vacuum. 
Taking into account the order-disorder type of the ferroelectric phase transition in TGS, the min-
imum of the temperature dependences ε2(T), σ(T), tgδ(T), and R(T) in the range of 42 – 46 °C 
observed can be associated with the corresponding anomaly of the chemical bonding between 
structural complexes of the crystal, it is known that this temperature range corresponds to the 
maximum of the spontaneous polarization derivative dPs/dT [8]. Similar temperature behavior of 
the dielectric functions of TGS crystal takes place for the other principal cut of optical indicatrix 
(ng - np) as a reflectance surface (in this case the reflectance surface was polished) (see Fig. 4). 
The character of the temperature dependences of measured dielectric functions depends a bit on 
the photon energy E in the relatively narrow range of 8.9 – 11.4 eV (Fig. 3, Fig. 4), however the 
main peculiarity at 42 – 46 °C discussed takes place in most cases in this spectral range. For 
some photon energies E, no temperature anomalies have been observed. In most cases the tem-
perature dependences tgδ(T) and R(T) observed in the paraelectric phase (T > Tc) are monotonous 
(Fig. 3, Fig. 4). The behavior of these temperature dependences in the ferroelectric phase (T < Tc) 
looks like a modulation of these monotonous behavior by the temperature dependence of sponta-
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neous polarization Ps(T). One has to remember that the temperature derivative of spontaneous 
polarization dPs/dT is maximal probably due to extreme disorder of the crystal structure, for 
which an interaction between some crystal complexes is therefore the smallest. This can lead to 
the decrease of density of states for the corresponding valence bands and consequently to the de-
crease of matrix elements of optical transitions, which can be displayed in the form of minimum 
on the temperature dependences of the dielectric losses tgδ and reflection coefficient R. One of 
the ways to verify this supposition is the first-principles modeling of the band structures corre-
sponding to different respective crystal structures of TGS, that however can be a separate study. 
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Fig. 3. Temperature dependences of the normal inci-
dence reflection R(T) of the cleaved sample of TGS 
crystal (ng - nm was the plane of the reflectance surface) 
for different photon energies. 
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Fig. 4. Temperature dependences of the normal inci-
dence reflection R(T) of the polished sample of TGS 
crystal (ng - np was the plane of the reflectance surface) 
for different photon energies.

 
The other reason of the minimum-like temperature dependences of the reflectance R(T) could be 
a scattering of the incidence radiation caused by the domain structure in TGS crystal. Because of 
a probable great electric field in the region of domain walls, the corresponding changes of the 
refractive index due to the electrooptical effect could lead to the corresponding light diffraction 
grid on the crystal’s surface. The characteristic spatial period of this grid is changing with tem-
perature due to the corresponding change of the surface density of ferroelectric domains in the 
range just below Tc. This supposition can be valid for both cases of the crystal cuts used in the 
present study due to specific orientation of the Lamellar domains in TGS [9]. One of the tests of 
this supposition is a similar study for the third principal orientation of the crystal (nm - np), be-
cause a characteristic spatial period of the domain structure for this cut is probably much greater 
than those for the crystal’s cuts studied, (ng - nm) and (ng - np) [9]. 
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Metallic materials are subjected to high temperature oxidation in numerous technical 
processes and environments. Oxidation resistance requires the formation of a dense oxide 
scale, which must adhere to the substrate during service conditions, and has to withstand 
internal stresses, and in many cases also stresses externally imposed to the work piece. 
There are various models describing the development of internal stresses in oxide layers as 
a result of different oxide growth mechanisms [1,2]. However, in many metal/oxide systems, 
where multiphase oxide scales are formed and different diffusion processes simultaneously 
take place, the mechanisms of internal strain/stress evolution have not been clarified yet, 
since this can only be determined by phase and strain analyses performed at high 
temperature during oxidation.  
In the case of iron, the formation of up to three oxide sublayers depending on the oxidation 
temperature causes a complex stress state, which often results in cracking and spalling of 
the iron oxides, leading to further enhanced oxidation. In the present work, we, thus, aimed 
at understanding the factors influencing the microstructure, growth texture, and, 
consequently, internal stress state of iron oxide layers. To this end, iron polycrystals and 
single crystals with different orientations were oxidized at a low (450°C) and a high (650°C) 
temperature, where double- and triple-layered iron oxide scales respectively grow. 
In-situ studies of phase and internal stress evolution in oxide layers on polycrystalline and 
single crystalline iron substrates were carried out by Energy-Dispersive (ED) diffraction at the 
beamline EDDI. Internal stress analysis was performed according to the sin2ψ-method. The 
microstructure, in particular the formation of sublayers, grain structure, and texture of the 
oxide layers was characterized using electron backscatter diffraction (EBSD) technique. Due 
to experimental difficulties associated with the metallographic preparation of the brittle iron 
oxide layers, texture formation in the thin topmost hematite (Fe2O3) sublayer could only be 
performed by ex-situ ED diffraction. 
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Fig.1: ED-diffractogram obtained during iron 
oxidation at 650°C at EDDI 

The results of the in-situ phase analysis of iron oxide layers growing on iron polycrystals and 
single crystals show that oxidation at 450°C simultaneously leads to the spontaneous 
formation of magnetite (Fe3O4) on the iron substrate, and to a partial phase transformation of 
the metastable magnetite to the stable 
hematite (Fe2O3) resulting in an intensity 
decrease of the magnetite reflections after 
10min. Above 570°C wüstite (FeO), the 
third iron oxide phase with a highly 
defective crystal lattice, becomes stable. 
Oxidation at 650°C (Fig.1), thus, caused 
wüstite to rapidly grow predominantly by 
iron cation diffusion, followed by the 
formation of thin layers of magnetite and 
hematite on top of the scale. Any 
appreciable effect of the substrate 
microstructure (polycrystal or different 
single crystal orientations) could be 
observed on the phase composition of the 
iron oxide scales grown at both, 450 and 
650°C. 
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Fig.3: In-situ stress analysis of the oxide 
layer growing on iron single crystal (110) at 
650°C 
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Fig.2: Time evolution of internal 
stresses during oxidation of iron single 
crystal (110) at 450°C 

Fig.4: EBSD of iron oxide layer grown on iron single crystal at 650°C, 10h 
Fig.2 displays the internal stress evolution in iron 
oxides formed at 450°C. Oxide layers growing 
on iron single and polycrystals behave similarly. 
In both, hematite as well as magnetite, 
compressive stresses rapidly develop probably 
caused by oxide formation within the grain 
boundaries of the fine-grained oxide scales 
grown at 450°C. In hematite, the topmost 
sublayer, higher compressive stresses evolve as 
a result of higher oxygen mobility inside 
hematite, if compared to that in magnetite. With 
increasing oxidation time, the internal stresses in 
both subscales start to relieve due to a 
competitive process between the oxide growth 
strains and substrate creep [Panicaud..].  
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Fig.4: In-situ stress analysis of the oxide layer 
growing on iron polycrystal at 650°C 

The internal stress state in iron oxide layers 
growing on single crystal substrates at 650°C is 

governed by three iron oxide phases, Fig.3. Wüstite develops internal tensile stresses of up 
to 300 MPa after 5h, which are followed by a sudden drop to high compressive stress values 
of about -500 MPa after 7h, probably due to 
cracking and subsequent oxide formation 
within voids. Tensile stresses can arise in 
the non-stoichiometric wüstite as a result of 
vacancy gradients across the scale, which 
is accompanied by lattice parameter 
variations. Magnetite shows the opposite 
internal stress development as wüstite, with 
initially increasing compressive stresses of 
up to -750 MPa after 4h oxidation, which 
are followed by a sudden stress decrease, 
also caused by layer damage, to the same 
compressive stress values of wüstite. 
Hematite on top shows a different trend, 
starting with high internal compressive 
stresses of -1.0 GPa, followed by a 
permanent and slow stress relieving to the 
same compressive stress values of wüstite 
and magnetite. This behavior suggests that 
hematite remains intact on top during the oxidation. Oxidation of iron polycrystals at 650°C 
(Fig. 4) causes all three iron oxides to be under compressive stresses, which periodically 

oscillate with increasing oxidation time. 
This indicates that oxide formation 
within grain boundaries and voids is 
the major source of internal stresses in 
oxide scales on iron polycrystals. The 
cyclic stress behavior is, thus, 
attributed to a continuous process of 
layer damage and subsequent new 
oxide growth. 
After cooling, the thermal expansion 
mismatch between the substrate and 
the oxide phases determines the 
residual stress state. After oxidation at 
650°C oxide layer damage due to the 
cooling process causes stress relief to 
lower compressive stresses in wuestite 
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Fig.4: EBSD of iron oxide layer grown on iron 
single crystal (110) at 650°C, 10h 

(-300 MPa) and to very low tensile 
stresses in magnetite (40MPa). These 
low tensile stresses in magnetite 
probably results from a significant 
decrease of thermal expansion 
occurring below 570°C. This behavior 
is caused by a change from the inverse 
spinel structure to the normal spinel 
structure, which is also accompanied 
by magnetic changes. After oxidation 
at 450°C stress relief, however, to a 
lesser extent also occurs in the 

magnetite sublayer (-200MPa), whereas in 
hematite the compressive stress state remains 
unchanged at about -500 MPa.  

 
Fig.5: Pole figures of hematite 
obtained by ED diffraction at EDDI after 
10h oxidation of iron single crystal 
(100) at 650°C 

The microstructure of iron oxide layers is 
generally characterized by a columnar grain 
growth of the oxide phase adjacent to the 
substrate and a subsequent globular grain 
growth of another oxide phase on top of the 
first oxide layer (Fig.5). The thickness of the 
oxide layer, the oxide phase constituents, and 
the grain size depend on the oxidation 
temperature. At 450°C, magnetite and 
hematite slowly grow, the thickness of the 
oxide layer after 10h is about 8µm and the 
grain size (area) is about 1µm2. At 650°C 
wuestite rapidly grows to a thickness of about 
160µm after 10h oxidation. The grain size is 
about 500µm2. On top of wuestite, finely 

grained layers of magnetite and hematite build up. Independent on temperature, magnetite or 
wuestite develop (100) fibre textures with slightly varying texture strengths. Hematite, which 
grows as randomly oriented platelets on magnetite, was shown to have any significant 
preferential orientation of growth (Fig.5).  
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Recently soft x-ray photoelectron spectroscopy (SXPES) in 0.5 < hν < 1 keV has revealed that surface electronic 

structures are different from those of the bulk in many strongly correlated electron systems1). In some Yb-based valence 

fluctuation (VF) compounds, it has been reported that the subsurface region with more Yb2+ property than the bulk 

exists beneath the surface layer. In these systems, it is not easy to estimate genuine bulk Yb valence from the SXPES 

spectra because of the insufficient length of the inelastic mean free paths (IMFPs: λ ~ 15 Å at hν ~ 1 ke V) of the 

photoelectrons. The thickness and Yb valence in the surface and subsurface layers should be known to obtain genuine 

bulk Yb valence. So we have performed hard x-ray PES (HAXPES) measurements in wide photon energies (hν = 2.5–6 

keV) for a representative VF compound YbCu2Si2. Here, we report the hν-dependence of the Yb 3d spectra and the 

evaluation of the Yb valence. From a quantitative analysis, the thicknesses of surface and subsurface are evaluated.  

Figure 1(a) shows the Yb 3d5/2 spectra at room temperature (RT). The bottom histogram indicates the result of the 

atomic multiplet calculation for the Yb3+ 3d5/2 state. The intensity ratio (α/β) decreases with increasing hν. Thus we can 

assume that the α region is strongly influenced by the contribution from the subsurface electronic structures. Numerical 

fitting results of the Yb 3d spectra hν = 6 and 3 keV are shown in figure 1(b). Here, B, SS, and S represent the bulk, 

subsurface, and surface components, respectively. In this fitting procedure, the Yb valence of the surface is assumed to 

be 2+, and the Yb3+ B and SS components are reproduced by two sets of the Yb3+ multiplet structures. The red line in 

Fig. 1(c) shows the hν-dependence of the Yb mean valence (Vexpt) including the B, SS, and S components.  Here Vexpt 

is estimated from the intensity ratio of the Yb2+ (B+SS+S) and Yb3+ (B+SS) components. Vexpt is found to increase 

gradually with increasing hν. The predicted IMFPs are shown by the blue line.  

A model for the quantitative analysis to estimate the thickness (ds and dss) and Yb valence Vss in the subsurface layer 

and Vb in the bulk is shown in figure 2(a). Vexpt satisfies a relation of Vexpt = WsVs + WssVss + WbVb at each hν. Ws, Wss, 

and Wb are the spectral weights of S, SS, and B components in the Yb 3d spectra, and they are defined as Ws = 1 - 

exp(-ds/λ), Wss = exp(-ds/λ) - exp(-(ds+dss)/λ), and Wb = exp(-(ds+dss)/λ). In this analysis, we have assumed that Vs ≡ 2.0 

and ds ≡ 1.3 Å [which corresponds to the distance between the Yb and the nearest Si layer as shown in figure 2(b)]. 

Now the unknown parameters are dss, Vss, and Vb. The parameters which can satisfy the above relations at all measuring 

hν’s, are determined as dss = 8.0 ± 0.5 Å, Vss ~ 2.88, and Vb ~ 2.90. The ds+dss is almost comparable to the lattice 

constant of YbCu2Si2 (c = 9.987 Å). The genuine bulk Yb valence (~2.90) is slightly larger than the Yb valence of the 

subsurface layer (~2.88). 

In conclusion, HAXPES measurements in a wide hν range in the hard x rays facilitated the studies of electronic 

structures of YbCu2Si2. The genuine bulk and subsurface Yb valences are estimated together with the thicknesses of the 

surface and subsurface layers.  

103



1. S. Suga et al.,  J. Phys. Soc. Jpn.74, 2880-2884（2005）． 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) The hν-dependence of the Yb 3d5/2 spectra measured at RT. (b) Numerical fitting results at hν = 6 (upper 

panel) and 3 keV (lower panel). (c) hν-dependece of the mean Yb valence (red) and the IMFPs (blue). 
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Figure 2. (a) Model. (b) Crystal structure (tetragonal ThCr2Si2-type) of YbCu2Si2. (c) Results. 

104



Direct observation of field and temperature induced domain replication in dipolar 
coupled perpendicular anisotropy films 
 
T. Hauet1, C.M. Günther2, B. Pfau2, J.-U. Thiele1, R.L. Rick3,4, S. Eisebitt2 and O. Hellwig1 

 

1. San Jose Research Center, Hitachi Global Storage Technology, San Jose, CA 95135, USA 
2. BESSY mbH, 12489 Berlin, Germany 
3. Department of Applied Physics, Stanford University, Stanford, CA 94305, USA 
4. Stanford Synchrotron Radiation Laboratory, SLAC, Menlo Park, CA 94025, USA 

 
Stray field induced replication of domains in perpendicular anisotropy systems has been 

investigated in order to improve the reliability of magneto-electronic devices [1] and for 
applications in multilevel magnetic recording [2, 3]. In previous studies, standard techniques such 
as magnetometry, Magnetic Force Microscopy (MFM) or Kerr microscopy have been used to 
characterize the evolution of the magnetic configuration during field cycles [3, 4]. However, these 
experiments have been performed at room temperature and these techniques average over the 
complete ferromagnetic layer stack and do not allow studying the hard and soft layer separately. 
Here we use X-ray lensless Fourier Transform Holography (FTH) to investigate the magnetic 
configuration of the hard and soft layer independently (via XMCD effect) in a soft/Pd/hard 
perpendicular anisotropy multilayer during external magnetic field cycles at temperatures in the 
range of 150 K up to 350 K. X-ray magnetic circular dichroism (XMCD) provides element 
specific magnetic contrast, which enables to separate layer resolved magnetic domain 
configurations in both the hard and the soft layer by tuning the photon energy to the Co- and Ni-
L3 absorption edges, respectively.  

Using DC magnetron sputtering, the layer sequence Pd(3nm) / [Co30Ni70(0.2nm) / 
Pd(1.5nm)]30 / Pd(10nm) / [Co(0.3nm)/Pd(0.8nm)]20 / Pd(1.2nm) is deposited onto Si wafers as 
well as Si3N4 membranes for transmission soft X-ray imaging. Fourier Transform Holography 
(FTH) experiments are performed at beamline UE-52-SGM using the ALICE setup [5], which 
allows holographic imaging at variable sample temperature and under external fields up to 7 kOe. 
The sample is illuminated with coherent X-rays through a gold mask with a circular 1.2 µm 
diameter object aperture and a ~100 nm reference hole to create a X-ray hologram that contains 
the relative phase between object and reference and thus, when transformed back into real space, 
yields a direct image of the object aperture domain pattern. Details about magnetic FTH 
technique can be found elsewhere [6, 7]. Macroscopic magnetic properties were studied 
previously using Vibrating Sample Magnetometry (VSM).  

Fig. 1a presents hysteresis loops measured at 150 K with the field perpendicular to the 
sample plane. Starting from positive saturation, the major loop reveals two distinct steps 
corresponding to the independent reversal of the soft and then hard layer. A minor field cycle 
performed between +/-3 kOe shows no residual bias field and indicates that the Pd (10 nm) layer 
in between the two ferromagnetic multilayers prevents any direct exchange interaction. Sweeping 
the external perpendicular magnetic field from 8 kOe to -4.6 kOe, where the hard layer has 
reversed half of its magnetization, we create a labyrinth pattern with 50% up and 50 % down 
domains in the hard layer as shown in Fig. 1b. Figs. 1c and 1g show identical hard layer domain 
states measured at 150 K at the Co-L3 edge at –4.6 kOe before and after performing a soft layer 
minor loop, thus confirming the stability of the domains in the hard layer. Since the soft layer 
magnetization is saturated for Fig. 1b, the domain configuration imaged at the Co-L3 edge at -4.6 
kOe reflects the hard layer state only. Subsequently we measure the reversal of the soft layer in a 
minor loop between +/–3 kOe (open circles in Fig. 1a). Corresponding MXTM images measured 
at the Ni L3 edge are shown in Fig. 1c-1e. Starting from positive soft layer saturation (Fig.1c), we 
lower the external field and observe successive domain nucleation in the soft layer. In Fig. 1d, at 
2 kOe, two domains are observed that match very well the hard layer domains. Before negative 
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saturation, an up domain remains in the center of the field of view consistent with the hard layer 
domain state.  

                   
 

Figure 1. a) Normalized hysteresis loops measured 
at 150 K. Full symbols represent a +/- 8 kOe major 
loop. Open symbols show a minor loop after 
trapping domains in the hard layer. b) and c)-e) 1.2 
µm diameter FTH images of the magnetic domain 
configuration at different field, as indicated within 
the hysteresis loop (a), measured at the Co-L3 edge 
and at the Ni-L3 edge, respectively.  
 

 Figure 2. a) Remanent magnetization during 
temperature cycles from 150 K to Tmax after 
trapping a domain state in the hard layer at 150 K, 
where Tmax=250 K (open triangles), 300 K (full 
triangles), 310 K (circles) and 350 K (squares). The 
crosses represent the remanent magnetization with 
no domains in the [Co/Pd] hard layer. b) and f) 1.2 
µm diameter FTH images of the magnetic domain 
configuration at the Co-L3 edge for remanence at 
150 K and 350K respectively. c) to e) Remanent 
magnetic domain configuration at the Ni-L3 edge at 
250 K, 290 K, 300 K. 

 
Secondly, we take advantage of the temperature dependence in the competition between 

intrinsic soft layer parameters and dipolar interaction by demonstrating dipolar induced domain 
duplication during temperature cycles. First, at a sample temperature of 150 K, we reverse about 
50 % of the hard layer magnetization, introducing the domain pattern shown in Fig. 2b, and 
subsequently measure the [CoNi/Pd]/Pd/[Co/Pd] magnetization at remanence as a function of 
temperature (Fig. 2a). After saturating the soft layer at 3 kOe, the external field is released to 
remanence again. Subsequently starting at 150 K, the temperature is cycled at remanence between 
150 K and four temperatures Tmax (250 K, 300 K, 310 K and 350 K). After increasing the 
temperature beyond 290 K, we observe an irreversible reduction in magnetization when cooling 
back down to 150 K. Using FTH imaging during the temperature cycles, we first verify that the 
hard multilayer domain state remains unaltered within the temperature range of 150 K to 350 K 
(Fig. 2b and 2f).  Then we image the soft layer domain state at the Ni L3 edge at 250 K, 290 K 
and 300 K (Fig. 2c-2e). While at 250 K the soft layer remains uniformly saturated, at 290 K and 
300 K, domains are progressively replicated (Fig. 2d-2e). Using Fourier Transform Holography, 
we have successfully demonstrated thermally activated domain replication at room temperature in 
remanence.  

 
[1] S. Gider, B.-U. Runge, A.C. Marley and S.S.P. Parkin, Science 281, 797 (1998). [2] M. Albrecht, G. 
Hu, A. Moser, O. Hellwig and B. D. Terris, J. Appl. Phys. 97 (2005) 103910. [3] B. Rodmacq, V. Baltz and 
B. Dieny, Phys. Rev. B 73, 92405 (2006). [4] S. Wiebel, J.-P. Jamet, N. Vernier, A. Mougin, J. Ferre, V. 
Baltz, B. Rodmacq and B. Dieny, Appl. Phys. Lett. 86, 142502 (2005). [5] J. Grabis, A. Nefedov, H. Zabel, 
Rev. Sci. Instr. 74, 4048 (2003). [6] S. Eisebitt et al., Nature, 432, 885 (2004). [7] S. Eisebitt et al., Appl. 
Phys. A 80, 921 (2005).  
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Aminated surfaces play a fundamental role as microarray platforms in medical 

diagnostics. DNA and proteins can be analyzed in a high throughput manner, which 

caused tremendous interest with respect to gene discovery, clinical diagnostics and 

pharmacogenomics. On the other hand concerns have been raised regarding reliability 

and consistency of microarrays. Until today this constrains their application in routine 

clinical practice. 

The basic setup of a microarray platform consists of a solid support such as glass, 

polymer or silicon and a linker which is capable of immobilizing biomolecules via 

electrostatic and covalent interactions. Frequently such functionalized surfaces are 

obtained via organosilane based condensation reactions (see Figure 1). 

 

NNNNHHHH2222 NNNNHHHH2222 NNNNHHHH2222 NNNNHHHH2222

ssssoooolllliiiidddd    ssssuuuuppppppppoooorrrrtttt

lllliiiinnnnkkkkeeeerrrr

ffffuuuunnnnccccttttiiiioooonnnnaaaallll    ggggrrrroooouuuupppp
Si

O
O

O

ssssiiiillllaaaannnneeee    ccccoooouuuupppplllliiiinnnngggg     

Figure 1Figure 1Figure 1Figure 1 Basic setup of a microarray substrate. As a linkage between solid support and reactive 

groups silane coupling is shown. 

 

A better understanding of the chemical state of aminosilanes on the surface seems to be 

of great importance. Synthesis and analytical methods have to be developed, optimized 

or improved further in order to provide standardized protocols for aminosilanization. Little 

information is available concerning the chemical state of the film surface till now, for 

instance the extent to which surface amino groups are reactive. This is an important 

issue for biomolecule attachment, because the reactive primary amine moities have to 

serve as a platform for molecular interactions. 

In a paper published recently1 we described a protocol for cleaning and aminosilane 

coating of silicon wafers. By systematic variation of parameters using literature data2-4 as 

starting points simplification and improvement of commonly used procedures was 

possible. The overall objective was to homogenize the quite complicated composition of 

co-existing nitrogen species on aminated surfaces to only one of them, the free amine, 
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-NH2. In detail we compared different aminosilane reagents, different cleaning and 

aminosilanization protocols and also analysed commercially available aminosilane film 

samples. The surface chemistry was investigated in that study by using XPS (X-ray 

Photoelectron Spectroscopy), ToF-SIMS (Time of Flight – Secondary Ion Mass 

Spectrometry) and NEXAFS (Near Edge X-ray Absorption Fine Structure) spectroscopy. 

 

At BESSY we investigated thereupon radiation damage and ageing effects of aminosilane 

coated Si wafers prepared in-house. Stability of the reactive functionalities and influence 

of measurements on the surface constitution are also of importance for the performance 

of microarray substrates. These are factors which were not studied in detail up to now. 

 

First results were obtained by XPS. The spectra of aminosilane coated samples show 

contributions of the substrate and the film to silicon (Si 2s, Si 2p), carbon (C 1s), oxygen 

(O 1s, Auger KLL), and nitrogen (N 1s) signals. The detection of nitrogen indicates 

successful film deposition, since this element is only contained in the film material. Up to 

12 at% nitrogen were observed by XPS on the surface of aminosilanized Si wafers. This is 

by some percent more than has been reported in literature3 before. In N 1s highly 

resolved spectra we only found NH2 (BE = 399.5 eV) and a small peak originating from 

the protonated species NH3
+ (BE = 401.5 eV) (see Figure 2 left). The percental content of 

free NH2 is somewhat higher than literature reported free amine contents that vary from 

72 to 84%.2 

By ageing, a third component appears in the N 1s spectrum (see Figure 2 right). After six 

months exposure to sunlight in air at room temperature the new species, which may be 

assigned to an amide (NHC=O), contributes with 36% to the peak. 

Figure Figure Figure Figure 2222 N 1s highly resolved XPS, left: fresh sample, right: after six months exposure to sunlight 

in air at room temperature. 
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NEXAFS spectroscopy as an adequate tool for surface analysis of organic films may 

additionally provide molecular state information, also because of its high sensitivity for 

unsaturated species. This is especially important for studies of the ageing processes of 

aminated surfaces because amides may form, as we already observed in above displayed 

XPS spectra.    The NEXAFS at the N K-edge of a fresh aminated surface is shown in Figure 

3 (left and right, black line). It suggests the presence of an amine by a σ* resonance of 

the N-H bond (at 401.5 eV) together with some resonances from unsaturated species. 

After radiation exposure and exposure under room conditions respectively similar new 

features reveal. The resonance at 400.9 eV is most probably caused by an amide 

species.    

 

 Figure Figure Figure Figure 3333 NEXAFS spectra at the N K-edge. Black line: fresh sample. Red line, left: after one hour 

radiation exposure (HE-SGM grid 1, 285 eV, slit width 500 µm), right: after 6 months under room 

conditions. 

 

We also adducted ToF-SIMS measurements in our previous studies. Key fragments that 

had already been identified for primary amines in plasma deposited allylamine films5 

were found in fresh samples. The studies have now to be extended also to aged samples. 

All three applied techniques may give a complete image of the state of amine 

functionalities of fresh and aged aminosilane substrates and may help improving 

synthesis and standardization of microarray substrates. 
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Introduction 
Chalcopyrite thin film solar cells based on the Cu(In,Ga)Se2 (CIGSe) absorber material made 
at the Hahn-Meitner Institut in Berlin have reached >16% efficiency in the lab [1]. However, 
many properties like the interface chemistry, depth dependent stoichiometry, inter-diffusion 
or degradation mechanisms are still not completely understood. Standard photoelectron 
spectroscopy provides only information on the composition of the first few nm of the surface, 
which is not sufficient to examine the entire relevant interface region. 
Hard X-ray, high kinetic energy photoelectron spectroscopy (HIKE), which was recently set 
up at the KMC-1 beamline at BESSY II [2], offers excitation energies between 2 keV and 10 
keV at high energy resolution. It allows the determination of both chemical and electronic 
properties of solid samples up to a depth of about 30 nm, depending on the respective mean 
free path of the emitted photoelectrons. We used HIKE to analyze the surface-near regions of 
different chemically treated chalcopyrite absorbers. 
 
Quantification in photoelectron spectroscopy 
The intensity Ii,x of a photoemission signal of electronic level x from a homogeneous, solid 
sample i is given by [3] 

Iix ~ σi,x (hν, Φ) Jhν T(Ekin) λ(Ekin) cos Θ Ni  
where σi,x (hν, Φ ) is the photoelectric cross section for ionization of electronic level x in 
element i, Φ  is the angle between the electric field vector of exciting beam and analyzer, Νi is 
the atomic density of the element i averaged over the depth of analysis, Θ is the angle of 
emission to the surface normal, λ(Ε kin) is the mean free path of the photoelectrons, Jhν is the 
photon flux and T (Ekin) is the transmission function of the electron analyzer. The main 
problem when quantifying HIKE signals is the knowledge of the photoelectric cross sections 
σ at high energies, as these are in most cases not known experimentally. Furthermore, the 
electric dipole approximation of the photoemission process breaks down at high energy and 
the angle dependence of σ, which is usually described with the dipole parameter β, becomes 
more complicated.  
We used the values of σ from [4], which have been calculated in the quadrupole 
approximation. The angular dependence of σ is considered for the HIKE set-up geometry 
(angle between beam and analyzer Φ = 90°) using the dipole parameter β [4]: 

 
 
 
where Ω    is the solid acceptance angle of the analyzer. Inelastic mean free paths were 
calculated using the QUASES-Tougaard software [5]. The transmission function of the 
electron analyzer T ~ (Ekin)-1, i.e., at high excitation energy small differences in Ekin of 
individual peaks have little influence on the peak intensity. We therefore neglected T(Ekin) in 
this study. 
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Experiment 
We used photons of 2 to 7 k 
eV from the Si(111) 
monochromator of the 
KMC-1 beamline to measure 
Cu 2p, In 3d, and Ga 2p 
photoemission peaks at 90° 
exit angle. From the intensity 
of these peaks we calculated 
the Cu/(In+Ga)-ratio in the 
surface-near region of 
CIGSe with different surface 
pre-treatments. 
 
 

Figure 1: Cu/(In+Ga)-ratio of CIGSe-samples vs. excitation  
energy. The upper abscissa shows the mean free path of the  
photoelectrons (based on Cu 2p3/2). The bulk composition of all  
samples as determined by x-ray fluorescence is shown as orange bar. 

 
Results 
Figure 1 shows preliminary results of HIKE-measurements on different CIGSe samples. The 
Cu/(In+Ga)-ratio of all samples shows a clear dependence on the energy, i.e. on the mean free 
path of the emitted electrons. While the three curves have a similar shape, they all start at 
different values as an effect of the surface treatment. At higher energy, i.e. higher information 
depth, they converge to a bulk value. As-prepared samples have the lowest Cu/(In+Ga)-ratio 
close to the surface, KCN-etched follow and NH3-etched samples show the highest value. 
This is in accordance with earlier surface analysis results [6,7] and also with our own angle-
resolved x-ray emission measurements. While the absolute numbers for higher energies, i.e. 
more bulk-like regions, do not agree well with bulk composition measurements (by x-ray 
fluorescence, XRF), probably because of errors either in values for σi or IMFP, the 
comparison of relative changes in elemental ratios is clearly possible. This will allow us to 
determine small changes in the near-surface composition of thin film solar cell components 
with a non-destructive method.  
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The various unusual properties of rare earth based heavy fermion (HF) materials arise from 
the subtle interplay between the f-electrons and the conduction electrons. The f-electron or-
bital is well localized at the core allowing in most cases only a negligible direct f-f overlap. 
This picture has been the starting point of the single impurity Anderson model where the rare 
earth atom (e.g. Ce) is viewed as an impurity within a sea of metallic states, without explicitly 
considering the translational symmetry of the solid. To rationalize the large effective masses 
of the charge carriers it is assumed that the f-electrons interact with the conduction electrons, 
thus renormalizing the electronic structure in the vicinity of the Fermi Energy (EF).  
The heavy-fermion superconductor CeCoIn5 [Petrovic 01] has been the focus of intense re-
search due to its unusual properties such as fiel d-induced quantum criticality [Bianchi04], 
unconventional superconductivity [Movshovich 01], and a phase transition within the super-
conducting state associated with either a Fulde-Ferrell-Larkin-Ovchinikov state or magnetic 
order [Bianchi 03].  
Here we report a combined angle-resolved photoemission (ARPES) and band structure calcu-
lation study.  We present a FS map and images of the band structure along the high symmetry 
directions. We compare the experimental results to the LDA calculations and discuss the na-
ture of the f-electrons. 
The data discussed in this report were collected at the beamline U125/1_PGM with SES 100 
electron energy analyzer and at UE112-LowE PGMr beamline equipped with SES R4000 
analyser. The band structure calculation was performed using the scalar-relativistic version of 
the full potential local orbital minimum basis band-structure method [Elgazzar 04]. 
Figure 1a shows a Fermi surface map at T = 25 K along with a schematics of the Brillouin 
zone. The cleavage surface is parallel to the Γ-M-X plane. This Fermi surface map consists of 
a nearly square shaped structure centered at the corner of the Brillouin zone and a more  
complicated “flower structure” with four leaves around the Z-point. In the left upper corner of 
Fig. 1 the FS map is compared to LDA calculations for the Γ-plane (blue) and the Z-plane 
(green) where the f-electrons are treated as localized. Closer inspection of the “square” re-
veals that it consists of two separate bands, which we call, following an earlier notation 
scheme [Settai 01], α and β. Figure 1b shows a Fermi surface map for the isoelectronic CeR-
hIn5 which shows a very similar structure. 
Figure 2 compares the experimental band structure along ZA with theoretical results where 
the f-electrons are treated as localized or itinerant respectively. At a photon energy of hν = 
100 eV the photoemission cross section favors emission from Co 3d [Yeh 85]. Therefore, we 
compare in Figure 2 the experimental data along ZA (ΓM) (panel a) to the Co 3d orbital pro-
jected band structure (panels b-e). 
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In Fig. 2a the EDM along the diagonal of the Brillouin zone is presented. There is an intense 
band crossing EF approximately at half the distance between Z(Γ) – A(M) consistent with the 
Fermi surface map in Fig. 1. This crossing consists of the bright “flower” related structure and 
a weaker additional band. This band has a parabola like shape and is responsible for the 
closed square structure centered at the BZ corner at the FS. Now we compare the experimen-
tal data in Fig 2a to LDA calculations for different kz cuts of the three dimensional BZ  to de-
termine which kz plane is probed with a photon energy of hv = 100 eV. Fig 2b and c show 
calculations for the Z-plane (kz = π/c), Fig. 2d for the Γ plane (kz = 0) and additionally Fig 2e 
shows an intermediate cut close to the Z-plane (kz = 0.85 π/c). The best agreement is observed 
between Fig 2a and Fig. 2b, i.e. to the Z-plane cut. The agreement to the Γ plane (Fig. 2d) is 
much worse. Even the comparison for the plane 15% shifted away from the Z-plane towards Γ 
(Fig 2e) is significantly worse than to the Z-plane itself. We conclude that with a photon en-
ergy of hv = 100 eV mainly the vicinity of the Z-plane is probed. The LDA calculation for the 
Z-plane is depicted in two alternatives. In Fig 2b the f-electrons have been considered as 
completely localized and in Fig 2c as completely itinerant. The agreement between (a) and (c) 
suffers from the absence of the shallow bands around Z with minima of ca. 30 meV and 150 
meV in the experimental data. These states have also significant f-weight in the itinerant cal-
culation.  
To conclude we have investigated the electronic structure of CeCoIn5 and found agreement 
with theoretical bandstructure calculations. From th latter we conclude that the localized char-
acter of the f-electrons at T = 25 K is still pronounced.  

 
 
Figure 1: Fermi surface map at T = 25 K with hν = 100 eV photon energy. Bright yellow cor-
responds to high photoemission intensity. The first Brillouin zone is highlighted by dashed 
lines. The Fermi surface consist of  a “flower” structure around the zone center and  closed 
“square”-like structures around the corners. Theoretical FS are shown in the right upper 
corner for the Z-plane (green) and for the Γ-plane (blue).  

b) 

Z 

a) 

b) 
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Figure 2: a) Experimental energy distribution map along Z-A (see Fig. 1). b) – d) Co-3d or-
bital projected LDA calculations for BZ cuts along Z and Γ where the 4f electrons have been 
treated as fully localized or itinerant. “F” denotes the flower structure. 
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Introduction 
 
Synchrotron Microcomputed Tomography (SRµCT) has been applied successfully to 
analyse quantitatively the bone formation around biofunctionalised titanium implants 
resulting in a higher bone volume content in relation to uncoated implants in a goat 
model [1]. 
As the mineral content of the newly formed bone indicates the stadium of the 
remodelling process, a three dimensional investigation of this parameter is a 
promising tool to understand how biofunctionalised implant surfaces influence the 
local bone mineralisation in their surrounding, especially if the overall bone quality is 
week or influenced by bony diseases. 
Goal of the present work was to describe the mineral structure of bone for selected 
areas of explants in an osteoporotic rat model including a hormone therapy. 
Based on SRµCT data, the local distribution of bone mineralisation should be 
determined three dimensionally as a function of the conditions ‚healthy‘, 
‚osteoporotic‘ and ‘hormone treated osteoporotic‘. Corresponding nanoindentation 
measurements should be applied to analyse the mechanical characteristics of the 
mineral phase two-dimensionally at nearly the same positions as the SRµCT-
measurements. New knowledge is expected for the osseointegration of 
biofunctionalised titanium implants for normal as well as for disordered bone 
regeneration. 
 
 
Materials and Methods 
 
As the animal model, ovariectomised rats with and without hormone treatments were 
used for the analytical investigations. Titanium wires with a diameter of 0.8 mm with 
biofunctional coatings of Chondroitin Sulphate (CS), Bone Morphogenetic Protein 4 
(hBMP 4) and a blank control (cp-Ti) were placed in the tibia of ovariectomised rats 
for 4 weeks. After the animal experiments, the rat tibiae were freed from adherent 
soft tissue, fixed in paraformaldehyde and dehydrated in ethanol in a graded series of 
increasing concentrations. The embedding was performed in Polymethyl-metacrylate 
(PMMA). At the BAMline (BESSY II) 27 specimens, with 3 samples for each 
condition, were evaluated with Synchrotron Microcomputed Tomography (SRµCT). 
For each sample 720 x-ray attenuation projections with a local resolution of 9 µm 
were acquired using an x-ray energy of 30 keV. 
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Results 
 
The SRµCT reconstruction of the explants shows a detailed visualisation of bone 
formation around the titanium implants and directly on the implant surface (Fig. 1). 
Assigning different colours to the x-ray absorption values (grey levels), local areas of 
higher and lower mineral content could be visualised for the bony tissue. On the 
implant surface a network of newly formed bone with different thickness and 
mineralisation could be observed. This findings indicate a specific reaction of the 
organism to the functionalised titanium wires. 
The analysis of relations between different implant surfaces, bone conditions and/or 
hormone therapy to the characteristics of the three-dimensional network around the 
implants is still under investigation. As a prerequisite suitable imaging procedures for 
a volumetric analysis related to this specific model have to be developed. 
 

 
 
Fig 1: SRµCT visualisation of different mineralised bone on a biofunctionalised titanium wire 
(white) after a healing time of 4 weeks in a rat tibia. 
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InGaN/GaN heterostructures find applications in the fabrication of high efficiency light emitting 

diodes as well as in high – frequency, high – power microelectronic devices.  Ion implantation, which 
permits precise dose and profile control, could be an alternative method for the growth of nanomaterials1, 
like InGaN quantum dots, which enhance the emission characteristics of InGaN – based laser diodes2, and 
InGaN/GaN heterostructures.  The implantation induced lattice damage can be recovered via annealing. 
Here we apply NEXAFS spectroscopy at the N K edge in order to study the effect of In ion implantation 
and subsequent annealing steps on the electronic structure of GaN.  

The studied sample is a 
450nm – thick – GaN layer grown 
on Al2O3 by Plasma Enhanced 
MBE.3 The sample was diced and 
the individual pieces were 
subjected to implantation and 
annealing. The implantation was 
performed at 77K, with 700 keV In 
ions, with fluence equal to 5×1015 

cm-2. Two of the implanted samples 
were subjected to rapid thermal 
annealing (RTA) at 900oC and 
1000oC for 15 sec.  

The N K edge NEXAFS 
spectra were recorded at the PM3 
beamline in the fluorescence yield 
mode using a high purity Ge 
detector cooled at 77K. The spectra 
were recorded at the magic angle 
(55o to the sample surface)4 as well 
as at near – normal (70o) and near 
grazing (15o) incidence. The 
information depth of the 
fluorescence photons is smaller than 40nm and thus the NEXAFS spectra probe only the implanted part of 
the sample, which according to Rutherford Backscattering characterization is about 200nm thick. 

The N K edge NEXAFS spectra of the sample in the as – grown and as – implanted state as well 
as after annealing are shown in Fig. 1. The peaks in the spectrum of the as – grown sample appear at 
characteristic energies that correspond to maxima of the nitrogen partial density of empty states with p 
component.  As shown in the figure, ion implantation smears out these characteristic peaks. According to 
L. A. Bugaev et al5 the absorption cross section, σ, of an atom in a compound is the sum of different 
photoelectron scattering contributions, i.e.: [ ]MS

MRO
SSSSat χχχσσ +++= )()1(1 , where σat is the absorption cross 

section due to photoionisation, )1(
SSχ , )MRO(

SSχ and MSχ  are the contributions due to single scattering from the 
first shell, single scattering from more distant shells and multiple scattering processes, respectively. At 
high implantation doses, the )MRO(

SSχ  and MSχ  contributions cease due to the increased static disorder and the 
slow varying )1(

SSχ  term dominates the spectrum.  
The most striking implantation-related effect is the evolution of a sharp resonance line (RL), 

which appears above the absorption edge. As shown in the inset of Fig. 1, the RL has fine structure and 
can be fitted using 5 Lorentzians that are equally spaced (~0.23eV). The intensity ratio of the Lorentzians 
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Figure 1: N K edge NEXAFS spectra of the as – grown, as – implanted 
and annealed samples. The inset shows the fitting of the resonance line 
that appears in the as – implanted sample. 
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is 20:8:3:2:1, i.e. it decays exponentially. Similar RL’s, that were attributed to 1s  π* transitions of N2 
trapped in semiconductors, were detected in the surface sensitive electron yield spectra of bulk 
semiconductors bombarded with low energy N2

+ 6,7 and in N-doped ZnO after annealing.8  Furthermore, 
Nord et al 9 used molecular dynamics calculations to predict N segregation in ion implanted GaN while N2 
bubbles formed after 2 and 4.7 MeV Au implantation into GaN are apparent in transmission electron 
micrographs.10,11 The fine structure of the RL is attributed to the vibrations of the  N2 molecules that are 
trapped in the material.6 It can thus 
be concluded that In implantation 
causes the formation of N2 most 
probably in the form of gaseous 
bubbles.  

The RL related to the N2 
disappears after RTA at 900oC and 
1000oC, as shown in Fig. 1.  This 
implies that either N2 outdiffuses 
from the sample and/or that the N – 
N bonds dissociate and new Ga – N 
are formed (the formation of In – N 
bonds cannot be excluded). In 
addition to that, annealing partially 
restores the characteristics of the 
NEXAFS peaks, indicating partial 
recovery of the implantation 
induced lattice damage.   

The angular dependence of 
the N K NEAXFS spectra from the 
sample in the as - grown state as 
well as after implantation and annealing at 1000oC are shown in Fig. 2. Contrary to the spectra of the as – 
grown sample, that show a prominent angular dependence due to their hexagonal symmetry4, the spectra 
of the implanted and annealed sample do not depend on the angle of incidence. Thus, although annealing 
causes significant recovery of the implantation induced lattice damage, the grown microcrystallites are 
randomly oriented.   

In conclusion, implantation of GaN with 5×1015 cm-2 In ions causes amorphization of the sample 
and formation of molecular nitrogen which most probably exists in the form of bubbles. Annealing at 
1000oC causes partial recovery of the lattice damage and leads to the growth randomly oriented 
crystallites.  
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1. Motivation 

Nanocrystalline metallic alloys represent a new class of materials the physical 
properties of which can be tailored not only by the help of their chemical composition but also 
by varying the size of crystalline grains, their morphology and structural composition. 
Especially nanocrystalline alloys have attracted a lot of scientific interest because, contrary to 
their amorphous counterparts, their magnetic parameters do not substantially deteriorate at 
elevated temperature during the process of their practical exploitation [1]. The size of 
structural elements dominantly influences mechanical, optical, electrical, and/or magnetic 
properties. Thus, structural transformations belong to principal mechanisms that considerably 
affect macroscopic physical properties of these materials. In order to understand their 
macroscopic features it is inevitable to know their microstructure as well as physical 
consequences of structural transformations. In order to study the rapid crystallization process, 
the diffraction of synchrotron radiation seems to be very suitable and not very frequently 
employed tool [2]. 
 

2. Experimental details 

Alloys of the composition Fe91-xMo8Cu1Bx with x = 12, 15, 17, 20 prepared by rapid 
quenching on a rotating wheel were analyzed in the as-cast state in the form of ribbons about 
10 mm wide and 20 micrometers thick (Fig. 1). The amorphous ribbons which were placed in 
an evacuated furnace (Fig. 2) and continuously heated up to 800 oC with a temperature 
increase of 10 K/min. Monochromatic synchrotron radiation of 7 keV (λ = 1.78 nm) provided 
at the KMC-2 beamline at BESSY Berlin was used. Diffraction patterns from a 2Θ region 
covering the main (110) bcc Fe reflection were recorded in situ every 10 seconds using a 2D 
detector. 
 
 
 

   
 
 Fig. 1 Ribbon sample placed inside a furnace. Fig. 2 Hemispherical evacuated furnace. 
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3. Results and Discussion 

After suitable processing, the collected data were analysed. As an example, the resulting 
images obtained from the wheel side of the x = 12 ribbon are plotted in Fig. 3. This side of the 
ribbon was in direct contact with the quenching wheel while the opposite side (the so-called 
air side) was facing the surrounding atmosphere during the production process. 3D 
diffractograms are illustrated in Fig. 3a. 2D images with the time of heat treatment being the 
second parameter are illustrated in Fig. 3b. Diffractograms obtained at some important 
temperatures are given in Fig. 3c. The overlaid (white) line in Fig. 3b shows the evolution of 
the temperature measured at the sample’s surface with time of acquisition of the 2D 
diffraction pattern. 

Diffraction lines positioned at about 52.5o and 58o indicate the presence of the Mo2FeB2 
tiny nanocrystals already in the as-quenched state. The principal crystallization phase, i.e. bcc 
Fe(Mo) appears at Tx1 = 490 oC. Structural transformation from bcc into fcc arrangement is 
identified at Tx2 = 575 oC. Later on (at about 700 oC), the crystallization is already well 
developed. 
 
 (a) (b) (c) 

 
 
Fig. 3. Diffractograms from the wheel side of the x = 12 sample: (a) 3D image, (b) 2D contour map, and (c) 

selected diffractograms at the indicated temperatures of heating. 
 

Quantitative assessment of the 
evolution of the bcc-Fe(Mo) crystalline 
phase in the x = 12 sample is presented in 
Fig. 4. Differences between both surfaces 
of the inspected ribbons are clearly seen. It 
is noteworthy that the onset of 
crystallization starts earlier at the wheel 
side of the ribbon. On the other hand, the 
evolution of the structural transformation is 
more rapid at the air side of the ribbon 
giving the ramp of about 1.1 vol.% of 
(nano)crystallites per minute. 

 
Fig. 4. Evolution of the crystalline content in  

the x = 12 at the wheel (red) and air  
(blue) side. 
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In addition to the bcc-Fe(Mo) nanocrystals, traces of the Mo2FeB2 crystalline phase were 
unveiled in some of the as-quenched alloys by diffraction of synchrotron radiation. The 
resulting images for the wheel sides of the x = 15, 17, and 20 ribbons are plotted in Fig. 5. The 
onset of the first (Tx1) and the second crystallization (Tx2) step is indicated. Presence of bcc-
Fe(Mo) nanocrystals is confirmed at the wheel side of the as-quenched samples with x = 12 
and 15 as seen in Fig. 3a and 5a, respectively. 
 
 (a) (b) (c) 

   
 
Fig. 5. 2D plots of XRD intensities at 2Θ angles acquired with synchrotron radiation during in situ heating of the 

Fe91-xMo8Cu1Bx alloy for x = 15 (a), 17, (b), and 20 (c). The evolution of the temperature of heating with 
time (upper scale) is drawn by superimposed lines. The onset of the first (Tx1) and the second (Tx2) 
crystallization steps is indicated. 

 
 

Diffraction lines in the 2D images positioned at about 49o, 52.5o and 58o indicate the 
presence of the Mo2FeB2 tiny nanocrystals in x = 17 (Fig. 5b). Traces of these lines can be 
seen also in x = 15 (Fig. 5a). 

An interesting feature is observed in the x = 20 sample. The onset of crystallization is so 
rapid that we cannot distinguish between the two crystallization temperatures as in the case of 
the other samples. 

 
4. Conclusions 

The present studies concentrate on the bulk and surface structural transformations which 
take place in the NANOPERM-type Fe91-xMo8Cu1Bx alloys (x = 12, 15, 17, 20) owing to a 
thermal exploitation. Using the diffraction of synchrotron radiation it was possible to trace in 

situ the onset of the crystallization and further development of the system during temperature 
increase. This technique has shown higher sensitivity to extremely small crystals with 
pronounced texture and enabled the identification of the Mo2FeB2 crystalline phase. It also 
enabled the identification of bcc Fe(Mo) tiny crystallites at the wheel surface of the ribbons 
and pointed out differences between two surfaces of the samples. 

 
 

Acknowledgement 

This work was supported by the EC grant under IA-SFS contract RII 3-CT-2004-506008. 
 

References 

[1] A. Hernando, J. Phys.: Condens. Matter 11 9455 (1999). 
[2] J. Bednar ík, R. Nicla, M. Stir and E. Rurkel, J. Magn. Magn. Mat. 316 e823 (2007). 
 

121



 

XANES study of Mg based phases in ilmenites 
 

M.T. Klepka, I.N. Demchenko, K. Lawniczak-Jablonska, M. Jablonski1 

 
Institute of Physics Polish Academy of Sciences, Al. Lotnikow 32/46 PL-02668 Warsaw, Poland 
1Szczecin University of Technology, Institute of Chemistry and Environmental Protection, Al. Piastow 
42, PL-71065, Szczecin, Poland 
 
Ilmenites are important materials for industrial TiO2 (white pigment) production. They 
originate from many places on Earth, what may cause differences in elemental and phase 
composition. The manufacture process is based on sulphate method, where reaction of 
titanium raw material with sulphuric acid is the first step [1,2]. That process requires 
knowledge about elemental and phase composition for proper adjusting the efficiency and the 
safety of kinetics of the reaction. This work is concentrated on ilmenites originated from 
Norway, India, China and Australia. Differences in elemental and phase composition are 
influenced mainly by minority elements and thus impact on efficiency, safety, kinetics of 
reaction and the quality of products. This study is dedicated to Mg phases.  
Electron Probe Microanalysis (EPMA) and X-Ray Diffraction (XRD) are techniques 
commonly used for analyzing such materials and the results are used for planning production 
processes. These techniques are limited mainly due to analyzing all elements in the sample at 
the same time. In case of XRD big uncertainty cause peak overlapping, commonly present in 
materials consisting of pure oxides. The elemental composition in investigated ilmenites, 
evaluated by Single Particle Electron Probe Microanalysis (SP EPMA) showed that Mg 
content varies from 4 to 8 atomic % [3]. Our previous study indicated the presence of Mg in 
Norwegian ilmenite [3]. This work shows Mg based phases identification in all ilmenites 
listed above including new results for Norwegian one.  
Knowing that the shape and edge position of X-ray Absorption Near Edge Structure 
(XANES) spectra is a fingerprint of the chemical state of elements we have studied the K – 
edge of Mg, in this ilmenites. The goal of the experiment was to get information about 
possible phases containing the Mg. As reference MgTiO3, MgSiO3 pure compounds were 
chosen and MgO, which occured to be hydrated. XRD confirmed that this reference 
compound is a mixture of MgO and Mg(OH)2, with superiority of Mg(OH)2. Therefore, in the 
figures this reference is named as Mg(OH)2. 
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Figure 1. The experimental XANES spectra of Mg K-edge for Norwegian ilmenite compared 
with fitting result from XANDA program. 
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Measurements were performed at station UE 52 PGM at BESSY. According to small Mg 
content in ilmenites fluorescence detection mode was applied, using Si(Li) detector. 
Reference compounds were also measured using Partial Electron Yield (PEY) mode. PEY 
signal was used for proper self absorption correction in the fluorescence spectra, Athena 
program using Fluo Algorithm was used [4]. Samples were prepared by pressing powder into 
a conductive carbon type and measured at room temperature.  
Experimental XANES spectra show that Mg phases in ilmenites depend on the place where 
the mineral was originated. In case of Norwegian ilmenite mixture of all measured reference 
compounds was identified (see Figure 1). Fitting the phase content for this mineral was 
performed using XANDA dactyloscope freeware program [5]. Results are inset in Figure 1. 
 

1300 1305 1310 1315 1320 1325 1330 1335 1340 1345

 

 

 MgTiO3

In
te

ns
ity

 (a
rb

. u
ni

t)

Energy (eV)

Mg K-egde

  

 

 Australian ilmenite

 
Figure 2. The experimental XANES spectra of Mg K-edge for Austarlian ilmenite. Dash 
lines show structure similarities to MgTiO3. 
 
Australian ilmenite shows the biggest similarity to MgTiO3 Figure 2. It also suggests that Mg 
can either substitute Fe atoms in FeTiO3 (pure ilmenite) or form new MgTiO3 phase (see 
Figure 2).  
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Figure 3. The experimental XANES spectra of Mg K-edge for Chinese ilmenite. Dash lines 
show structure similarities to Mg(OH)2. 
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Comparison of experimental XANES spectra for Chinese ilmenite shows that main Mg phase 
in this mineral exists mainly as a Mg(OH)2 and MgO mixture (see Figure 3).  
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Figure 4. The experimental XANES spectra of Mg K-edge for Indian ilmenite. Dash lines 
show structure similarities to MgSiO3 
 
Indian ilmenite XANES experimental spectra indicate that Mg exists as MgSiO3 phase in this 
mineral (see Figure 4).  
XANES used as a tool for Mg phases identification in ilmenites, occurred to be very useful. 
Due to its sensitivity and elements selectivity, it was possible to distinguish which Mg phase 
exists in ilmenites and to show that difference depends on the place where they are originated.  
This work shows also usefulness of synchrotron radiation based techniques to get better 
insight to common industrial problems.  
 
References: 
 
[1] T. Chernet, Minerals Engineering, 12 (1999) 485 
[2] R.G. Teller, et al., J. Solid State Chem., 88(1990), 351 – 367  
[3] M. Klepka, I.N. Demchenko, K. Lawniczak-Jablonska, D. Batchelor, BESSY Annual 

Report 2006 
[4] http://www.aps.anl.gov/xfd/people/haskel/fluo.html 
[5] http://www.desy.de/~klmn/xanda.html  
 
This work was partially supported by the Contract R II 3.CT-2004-506008 of the European 
Commission. 
 

124



Transition from weak to strong ferromagnetic coupling in NiFe/Au/Co/Au
multilayers observed by soft x-ray magnetic scattering
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An increasing number of applications in spintronics and in-
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Fig. 1: (a) and (b) MR vs magnetic field for sam-
ple B (solid lines). Dashed lines depict schemati-
cally magnetoresistance behavior of the structure
without coupling. R90/RS corresponds to the per-
pendicular configuration of NiFe and Co magneti-
zations. (c) and (d): hysteresis loops measured with
VSM. MCo is the relative magnetic moment of the
Co layers normalized to the magnetic moment of
the whole sample. Inset: 3×3µm2 MFM image of
the stripe domains.

formation technology requires to find out more on the magnetic
behaviour of mutilayer thin film systems. We particularly investiga-
ted (Ni80Fe20/Au/Co/Au)N (N: number of repetitions) multilayer
(ML) systems with a non-collinear magnetic state in the magnetic
layers in remanence and negligible interlayer exchange coupling.
Effective magnetic anisotropies force the magnetization in the Co
layers to be perpendicular and in the NiFe layers parallel to the
sample plane. The magnetostatic coupling caused by stray fields
from domains in the Co layer affects the domain state of the sample
to build a stripe domain structure (Inset of Fig. 1) which has been
shown to appear for N≥4 in a relatively large field range and can be
tuned by the thickness of ferromagnetic layers and/or nonmagnetic
spacer1–4. The specific MR behaviour of these MLs in an external
out-of-plane magnetic field displays the fields corresponding to
nucleation HN and annihilation HA of the stripe domains (Fig. 1
(a) and (b)). This is caused by the transition from a weak to a
strong ferromagnetic coupling between the ferromagnetic layers.
Using element specific soft x-ray resonant magnetic scattering
(SXRMS)5–7 the individual magnetization reversals in the NiFe
and the Co layers have been observed and the results have been
compared to complementary methods.
Two samples (Ni80Fe20-2nm/Au-2.4nm/Co-0.4nm/Au-2.4nm)10
(sample A) and (Ni80Fe20-2nm/Au-2.4nm/Co-1.1nm/Au-2.4nm)10
(sample B) were deposited on naturally oxidized Si(100) wafers
using magnetron sputtering. To determine the magnetic properties
at room temperature we measured hysteresis loops with a VSM and
the MR in a magnetic field applied in-plane H‖ and perpendicular
H⊥ (Fig. 1) to the sample plane. The SXRMS measurements
were performed with the ALICE diffractometer7 at the undulator
beamline UE56/2-PGM2 at BESSY II. For the reflectometry study
in θ − 2θ configuration and for element specific measurements of
hysteresis loops we used circularly polarized light with the energy

E=853eV (E=778eV) corresponding to the Ni L3 (Co L3) absorption edge. With reflectometry measurements for
saturation (±2.7kOe either parallel or antiparallel to the photon helicity) the value for θ was chosen to be 8.5◦ (The
reflected beam has a large intensity and a distinct difference in the dichroism signal).
Figure 2 shows field dependencies of the normalized scattered intensity [2I(H) − I+

− I−]/(I+
− I−), where I(H),

I+ and I− denote the scattered intensities for magnetic fields H , +2.7kOe and -2.7kOe, respectively. With the used
longitudinal measurement geometry the element specific hysteresis loops show the magnetization component parallel
to the sample surface and the scattering plane. This allows the comparison, for H‖, of the SXRMS dependence with
VSM hysteresis measurements which indicates that the NiFe (Co) layers are reversed along the easy (hard) axis. For
sample A the Co layers could not be saturated with the maximal magnetic field of H‖ = ±2.7kOe. The effective

anisotropy field HCo
Keff of the Co layers in sample B (tCo =1.1nm) could be determined to be 1.7kOe. Here, the shape

of the NiFe hysteresis loop is strongly influenced by magnetostatic coupling. Compared with the NiFe magnetic
behavior of sample A one can see that this magnetostatic coupling is very weak and only visible for very small fields
H‖ for tCo =0.4nm (Fig. 2). The ratio mCo/(mCo + mNiFe) of the magnetic moment of Co layers with respect to
the whole sample magnetization could be determined from the VSM measurements to be 0.15 and 0.4 for sample
A and B, respectively. The modeled effective hysteresis loops (Fig. 2 (e), (f)) using above parameters and element
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Fig. 2: Field dependencies of: MR (a, b), relative magnetic
moment measured with VSM (c, d) and determined as su-
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Fig. 3: Field dependencies of: MR (a, b), normalized magne-
tic moment measured with VSM (c, d), normalized scattered
intensity for θ = 8.5o, E=853 eV (Ni L3) (e, f), for sample A
(left column)and sample B (right column). Data taken with
the field H⊥ perpendicular to the sample plane.

specific hysteresis (Fig. 2 (g), (j)) are apparently in good quantitative agreement with the VSM hysteresis loops
(Fig. 2 (c), (d)).
The results for SXRMS measurements shown in Fig. 3 can only be discussed qualitatively due to the unusual
measurement geometry with sensitivity to in-plane magnetic components and the external field H⊥ applied out-of-
plane. For E = 778eV (Co L3) the signal-to-noise ratio was very poor, probably because of the vanishing in-plane
component of the Co magnetization for H⊥. In contrast, for NiFe layers with in-plane effective anisotropy, the
in-plane magnetization component should be maximal for zero external out-of-plane field and should decrease with
increasing external field, because the NiFe magnetization is then forced to the out-of-plane direction. The difference
of the described behavior to the measured data is caused by a slight misalignment of the external field from the
out-of-plane direction. In the graph (Fig. 3 (e)) we see a NiFe reversal in the vicinity of H⊥ = 0 corresponding
to a weak influence of the magnetostatic coupling and for higher fields a decreasing signal. However, for sample
B a strong influence on the coupling is easy to recognize in the range of H⊥ corresponding to the existence of
magnetic domains (compare Fig. 3 (b) and (f)). The magnetization reversal in the field range of abrupt changes
in the MR and XRMS signal can be understood as resulting from a small and simultaneous displacement of stri-
pe domain walls in the NiFe and Co layers accompanied by small changes in the mutual magnetization configurations8.
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Fig. 1: Representative image of the 
Mn12O12 core comprising eight Mn3+

ions (blue) and four Mn4+ ions (yellow) 
as well as 12 oxygen ions (red). 
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Recent progress in the synthesis and characterization of single-molecule magnets 
(SMMs) [1] has triggered intense research aiming at the utilization of this class of 
molecules in future data-storage or logic devices. Among the SMMs, the 
Mn12O12(O2CL)16(H2O)4 family (L: various ligands) represents the first discovered and 
to date most investigated class. The relatively high blocking temperature (about 3.5 
K) combined with the ability to observe well-defined steps in the magnetic hysteresis 
loop due to quantum tunneling of magnetization make Mn12 SMMs the favoured 
system for fundamental studies on magnetic 
quantum effects on a molecular scale [2]. While a 
broad variety of Mn12 derivatives has been 
extensively studied in the crystalline form, there 
is still no evidence for the conservation of the 
fascinating magnetic properties of SMMs after 
deposition on a surface. To this end, there have 
been many different attempts to deposit Mn12 
molecules on surfaces like Au(111) or Si(100). 
However, the extraordinary redox-instability of 
Mn12 SMMs often results in a fragmentation of 
the molecules during the deposition, thus 
complicating studies on Mn12 monolayers by 
routine experiments [3]. Consequently, 
experiments on the magnetic properties of 
individual Mn12 molecules, for example by means 
of spin-polarized scanning tunneling 
spectroscopy, are hampered unless inambiguous 
evidence for the conservation of the main 
structural and electronic properties of Mn12 molecules after deposition on a surface is 
provided. To this goal, x-ray absorption spectroscopy (XAS) is a useful experimental 
technique since different oxidation states of ions can be easily distinguished. In the 
case of Mn12, eight Mn ions are in the Mn3+ oxidation state while four Mn4+ ions are 
present in each molecule (Fig. 1). 
 
In this work, single crystals of the Mn12 derivative Mn12-phn 
[Mn12O12(O2PC12H10)12(O2CCH3)4(H2O)4] have been studied by means of XAS. In 
particular, the radiation sensitivity has been studied as the reduction of the number of 
carboxylate groups from sixteen to four may decrease the degradation due to 
radiation-induced decarboxylation. The results are compared with previous XAS 
spectra obtained from Mn12 monolayers and single crystals. 
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Figure 2 shows XAS Mn L2,3 spectra obtained from Mn12-phn at the RGBL-PGM 
beamline. The different curves correspond to the time evolution of the spectral shape. 
The illumination time designates the time of radiation exposure prior to the XAS 
measurement. The duration of the measurement itself was 7 minutes what is 
included in the specified illumination time. The photon flux was 1010 photons/sec on 
an approximately 1 mm2 sample area. 

 
For t = 0 min the spectral shape is identical 
to the one usually observed for Mn12, thus 
being evidence for an intact Mn12 core 
comprising eight Mn3+ and four Mn4+ ions. 
For t > 0 min the spectral shape changes 
with the intensity in the photon energy 
range corresponding to Mn2+ becoming 
more intense. The spectrum obtained after 
33 min revealed the final line shape 
showing no further variations during the 
following two hours. The final spectrum 
corresponds to a mixed Mn2+/3+ signature 
rather than Mn3+/4+ [4]. The results show 
that Mn12-phn molecules are degraded 
under the influence of x-ray radiation. 
Consequently, the degradation of Mn12 
derivatives cannot be avoided by reducing 
the number of carboxylate groups. 
Nonetheless, in a previous study an 
identical final spectral shape was observed 
for single crystals and monolayers of Mn12-
parafluorobenzoate while any intended 
distortion of the molecules resulted in a 
pure Mn2+ signature [4]. This observation 

indicates that the success of a surface deposition procedure for Mn12 molecules can 
be investigated by means of XAS. The radiation sensitivity of Mn12 may hamper 
advanced investigations of the monolayers by means of x-ray magnetic circular 
dichroism. On the other hand, the new results corroborate the general validity of the 
previous conclusions and allow a preselection of deposition routines possibly suited 
for scanning tunneling microscopy/spectroscopy based studies on Mn12 monolayers 
or individual molecules. 
 
This work was supported by the Deutsche Forschungsgemeinschaft via the 
collaborative research center SFB 513. The authors gratefully acknowledge support 
from the BESSY staff as well as financial support from BESSY. 
 
[1] G. Christou et al., MRS Bull. 25, 66 (2000). 
[2] E. del Barco et al., J. Low Temp. Phys. 140, 119 (2005). 
[3] S. Voss et al., Dalton Trans., 499 (2008). 
[4] S. Voss et al., submitted to Appl. Phys. A 
 

 

Fig. 2: Time-dependent XAS spectra obtained 
from Mn12-phn revealing clear evidence for 
radiation damage. 
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Introduction 
The electronic properties at interfaces in solar cells play a crucial role for their solar cell performance. 
These are strongly affected by the chemical composition adjacent to the interface. Therefore, diffusion 
during the production can alter / deteriorate the conversion efficiency of resulting solar devices. The 
knowledge of these processes helps to understand and improve the thin film deposition methods. For the 
in-situ investigation of the diffusion between the chalcopyrite absorber and the some tens of nm thick 
buffer layer, the standard photoelectron spectroscopy (PES) is not well suited due to its small information 
depth. However, the use of high energy excitation in combination with high energy resolution of the 
electron spectrometer as is available at the HIKE end station at the BESSY KMC-1 beamline [1], allows 
the inspection of the full buffer layer down to the absorber.  
The shift of core-level peaks due to electronic band banding effects is a well known and well studied effect 
in PES [2]. However, here only the peak shift at the surface in the presence of unknown surface states 
can be detected. We show that high energy photoelectron spectroscopy allows the direct observation of 
the band bending in completed buried electronic junctions [3]. 
 
Results 
Example 1: In-situ study of temperature dependent diffusion between absorber and buffer layer in a thin 
film solar cell. 
 
Recently evaporated In2S3 buffer layers resulted 
in Cu(In,Ga)Se2 solar cells with 15.2% efficiency 
[4].  To investigate diffusion processes between 
absorber and buffer layer, a 20 nm thick In2S3 
layer was deposited on a Cu(In,Ga)Se2 absorber 
by compound evaporation with the substrate at 
room-temperature. The Cu 2p XPS signal from 
Cu(In,Ga)Se2 was detectable through the cover 
layer only above 4000eV excitation energy. It 
was measured every minute while the sample 
temperature was raised from 25 to 300°C with 
2°C/min. The peak intensity started to increase 
above 220°C (see Fig. 1). We interpret this 
result as a Cu diffusion into the In2S3 layer. The 
incorporation of Cu atoms is favoured by the fact 
that In2S3 and CuIn5S8 have a spinel type 
structure and no change in the nature of the 
structure is required for Cu concentrations up to 
CuIn5S8. A weak Ga diffusion also seems to 
occur. Its evaluation is in progress.  
This result stresses the importance of the 
substrate temperature during the deposition 
process and might explain the deterioration of 
solar cells annealed/deposited above 250°C. 
 
Example 2: Quantitative investigation of the band bending at the model system GaAs/Au with and without 
external voltage. 
 
Before investigating the band bending at a chalcopyrite thin film junction, we measured the simpler test 
systems of intrinsic, n-type and p-type GaAs both with and without a 5nm gold overlayer. This Schottky 
contact will induce strong band bending near the interface. Fig. 2 show the experimental data for Ga 2p 
and As 2p, respectively, from the i-GaAs and the n+-GaAs with a 5nm gold overlayer obtained at an 
excitation energy of 6000eV. We clearly look through the 5nm gold layer into the completed junction and 
see the effect of band bending on peak shape. The peaks of the intrinsic sample is fitted and then 
convoluted with an exponential decay function representing the PES signal from the GaAs in an electric 
field (right). The Ga2p peak shows a good agreement with the calculated peak for a field close to 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 PES spectra of the Cu 2p signal of a stack with 
an In2S3 layer (~20nm) on top of a Cu(In,Ga)Se2 ab-
sorber measured during the heating of the sample. 
The Cu 2p increases sharply for temperatures above 
220°C. 
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200mV(±40mV) per Inelastic Mean Free Path (IMFP) of the photoelectron. The As2p peak agrees well for 
a field close to 170(±60mV), An estimated field between 200meV and 170meV per Inelastic Mean Free 
Path [5] is in good agreement with the known doping concentration and barrier height. A robust fitting and 
error analysis is still in progress.. A first experiment also showed that the change in peak width due to a 
voltage applied in-situ to the gold layer can be seen. However, the sample was not a good electrical diode 
and only small voltages could be applied. Further experiments are required with higher voltages and 
reduced noise. 
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Fig. 2. Preliminary data for the Ga2p and As2p photoemission peaks from a GaAs/Au Schottky contact  
measured through the gold layer. The peaks from the intrinsic GaAs are taken and convoluted with an  
exponential decay function representing the strong electric field in the highly doped sample, this is then  
compared to a highly doped n-GaAs sample.  
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With the advancement of multilevel metallization in integrated circuits Cu has 
gradually replaced Al due to its lower electrical resistivity and better electromigration 
resistance [1, 2]. As Cu diffuses easily into Si and SiO2 to form Cu3Si [3], diffusion 
barriers are required to stop the diffusion of Cu in Si. The refractory metals and their 
nitrides have been well investigated for these applications [4, 5], mostly due to their 
excellent interface properties with Cu and high temperature stability [6]. With 
decreasing dimensions of the interconnect structure, however, the barrier layer 
dimension is also decreasing in size and hence it becomes necessary to monitor the 
resistance of the whole interconnect structure. Ta exists in two different phases, a 
low-resistivity α-phase and high resistivity β-phase. The α-phase has a simple bcc 
structure compared to the complex tetragonal structure for the β-phase of Ta. The 
low in-plane resistivity of the bcc α-phase makes it a favourable candidate for 
damascene applications because of the reduced resistance of the Cu line and 
improved electromigration redundancy [7]. Ellipsometry being a non-destructive and 
non-invasive optical technique can be used efficiently in determining thickness, 
composition and phase of a material.  

Even though several works regarding refractory metal nitrides were published [8], 
very little is known about the optical properties of TaN and the comparison between 
the optical behaviour of the two different phases of Ta. In our work, we present ex 
situ spectroscopic ellipsometry (SE) measurements providing an insight regarding 
the usefulness of such SE measurements for contactless determination of the 
conversion between the two different phases of Ta and its influence on the bilayer 
interconnect structure. 

Synchrotron radiation at BESSY was employed for ellipsometric measurements in 
the spectral range from 4-8.7 eV with equal steps of 20 meV, at the same time ex situ 
SE spectra were obtained at room temperature using a Woollam Co. VASE 
ellipsometer operating in the spectral region between 0.73-5 eV with a step of 20 
meV.  

Fig. 1 shows the imaginary part of the dielectric function for a TaN film deposited 
on Si. The dielectric function of the TaN film is obtained using Drude-Lorentz 
parameterization with a three layer model of TaN/SiO2/Si. The imaginary part is 
shown together with the respective contributions from the Drude and Lorentz 
oscillators. From the figures a clear change in the dielectric function of TaN with 
thickness can be seen in the lower energy region due to increasing amplitude of 
Lorentz oscillator at about 1.8 eV which is an indication of change in stoichiometry in 
TaN. 
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Fig. 2 shows the dielectric function of a Ta film deposited on Si (100). All the 
ellipsometric spectra were simulated using a multilayer model and by simulating the 
interdiffusion at the interface by introducing a graded EMA model. XRD 
measurements confirm this Ta film to be of β-type with very small presence of α-
phase, this is well supported by the ellipsometric result due to the presence of a 
Lorentz oscillator of very small amplitude indicating a very weak interband transition 
at about 3 eV which is a clear characteristic of α-phase of Ta [9]. 

 
 
 
 
 

 
 
 
Fig.1. The imaginary (ε2) part of the dielectric function of TaN of 46.2 nm (a) and 17.3 nm (b) 
deposited on Si as obtained from the spectroscopic ellipsometry data using the Drude-
Lorentz parameterization. 

 
 

 
 
 
 
 
 
 
Fig. 2. The imaginary (ε2) (a) and the real (ε1) (b) part of the dielectric function of Ta of 95 nm 
deposited on Si as obtained from the spectroscopic ellipsometry data using the Drude-
Lorentz parameterization.  
 

Fig. 3 shows the dielectric function of Ta deposited on TaN/Si. The difference 
between the dielectric functions of Ta is obvious from the Figs. 2 and 3, while three 
Lorentz oscillators were sufficient to represent all the interband transitions for the Ta 
film on TaN, five Lorentz oscillators were necessary to simulate the dielectric function 
of Ta on bare Si revealing a clear influence of the substrate on the growth of Ta. It 
can be very clearly observed from Fig. 3 that the broadening of the Lorentz oscillator 
at about 3 eV decreases with increasing thickness of Ta films when deposited on 
TaN. Reflectivity calculations (Fig. 4) at normal incidence shows that the spectrum of 
the lower thickness Ta film deposited on TaN resembles more that of the β-phase of 
Ta, while that of the thick sample of Ta resembles more that of the pure α-Ta phase . 
Hence the reflectivity data indicate that when Ta is deposited on TaN it starts with a 
mixture of two different phases of Ta but with increasing thickness the α-phase 
becomes more prominent. 
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Fig. 3. The imaginary (ε2) part of the dielectric function of Ta of 20.1 nm (a) and Ta of 100 nm 
(b) deposited on TaN as obtained from the spectroscopic ellipsometry data using the Drude-
Lorentz parameterization. 
 
 
 
 
 
 
 
 
Fig. 4. Reflectivity of Ta films deposited on Si and TaN. 
 

The optical and electrical properties of TaN and Ta were determined with 
spectroscopic ellipsometry in the energy range of 0.73-8.7 eV. Adopting Drude-
Lorentz parameterization to describe the dielectric function, film thicknesses and 
material properties were determined from the ellipsometric data. A clear thickness 
dependent intermixture of two different phases of Ta is determined from the 
ellipsometric spectra when Ta is deposited on TaN which is supported by XRD 
results for Ta films. Hence it is shown that VUV ellipsometry in addition to UV-vis 
range can serve as an important tool for the characterization of interconnect 
structures.  
 We acknowledge IRTG 1215 “Materials and concepts for advanced 
interconnects” and BMBF project 05 KS4KTB/3 and 05 ES3XBA/5 for financial 
support and supporting experimental work at BESSY. 
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Investigation of Ca3Ru2O7 using Resonant X-Ray Diffraction 
 
B. Bohnenbuck1, J. Strempfer2, I. Zegkinoglou1, C. Schüssler-Langeheine3, E. Schierle4,   
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6 National Institute of Advanced Industrial Science and Technology, Tsukuba, Ibaraki 305 8568,  
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7 National Institute for Material Science, Tsukuba, Ibaraki 305-0047, Japan 
 
Ruthenium oxides (ruthenates) have attracted a great deal of interest since the discovery of 
superconductivity in Sr2RuO4. Besides superconductivity, ruthenates exhibit a wide variety of 
interesting physical phenomena due to the strong interplay of spin, charge, lattice and orbital 
degrees of freedom. These seem to play a crucial role in bilayered Ca3Ru2O7 where even small 
perturbations such as uniaxial or hydrostatic pressure, light doping, and the application of a 
magnetic field result in drastic changes of the magnetic, structural and transport properties 
giving rise to a rich phase diagram. The material orders antiferromagnetically at TN = 56K and 
undergoes a metal-insulator like transition at TMI = 48K, although a quasi two dimensional 
ground state has been reported below 30K. This transition is accompanied by large structural 
changes along all three crystallographic axes and a reorientation of the magnetic moment. 
Below TMI, the existence of orbital order and the formation of a density wave have been 
proposed by spectroscopy experiments.  

In order to elucidate the magnetic properties of Ca3Ru2O7, we performed resonant x-ray 
diffraction (RXD) studies at the L2- and L3-absorption edges of Ru. These experiments were 
carried out at beam line KMC1 of BESSY using the UHV diffractometer built by the FU Berlin. 
Due to electric dipole 2p 4d transitions which directly probe the partially occupied 4d orbitals 
responsible for magnetism, we observed a large resonant enhancement at the magnetic 
reflections (001) and (110), shown in figure 1. Based on the observed azimuthal dependence of 
the scattered intensity at these reflections we confirmed the previously suggested A-type 
antiferromagnetic (AFM) structure as consisting of ferromagnetic bilayers coupled 
antiferromagnetically along the c-axis. In addition, our results indicate a reorientation of the 
magnetic moment in the ab-plane at the metal insulator transition TMI=48K which rotates the 
spins from the b-axis below TMI to the a-axis above TMI.  

The temperature dependences of the two reflections (figure 2) exhibit almost the same 
behaviour: Whereas the intensity remains constant below TMI, there is a drastic intensity loss by 
two orders of magnitude at TMI due to the reorientation of the magnetic moment. The intensity 
vanishes completely at the Neel temperature TN=56K. By comparing the  intensities at two 
different azimuthal positions (inset of figure 2), which correspond to the minimum and maximum 
intensity positions in the two phases respectively, the relative change of the magnetic moment 
amplitude at TMI can be determined. It decreases by approximately a factor of three. In 
combination with previously reported magnetization measurements and neutron diffraction 
experiments our results give a complete picture of the magnetic structure in Ca3Ru2O7. 
However, the strong interplay between magnetic, orbital and lattice degrees of freedom is still 
not yet understood. Here, further RXD experiments focusing on orbital phenomena can provide 
further information. 
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Figure 1: Energy Dependence of the diffracted intensity at the magnetic reflections (001) and 
(110) near the L2- and L3- absorption edge of Ru. 
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Figure 2: Temperature dependence of the integrated intensity at the magnetic reflections (001) 
and (110) taken at the azimuthal position ψ=0. The inset shows the temperature dependence of 
the scattered intensity at wave vector (110) at two positions ψ=0and ψ=180.  
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Nanostructured thin film coatings, such as titanium nitride (TiN), exhibit unique 

physical, mechanical and chemical properties such as superhardness and high chemical 
stability.1,2 Therefore they find several technological applications, e.g. as protective coatings 
for cutting tools and machine parts.3 Furthermore, their potential for industrial applications 
drives further improvement of their properties, which can be achieved by precise control of 
the deposition parameters.  Even though reactive magnetron sputtering is extensively used for 
the deposition of nanocomposite coatings; it is getting significant competition from ion beam 
assisted deposition (IBAD) which permits precise and independent control of the metal flux 
and the partial pressure of the reactive nitrogen species.4  Furthermore, the inherent to the 
IBAD process ion bombardment of the growing film leads to increased film density. 

Here we report on the bonding environment of Ni in TiN-Ni coatings that were deposited 
by IBAD.  The ~ 0.5μm thick TiN films were deposited at Ts=300 and 400oC using an 
ultrahigh vacuum ion beam sputtering system equipped with two RF plasma sources and two 
cryogenic pumps. The films are nanocomposite, i.e. they consist of nanocrystalline TiN grains 
embedded in an amorphous metallic/intermetallic Ni/NiTi phase, and they have improved 
wear resistance. The target was a 15 cm water-cooled 99.99% pure Ti circular plate covered 
with two 99.99% pure Ni plates.  The Ni content of the films was controlled by proper 
adjustment of the exposed Ti and Ni target surfaces. Sputtering was carried out with a primary 
Ar (99.9999 % purity) ion beam at an incident angle of 45°. A secondary ion source, fed with 
a mixture of Ar and N2 gases (both of 99.9999 % purity), was used in order to generate the 
reactive atmosphere. In order to obtain high deposition rate and precise control of the TiN 
phase, while limiting re-sputtering effects, the voltage 
and current of the ion gun were 50 V and 40 mA 
respectively. The angle between the secondary beam 
and the substrate was 45°. The chemical composition 
of the studied films, as determined by Rutherford 
Backscattering (RBS) analysis, is shown in Table 1. 
The Ni-K-XAFS measurements were conducted at the 
KMC2 beamline and the EXAFS spectra were 
recorded in the fluorescence yield mode using a Si-
PIN photodiode. The angle of incidence of the 
impinging X-rays was equal to 55o to the sample 
surface. Energy calibration was performed using the 
absorption edge position of the spectrum of a Ni foil.   

The Fourier Transforms of the k3-weigthed χ(k) EXAFS spectra (k range: 2.5-8.5Å-1
 for 

the studied samples and 2.7-13.5Å-1 for the Ni-foil) of the studied samples and of a reference 
Ni-foil, are shown in Fig. 1(a).  In the profiles of the FTs of the studied samples only one 
asymmetric and rather broad peak is resolved.  Thus, it can be suggested that the bonding 
environment of the Ni atoms changes as a result of the different chemical composition of the 
films. In order to draw safe conlusions on the local environment of Ni, Fourier filtering was 
performed in the distance range 1.6-2.6Å. The filtered FTs of the k3-weigthed χ(k) EXAFS 
spectra of the TiN-Ni films and the k2-weigthed χ(k) EXAFS spectrum of the reference Ni foil 
(k range: 3.5-13.5Å-1) are shown in Fig. 1(b). The fitting was preformed assuming that the 1st 
nn shell comprises of Ni and Ti atoms where Ni belongs to pure Ni regions while Ti is found 

Table 1: Sample names, deposition 
temperature Ts and elemental composition 

of the TiN-Ni films. 
Sample 
Name 

Deposition 
Ts (°C) 

Ti 
(at%) 

Ni 
(at%) 

N 
(at%) 

N35 300 48.48 10.54 40.98 

N37 300 45.63 14.09 40.28 

N27 400 45 15 37.3 

N30 300 44 21.5 31.65 
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in TiNi intermetallic crystallites. The spectrum from the Ni foil was fitted assuming that Ni is 
coordinated with 12 Ni atoms in the 1st nn shell.  

 

 
In the reference Ni-foil, the EXAFS analysis reveals that Ni is bonded with 12 Ni atoms 

at a distance equal to 2.49Å, i.e. in very good agreement with the crystalline model of Ni. In 
the studied IBAD TiN-Ni samples, the increase in the [Ni]/[N] concentration ratio is found to 
strongly affect the coordination environment of Ni. More specifically, as shown in Fig. 2, the 
coordination number of the Ni atoms increases as the Ni content increases, i.e. more Ni and Ti 
atoms are bonded to Ni. The Ni atoms belong to Ni crystallites while they also form 
intermetallic TiNi crystallites. Thus, the presence of both Ni and Ti atoms in the bonding 
environment of Ni is identified. The Ni-Ni bondlenght is equal to 2.44-2.46Å (±0.01), i.e. 
slightly shorter than the respective in the reference Ni-foil, while the Ti atoms are located at a 
longer distance equal to 2.55-2.58Å (±0.01). Both Ni-Ni and Ni-Ti bondlenghts are 
independent on the Ni content in the films.   

To conclude, the Ni-K-EXAFS analysis in series of TiN-Ni films disclosed that Ni 
belongs to both Ni and intermetallic TiNi crystallites. Additionally, the increase in the Ni 
content results in the increase of the number Ni and Ti atoms bonded to Ni while on the other 
hand, the Ni-Ni and Ni-Ti bondlenghts are unaffected by the different chemical composition 
as well as the deposition temperature.  
 
Acknowldegements : The measurements at BESSY were supported by the IA –SFS program of the European 
Community (Project Nr BM-07.1.60659). 
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Fig. 2: Modification in the 
coordination number of Ni (Ni and Ti 
atoms) as a function of the [Ni]/[N] 
concentration ratio, in the studied 
TiN-Ni films.   

Fig. 1: (a) Fourier Transforms (FTs) of the Ni-K-EXAFS spectra 
of the studied TiN-Ni films and the reference Ni foil. (b) FTs of 
the filtered Ni-K-EXAFS spectra of the studied TiN-Ni films and 
the reference Ni foil. The raw data and the fitting are shown in 
thin and thick solid lines, respectively.   
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The mechanical behaviour and oxidation resistance of stainless steel (SS) can be 

improved with the introduction of impurities.  For example Cr doping improves the oxidation 
resistance via the formation of a Cr-rich surface oxide that prohibits further oxidation1 while 
the mechanical properties of SS can be further improved with the addition of C, Ni, Mo, Co, 
Ti, Al, Si, Nb etc.  A recent development in the stainless steel industry is the production of 
precipitation hardened (PH) steels2 which are characterized by high mechanical strength, 
superficial hardness and stiffness.  

Here we report on the oxidation-induced redistribution and variation of the valence of Fe 
in W. NR. 1.4534 stainless steel, that contains 12% Cr, 0.3% Mn, 1.4% Mo, 1.6% Al and 
traces of C and Si.  The above mentioned changes are probed by means of micro-XRF 
mapping and Fe-K-micro-NEXAFS spectroscopy. The sample was oxidized in O2 at 950oC, 
i.e. the upper temperature limit that prevents the dissolution of the precipitated phases.3 The 
μ-XRF and μ-NEXAFS measurements were conducted at the KMC2 beamline which is 
equipped with capillary optics that reduce the beam diameter to 5μm. The XRF maps were 
recorded using excitation photons of 7200eV, i.e. higher than the Fe-K absorption edge. The 
angle of incidence of the impinging X-rays was 45o to the sample’s surface and the energy 
dispersive (Röntec) fluorescence detector was positioned normal to the beam. The Fe-K-μ-
NEXAFS spectra were recorded from different sample spots in the fluorescence yield mode. 
Two powder samples, hematite (Fe2O3) and magnetite (Fe3O4) and a Fe-foil were used as 
references.  

A 400x50μm2 μ-XRF map of the cross section of the studied sample is shown in Fig. 1.  
Since the annealing induced changes proceed from the surface towards the bulk, we recorded 
the map by scanning the sample from the edge towards the center of the cross section.  The 
position 0 on the x-axis corresponds to the sample edge.  The two dimensional maps shown in 
Fig. 1 demonstrate that the distribution 
of both Fe and Cr is inhomogeneous. In 
particular, the concentration of Fe (upper 
panel of Fig. 1) decreases from the 
surface towards the bulk of the sample. 
In particular, the Fe concentration is 
maximum in the 2nd layer where it is ~4 
times higher than in the 1st layer and 
~1.5 times higher than in the 3rd layer 
and the unprocessed steel. On the 
contrary, as shown in the lower panel of 
Fig. 1, the distribution of Cr is different: 
Cr is not detected in the 1st layer while 
its concentration gradually increases 
towards the bulk.  In the 3rd layer the Cr 
concentration is 3 times higher than the 
bulk.   

In order to investigate the effect of the different Fe concentration on the bonding 
environment of Fe, Fe-K-μ-NEXAFS spectra (shown in Fig 2(a)) were recorded from the 
different layers of the sample (points A, B, C and D in Fig. 1). The spectrum recorded from 
the bulk (point D) is very similar to the spectrum of the Fe-foil and the absorption edge (Eabs) 
coincides with that from the reference sample (7112.0eV), i.e. the presence of crystalline Fe 
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Fig. 1: The distribution of Fe and Cr in a 400x50μm2 XRF 
map of the studied sample (upper and lower panel, 
respectively). Points A, B, C and D correspond to the 1st, 
2nd, 3rd layer and the bulk of the sample, respectively. 
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in the bulk of the sample is verified. On the contrary, the characteristic pre-edge peak in the 
spectra from points A, B and C indicates that the polyhedron around Fe is either a tetrahedron 
or an asymmetric octahedron. The pre-edge absorption is attributed to 1s→3d electronic 
transitions with an electric dipole or quadruple character.4 The quadruple character of the 
transition is pronounced in a centrosymmetric environment while the dipole in non-
centrosymmetric. Furthermore, the intensity of the pre-peak relates to the type of bonding of 
Fe, i.e. it increases with decreasing coordination number of Fe. The pre-edge peaks of the 
spectra recorded from points A, B, C, and D and the reference Fe-oxides are shown in an 
expanded scale in Fig. 2(b). 

The significantly different shape of the pre-edge peak is strongly suggestive of 
coordination changes around the Fe ion.  The pre-peak of the NEXAFS spectrum recorded 
from point A was fitted using three Voigts: the first two are positioned at 7113.1 and 7114.2 
eV and correspond to Fe+3 in octahedral sites while the last one at 7116.5 eV has been 
attributed to the clustering of Fe in octahedral complexes.5  The total area under the pre-peak 
(0.48±0.02) is the same as in Fe2O3 (0.43±0.02). Thus, it is concluded that in the 1st layer, 
trivalent Fe forms trigonally distorted octahedra that belong to Fe2O3.  

The pre-edge peaks of the spectra recorded from points B and C were also simulated using 
three Voigts: the first peak, at 7111.3-7111.5 eV, corresponds to octahedrally coordinated 
Fe+2, the second, at 7112.7-7113.2 eV, to tetrahedrally coordinated Fe+3 while the third peak 
at 7114.5 eV is assigned to octahedrally coordinated Fe+3. All three functions are located at 
the same position as in Fe3O4. The last peak at 7117.3-7117.6eV is related to the clustering of 
Fe. Therefore, in points B and C the environment and valance of Fe is altered since we detect 
Fe+2, in FeO6, as well as Fe+3 in FeO4 and FeO6 polyhedra. Another interesting finding relates 
to the significant changes in the shape of the 
pre-edge peak in these layers.  More 
specifically, the area under the pre-edge peak 
of the spectrum from point B (0.90±0.03) is 
approximately 2 times higher than in Fe2O3 
and 1.5 higher than in Fe3O4 (0.63±0.03). 
Thus, it can be proposed that Fe in the 2nd 
layer belongs to distorted FeOx polyhedra. 
However, at this point we cannot draw any 
safe conclusions on the exact nature of the Fe-
oxides since the presence of mixed Fe-Cr-O 
and/or Fe-Mo-O oxides cannot be excluded. 
Finally, the area under the pre-edge peak of 
the spectrum recorded from point C 
(0.64±0.03) is the same as in Fe3O4 but the 
peak is much broader compared to Fe3O4. In 
this case, it can be suggested that Fe belongs 
to both Fe2O3 and Fe3O4, since both Fe+2 and 
Fe+3 ions have been detected while the shape 
of the pre-edge peak appears as an average of 
the profiles of the reference Fe-oxides. 
 
Acknowledgements: The measurements at BESSY were supported by the IA–SFS program of the European 
Community (Project BM.07.2.70345). 
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Fig. 2: (a) The Fe-K-μ-NEXAFS spectra recorded 
from points A, B, C and the bulk and the Fe-K-
NEXAFS of reference Fe2O3, Fe3O4 and Fe-foil; (b) 
The pre-edge peaks (raw and fitted data) of the spectra 
recorded from points A, B, C and the reference Fe2O3 
and Fe3O4.  
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It is widely believed that the study of many-

A pair of equivalent spectra of Tb-doped Bi-

2212 taken in the 2nd Brillouin zone along

the (π, 0) and (π, π) directions with two dif-

ferent excitation energies as indicated on top

of each panel. The color scale represents pho-

toelectron intensity. The onset of the “water-

falls” behavior suddenly occurs at about 75

eV photon energy, below which a Y-shaped

dispersion is observed.

body effects in the electronic structure of layered

cuprates is a possible clue to the mechanism of high-

temperature superconductivity in these materials.

However, even after years of intense studies there is

still no full understanding of the renormalization ef-

fects and of the relevant energy scales in their elec-

tronic excitation spectrum. Recently there was a

series of publications [1–12] evidencing anomalous

high-energy dispersion in the renormalized band

structure of cuprates at the binding energies higher

than ∼ 0.3 – 0.5 eV—a region that has previously

been scarcely explored. Using high-resolution angle-

resolved photoemission spectroscopy (ARPES) we

have studied the momentum and photon energy de-

pendence of this anomalous high-energy dispersion,

termed “waterfalls”, between the Fermi level and

1 eV binding energy in several high-Tc superconduc-

tors.

We observe strong changes of the dispersion between different Brillouin zones and a strong

dependence on the photon energy around 75 eV, which we associate with the resonant photoemission

at the Cu 3p→ 3dx2−y2 edge. We conclude that the high-energy “waterfall” dispersion results from

a strong suppression of the photoemission intensity at the center of the Brillouin zone due to matrix

element effects and is, therefore, not an intrinsic feature of the spectral function. This indicates

that the postulated new high-energy scale in cuprates near 0.4 eV is not inherent in the single-

particle spectral function of these materials. At least we emphasize that due to matrix element

effects this new energy scale can be hugely distorted, complicating correct determination of the real

dispersion, which is crucial for the high-Tc superconductivity problem, where understanding the

nature of coupling requires the knowledge of very fine details of the one-particle spectrum.
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ARPES experiments were performed at the BESSY UE112-lowE PGMa beamline with sub-meV

energy resolution of the incident light. The spectra were acquired using a Scienta R4000 electron

analyzer with 30◦ acceptance angle and 1 meV energy resolution. The overall energy and angular

resolutions (including thermal broadening) were 10 meV and 0.2◦, respectively.

For details, see Ref. 13.
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Metal/ceramic composites are technologically important because of their high specific 

stiffness and strength, higher wear resistance, better properties at elevated temperatures etc [1, 2, 3]. 
The aim of our study is to analyze the mechanics of a new class of metal/ceramic composites on a 
mesoscopic length scale. These composites are produced by melt-infiltration of freeze-cast and 
sintered alumina preforms by the eutectic aluminium-based alloy Al-12Si. The as-produced material 
exhibits a hierarchical domain structure with each domain composed of alternating layers of metallic 
and ceramic lamella. Figure 1 shows a typical microstructure of the face perpendicular to the freezing 
direction for this composite. The ceramic preform for this composite had been freeze-cast at -10°C. 
After sintering and prior to melt-infiltration the porosity of the preform was 56 vol%. After melt-
infiltration the porosity was negligible. 

 

  
Figure 1: Microstructure of the composite on 

the face perpendicular to the freezing direction 
Figure 2: Structure of the single domain sample with about 0° 

domain orientation. Direction 1 is the freezing direction 
 

During processing of metal/ceramic composites residual stresses are generated due to the 
mismatch in thermal expansion coefficients of the constituent phases. These residual stresses may 
affect the mechanical behavior of the composite significantly [4, 5]. Our experiments at beamline 
EDDI@BESSY aim at analyzing the residual stresses introduced during the production process using 
energy dispersive diffraction.  
 High-energy synchrotron X-ray diffraction is favoured over laboratory X-ray diffraction or 
neutron diffraction because this experimental approach combines a sufficient penetration depth with a 
small gauge volume [6, 7]. The energy-dispersive arrangement set-up at the EDDI beamline provides a 
white beam which, apart from its outstanding parallelism and flux, also allows recording the complete 
diffraction spectra over a wide energy range. Thus several lattice planes of each phase can be taken 
into account for the residual stress analysis and moreover the crystallographic texture can be 
determined simultaneously [8, 9]. 
 Integral as well as spatially resolved measurements were carried out on both single and poly 
domain samples in transmission mode. Two single-domain samples with a domain orientation of about 
0° were chosen. Deviatoric stress components were determined in these samples in the three phases 
(aluminium solid solution, silicon, alumina) present in the composites. Figure 2 shows the 
microstructure of one of these samples where direction 1 is the freezing direction. Previous elastic 
analysis had proved that the individual domains show pronounced elastic anisotropy and the stiffness 
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is highest along the freezing direction and lowest perpendicular to it [10]. For all measurements the 
diffraction angle 2θ was kept constant at 7° to ensure good energy separation between diffraction 
peaks in the range of 20 keV to 90 keV. Because of the very low scattering angle, the gauge volume 
had the shape of an elongated diamond, the dimensions of which depend upon the openings of the slit 
systems for the incoming and the diffracted beams. Figure 3 shows a typical energy spectrum, where 
the individual diffraction peaks for each of the three phases are marked.  
 

 
Figure 3: Typical energy dispersive diffraction spectrum measured for the composite under study. Various 

diffraction lines are marked: alumina (red), silicon (green) and aluminum (blue) 
 

The three deviatoric stress components were determined using the sin2ψ method keeping the 
gauge volume fixed. This was done by tilting the sample within ψ = 0 – 90° in 22 steps and 
correspondingly rotating the sample by 90° about the ϕ and ω axes so that respectively the 1, 2 and 3 
sample directions were parallel to the beam direction In a further measurement series, the gauge 
volume was moved stepwise both perpendicular to the lamella plane (along direction 3 in Figure 2) 
and along the freezing direction (along direction 1 in Figure 2) to scan the fluctuations of the lattice 
strains. The absolute strain in the alumina phase was determined using the stress-free energy values 
obtained from scanning of an uninfiltrated preform. The continuum mechanics equivalent strains and 
stresses for each phase were determined from the analysis of the multiple diffraction peaks according 
to the method described in [11]. For this calculation the phases were assumed to be texture-free.  

Among the three phases, the results of aluminium solid solution phase always showed a large 
scatter, probably due to a poor grain statistics because of its large grain size. Typical results of 
deviatoric stress analysis are shown in Figure 4. These diagrams are based on data from the (214) 
plane of alumina phase and the (311) plane of silicon phase. These planes were chosen as they have 
the highest multiplicity factor among the indexed planes. Based on the theory of the sin2ψ method, the 
stresses should be proportional to the slopes of the straight lines fitted to the “d-spacing vs. sin2ψ 
plot”. Figure 4 clearly suggests that in both alumina and silicon, the absolute values of the components 
(σ33 – σ11) and (σ33 – σ22) are similar and they are higher than (σ22 – σ11). It is not possible to determine 
the absolute values of the individual stress components from these data. However, the plots clearly 
suggest that in both alumina and silicon σ22 ≈ σ11, as expected for a lamellar structure. Also, the signs 
of the deviatoric stress components are opposite in silicon and alumina, as expected from force 
equilibrium between the alloy and the ceramic. Based on the deviatoric stresses measured in this study 
the von Mises equivalent stresses in each phase can be determined [12], which is an important base for 
ongoing mechanical analysis of this novel class of composites. 
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Figure 4: d-spacing vs. sin2ψ  plot for single domain sample with about 0° domain orientation: (a) 311 plane 
of Si and (b) 214 plane of Al2O3 

 
Conclusions 

  Energy-dispersive diffraction has been shown to be a viable technique for analyzing the 
deviatoric stresses in the three phases (aluminium solid solution, silicon, alumina) present in the 
composites. Results show that considerable and strongly fluctuating residual stresses are introduced by 
the production process, which can be rationalized based on a mechanical model taking into account the 
thermal expansion mismatch of alloy and preform. Further studies scheduled for the first semester of 
2008 will focus on in situ compression tests in order to analyze the internal load transfer from the soft 
and compliant alloy to the hard and stiff ceramic. 
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Abstract.  Nitridation of GaAs by low energy N2

+ - ion beam has been studied by Auger and photoelectron 
spectroscopy. Creation of N2-gas nanobubbles in solid matrix has been revealed. The concentration of the gase-
ous nitrogen proved to be more than 3 at. % in the material. Phases of GaAsN and GaNO alloys have been iden-
tified and the corresponding N 1s binding energies Eb = 397.3 eV and Eb = 398.9 eV have been obtained for the 
first time. The project was supported by the bilateral program “Russian-German Laboratory at BESSY”, by the 
RFBR № 05-08-65522-а and by the Russian Academy of Sciences (“Quantum nanostructures”, project 5-22). 
 
 
Introduction  

Nitridation has been actively studied last decades with the aim of creation of new mate-
rials. Nevertheless details of chemical processes induced by implanted nitrogen are not 
known sufficiently. In particular, there is no clearness in creation of molecular nitrogen in 
implanted layer. Revealing nitrogen moleculs in interstitial positions of the material lattice 
was reported in the research of implantation of low energy N2

+ ions into A3B5 semiconduc-
tors by photoemission spectroscopy [1]. The N1s binding energy of the molecular state was 
observed to be 7.4 eV larger than that of the InN phase created due to nitridation. Analogous 
interstitial molecules were assumed to be observed by Auger spectroscopy in implanted 
GaAs [2]. The molecular state was assigned to the high energy satellite in NKVV Auger 
spectrum of the phase of GaN. The energy shift of the satellite ∆ EA = +6.4 eV was assumed 
to be a result of Auger transition to deeper (+7.4 eV) N1s level. Contrary to the interpretation 
of the reference [2], authors of the research of the plasma nitridation of GaAs [3] explained 
the analogous Auger satellite by a relaxation processes in final states according to Ref. [4]. 
Thus we can conclude that there is no common point of view on the problem of possibility of 
creation of nitrogen molecules in materials in the course of low energy ion implantation or 
plasma nitridation. If nevertheless molecular nitrogen is created, the question arises, whether 
it exists in the form of single N2 interstitial molecules [1, 2] or in the form of N2 -gas bubbles 
in matrixes of studied semiconductors. The aims of the research were to identify different ni-
trogen states (GaAsN, GaN, N2) in GaAs implanted by low energy nitrogen ions using high 
resolution x-ray photoelectron spectroscopy (XPS) and to clarify the possibility of creation of 
molecular nitrogen in the gaseous state. Revealing this nitrogen seems to be important both 
to the problem of nitridation and to the problem of designing a new kind of composite nano-
materials consisting of the gas nanobubbles in solids.   

 
Experimental details 

GaAs n-type wafer was implanted by nitrogen ions N2
+ of low energy Ei = 1500 eV at 

room temperature. The surface of the sample was preliminary cleaned by Ar+ ions with the 
energy Ei = 500 eV. As a result of cleaning, the surface layer was enriched by gallium and 
becomes p-type with the Fermi level pinned at 0.6 eV above the top of the valence band. 
Elemental and chemical analysis were performed by Auger and photoemission spectroscopy 
using monochromatic synchrotron radiation of the German-Russian beamline equipped with 
the plane-grating monochromator (PGM) and the photoelectron spectrometer with hemi-
spherical analyzer VG CLAM-4 whose total energy resolution was better than 300 meV [5]. 
The photon energy scale of the monochromator was calibrated using the photoemission Au 
4f7/2 line of gold.  

 

146



410 405 400 395

0

500

1000

1500

2000

GaNO

39
8.

9
hν = 501.3 eV

40
3.

8 
 [1

]In
te

ns
ity

, a
.u

.

Binding energy, eV

N 1s

39
6.

7 
 [6

]

39
7.

4 
 [1

]
{

GaN

"N2"

 

 

Results and discussion  
Direct information about chemical states of nitrogen in studied film can be given by N 

1s photoemission spectrum of high energy resolution. Fig. 1 shows such a spectrum meas-
ured at the photon energy hν = 501.3 eV. The scale of electron binding energy (Eb) is counted 
off from the Fermi level. One prominent N 1s line dominates in the spectrum. It corresponds 
to the phase of GaN created in implantation due to replacement of arsenic in GaAs by nitro-
gen. The line position coincides and is very close to the values measured in the analogous 
experiments [6] (Eb = 396.7 eV) and [1] (Eb = 397.4 eV). The low intensity line Eb = 398.9 
eV in the high binding energy shoulder was correlated with the content of oxygen impurity in 
the layer and was identified as the line of the GaNO phase. Position of the “interstitial mo-
lecular nitrogen” Eb = 403.8 eV [1] is marked in the spectrum. Possible intensity of the “N2”- 

line does not exceed 3% of the 
main line and is comparable 
with that in Ref. [1].  
 
Fig.1. N1s photoemission spectrum 
of GaAs implanted by nitrogen ions. 
The energy of implanted N2

+ ions Ei = 
1500 eV. The photon energy hν = 
501.3 eV.  
 

Molecular interstitial ni-
trogen can exist not only in un-
bound state. It can create links 
to Ga atoms: Ga-N2-Ga. The 
N1s binding energy of this state 
must be larger that that of GaN. 
This state should contribute to 
the high binding energy side of 

the nitrogen line of GaN. Therefore the shape of N 1s line was carefully investigated. Fig. 2 
shows the N 1s line in more details after implantation of nitrogen (curve 1) and after bom-
bardment of the implanted layer by Ar+ ions (curve 2). Indeed, some asymmetry of the line is 
observed just after implantation but it becomes more prominent after Ar+ ion bombardment. 
This bombardment etched an essential part of the implanted layer and must remove loosely 
coupled molecular nitrogen reducing the asymmetry. Therefore the asymmetry is not con-
nected with the molecular nitrogen. The difference of the lines before and after argon bom-

bardment reveals the line Eb = 
397.3 eV being responsible for 
the asymmetry.  
 
Fig.2. N 1s photoemission spectra of 
GaAs implanted by N2

+ ions with the 
energy Ei = 1500 eV (1), of the im-
planted sample bombarded by Ar+ 
ions with the ion energy Ei = 500 eV 
(2) and their difference (3). The pho-
ton energy is hν = 501.3 eV.  
 
This line was attributed to the 
phase of GaAsN alloy, whose 
N 1s binding energy should be 
between the energies of GaN 
and GaNO phases.  400 398 396 394
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Fig.3. Auger N KVV spectrum of 
GaAs implanted by nitrogen ions with 
the energy Ei = 500 eV. The photon 
energy is hν = 458 eV.  
 
This conclusion is confirmed 
by our former Auger analysis 
of nitridation of GaAs by a 
mixture of nitrogen and argon 
ions which revealed enhance-
ment of GaAsN phase under 
impact of Ar+ ions due to gen-
eration of secondary ion cas-
cades, mixing the material and 
preventing separation of stable 
binary chemical phases GaAs 
and GaN [2]. Thus the phase of 

GaAsN alloy was revealed in photoemission spectra and the corresponding N 1s binding en-
ergy (Eb = 397.3 eV) was obtained for the first time. The contribution of the GaAsN phase 
was estimated to be about one third of the GaN phase, which is important for the problem of 
fabrication of single phase GaN layer.  

To reveal gaseous nitrogen, Auger N KVV spectra of the implanted layer were meas-
ured. The energy of Auger electrons (EA ~ 380 eV) is high enough to increase the mean free 
path (λ ~ E-0.5) and the depth of the studied layer at list twice (λ = 1 → 2 nm) compared to the 
photoemission experiment discussed above. In addition, the energy of the implanted ions was 
decreased (Ei = 1500 → 500 eV) to enhance the total amount of implanted nitrogen (CN = 15 
→ 25 at.%). Fig. 3 shows one of the Auger N KVV spectra measured at the photon energy hν 
= 458 eV. This energy was chosen to make the Auger spectrum region free of numerous 
photoemission and Auger lines of gallium and arsenic. Additional low energy line (EA = 
361.5 eV) was revealed apart from the main line connected with the GaN phase (EA = 377.5  
eV). The energy position of the additional line coincides with the position of the main Auger 
line of molecular nitrogen in the gas state [7]. The latter was measured in the collision ex-
periment of electrons and molecules in a gas cell. The conclusion about revealing the gas 
bubbles in the GaAs layer implanted by nitrogen ions has been made. This conclusion was 
confirmed by the decrease of the intensity of the additional line from scan to scan during 
rather long (~15-30 min) measurements. Molecular nitrogen diffused from bubbles to vac-
uum through thin (< 1÷2 nm) solid state walls. Taking into account the thickness of studied 
layer, nano-scale of the gas bubbles should be assumed. The content of nitrogen atoms in the 
gas phase proved to be rather high in studied layer (~ 3÷5 at. %) according to the relative in-
tensity of the additional line. One can assume that this part is much larger in deeper layers 
and just after implantation. This fact evidences for high pressure of the gas in nanobubbles, 
which is a specific feature of the chemical mechanism of the bubble creation.                
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NEXAFS Surface Chemical Characterization of Plasma Polymerized Allyl Amine Films

Before and After Derivatization with (4-Trifluoromethyl)benzaldehyde (TFBA)

E. Yegen, U. Zimmermann, A. Lippitz and W.E.S Unger

Bundesanstalt für Materialforschung und –prüfung (BAM) D-12203 Berlin, Germany

Electron yield NEXAFS spectroscopy has been shown to be a useful tool in surface

analysis of plasma-polymerized films because it may provide specific information on the

existence and amount of unsaturated species.1It is therefore used complementarily to the XPS

method having a rather similar surface sensitivity.

Surfaces functionalized by amino groups are of great importance for applications in

the design of biomaterials.2 Reliable analytical methods are required in order to control the

amino group content on the surface. Identification and quantification of amino functional

groups at a surface by direct application of XPS can be difficult when the amino groups co-

exist with other nitrogen species with similar chemical shifts. Thus, the amino groups should

be tagged with a selective element or molecular species not originally present on the surface.

NEXAFS has been used here to prove a reaction pathway proposed in the literature resulting

in new imine bonds at the derivatized surface accompanied by C-F bonded species and

aromatic rings.

The aim of this project was to study the correlation of plasma process parameters like

duty cycle, power and pressure on the amount of amino functionalities at the surface of

plasma polymerized ally amine films. The films are characterized with NEXAFS before and

after derivatization with TFBA. Figure 1 shows a scheme of this derivatization reaction.

C NH2 CH CH2 NH2 CH

N NH OH O

TFBA
C N CH CH2 N CH

N NH OH O

CF3CF3

90 min

Figure 1. A scheme of the selective derivatization reaction between surface amino groups and the

marker reagent namely TFBA.

Figure 2 presents three different C K-edge spectra of a selected plasma polymerized

allyl amine film deposited at 20W, 5Pa and 0.05 duty cycle. Figure 2a shows the spectrum of
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the underivatized film whereas Figure 2b displays the C K-edge spectrum of the same sample

after 90 min gas-phase derivatization with TFBA. Figure 2c shows the difference spectrum of

the previous two spectra.

a)        b)

                                               c)

Figure 2. (a) NEXAFS C K-edge spectrum of plasma polymerized ally amine film (20W, 0.05 duty cycle, 5Pa ).

(b) NEXAFS C K-edge spectrum of the same plasma polymerized ally amine after 90 min derivatization of

TFBA. (c) The difference spectrum of the previous two spectra.

Figure 2a displays feature A (285.0 eV) due to the C1s→π*(C=C) resonance, feature B

(285.5 eV) due to the C1s→π*(C=N) resonance, the peak at 287.9 eV (C) due to the C1s→

σ*(C-H) resonance, the feature at 288.5 eV (D) probably due to the C1s→π*(N-C=O) resonance

and various σ* resonances above 292 eV.3-4

The C K-edge NEXAFS spectrum of the derivatized film (Figure 2b) differs from the

C K-edge NEXAFS spectrum of the underivatized allylamine film especially in the σ* region,

namely above 292 eV. Absorption features at 291.9 (E) and 295 eV (G) are tentatively

assigned to transitions of C core electrons to σ* C-F orbitals, feature F at 293.2 eV to a σ*

(C-C) transition.5

The difference spectrum (Figure 2c) displays a sharp peak at 285.2 eV (A) due to the

new contribution of signal originating from the aromatic rings of TFBA. The peak at 288.5 eV

(C) indicates an increase of amides.
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The effect of different deposition parameters on the amount of primary amino groups

at the surface of plasma polymerized ally amine is investigated as displayed by Figure 3. It

shows the trend of duty cycle variation in terms of C K-edge changes for a set of derivatized

samples prepared at fixed process parameters 20 W and 5 Pa.

Figure 3. Expanded NEXAFS C K-edge spectra of TFBA derivatized plasma deposited allyl amine films at

different duty cycles used during plasma deposition.

The effect of duty cycle on the content of surface amino groups can be monitored by

the resonance intensity at 285.2 eV. As we go from "hardest" (1.0 duty cycle) to "mildest"

(0.05 duty cycle) plasma conditions, the intensity of the peak increases due to the increase in

the number of marker molecules (TFBA). The interpretation is that milder plasma conditions

promote the retention of amino groups originating from the allyl amine monomer during

plasma polymerization.

NEXAFS is successfully used along with XPS for the determination of primary amino

groups on plasma polymerised allyl amine surfaces. It has been also found that the amino

group content is influenced by the deposition parameters.
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k-space microscopy of quantum electron matter: layered colossal magnetoresistant 
manganites. 

 
 
S. de Jong, Y. Huang, F. Massee, I. Santoso and M. S. Golden (Van der Waals- Zeeman 
Instituut, Universiteit van Amsterdam, 1018XE Amsterdam, The Netherlands) 
 
In contemporary condensed matter physics, one of the most studied family of compounds is 
that of the (layered) perovskite manganites, with general structure formula (R,A)1+nMnnO1+3n, 
where R is a trivalent rare earth ion (La, Nd, Pr, Sm,…) and A is a divalent alkaline earth ion 
(Sr, Ca,…). These compounds show a very rich electronic and magnetic phase diagram due 
to the large number of electronic degrees of freedom close to the Fermi level [1]. One of the 
most remarkable physical properties of these compounds is the Colossal MagnetoResistant 
(CMR) effect, where the resistance, under influence of a magnetic field, can drop several 
orders of magnitude. Despite years of research in many different fields, the origin of CMR is 
still heavily debated.  
An example of such a CMR compound is the bilayered manganite La2-2xSr1+2xMn2O7 
(abbreviated as LSMO), with 0.30<x<0.40 [2]. This material shows a metal to insulator 
transition at a maximum transition temperature of 130K, which goes paired with a ferro- to 
paramagnetic transition.  
In general, metallic electrical transport requires the existence of a Fermi surface upon which 
quasiparticles (QP's) reside. In this context it is surprising that angle resolved photoemission 
(ARPES) measurements on bilayered LSMO deep in the ferromagnetic, metallic state 
indicate the existence of two highly differing regimes. Firstly, for x=0.40 [3], LSMO is 
reported to possess a discontinuous FS in the form of arcs centered around the Brillouin zone 
diagonal (ZD), with a strong pseudogap opening up towards the Brillouin zone face (ZF). In 
contrast, at an only 1-2% lower doping level per Mn of x=0.36-0.38 [4], the published spectra 
exhibit clear quasiparticles at the ZF, leaving open the issue as to the situation at the ZD. 
Using an ARPES end station equipped with an SES100 analyzer coupled to the UE112-
PGMa beamline at BESSY (total experimental resolution of 30 meV, momentum resolution 
0.01 π/a), in combination with high quality LSMO single crystals (x=0.36), grown in 
Amsterdam using the optical floating zone technique, we have been able to show 
unambiguously the existence of QP's at the ZF and the ZD of k-space within the same 
samples [5]. This means that the 3dx2-y2- derived Fermi surface has no pseudogap at low 
temperatures for this doping level.  
This is illustrated by the photoemission data presented in figure 1. (ε,k)-images at numerous  
kF positions around the Brillouin zone (taken at the cuts shown in  Fig. 1a) are shown in Fig. 
1b. Of the two 3dx2-y2-based bilayer split bands, only the anti-bonding one carries significant 
intensity with the photon energy used. Already from the (ε,k)-images shown in Fig. 1b it is 
clear that spectral weight is observed at EF at all kF- locations.  In panel (c), showing kF EDC's 
from the (ε,k)-images in panel (b), the QP's show up as small, yet clearly discernable peaks at 
EF. In this manner it is evident that the 3dx2-y2-derived states support QP's all around the FS.  
The fact that our data show QP’s for both the ZF and ZD directions of k- space, puts us in the 
position to be able to investigate the temperature dependence of the low-lying electronic 
states of LSMO in detail. In Fig. 2, wide binding energy range EDC's at low temperature and 
just below and above TCurie are shown. One striking feature in these T-dependent data - both 
at the ZF and ZD regions - is that the spectral weight within 700-800~meV of EF decreases 
steadily with increasing temperature. This is an energy scale which is obviously far in excess 
of kBT. It should also be noted that the spectral weight of the QP peak does decrease with 
temperature, (as can be clearly seen in Fig. 2b), nevertheless, even at 145K (which is above 
TCurie and in the insulating regime as far as current transport is concerned) some spectral 
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weight at EF still remains. In addition, none of the spectra in Fig. 2b show a gap within a 
precision of <15meV (given by the combination of ∆Eexperiment and the accuracy of the energy 
referencing used). This remarkable T-dependence has been recently put forward as an 
argument for microscopic phase separation, whereby local metallic and insulating regions 
change their relative abundance steadily with temperature. Vital for this model is that the 
difference spectra between pairs of kF EDCs (recorded at different temperatures) can be 
collapsed onto a single, universal 'metallic EDC' [Ref. 6]. The two difference spectra from 
our data recorded from the ZF region are shown in Fig. 2c. Close inspection reveals that the 
weight of the QP-peak in the original EDCs decreases much faster between 95 and 145K than 
it did between 30 and 145K, meaning that the difference spectra lose their low energy peak as 
temperature increases, otherwise looking quite similar. However, the ZD difference spectra 
shown in Fig. 2d clearly differ significantly up to binding energies as high as 300 meV, and 
thus do not support the idea of a universal 'metallic EDC' growing monotonically with 
decreasing temperature for the ZD region of k-space. These data, therefore, argue strongly 
against the phase separation model presented in Ref. [6] as being a complete description of 
the T-dependence of these k-dependent data, as this scenario would demand that the change 
in spectral weight happens in a similar fashion at both high symmetry points of the Brillouin 
zone. 
To summarize, our high quality ARPES data on La1.28Sr1.72Mn2O7 proves that this compound 
supports quasiparticles both at the diagonal and the face of the 2D Brillouin zone at low 
temperatures, and therefore, has no large pseudogap in the charge sector. Secondly, we find 
that the temperature dependent behaviour of both the quasiparticles and of higher lying 
spectral weight is different at the Brillouin zone face and diagonal, thus arguing against a 
model describing the metal-insulator transition as stemming from a percolative growth of 
metallic clusters in an insulating matrix. 
 
To close this annual report contribution, we mention that the new 1*1*1 ARPES end station 
and UE112-PGM2b beamline has enabled us to shift our research into LSMO at BESSY into 
a higher gear. The enhanced angular range of the R4000 analyser (thirty degrees, 4 times 
greater than that used to record the spectra shown in Figs. 1 and 2) means that this station is 
also excellently suited for recording large k-area Fermi surface maps. For our 2007_2 
beamtime we used a newly-developed cryo-manipulator built in Amsterdam (able to fit easily 
through the tight µ-metal shielding of the 1^3 chamber), enabling a (θ,φ)-rotation of the 
sample and the recording of wide k-range FS maps for LMSO. Examples are depicted in Fig. 
3 and clearly show that both the bonding and anti-bonding bands form closed barrels around 
the corners of the 2D Brillouin zone. Also the dz2-r2  Γ-centered pocket is clearly visible. 
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Figure 1: (a) Schematic representation of the Brillioun zone of LSMO, showing the dz2-r2 electron pocket 
(purple) and the dx2-y2 bonding and anti-bonding band (green and blue, respectively). The cuts in k-space, made 
to obtain the spectra shown in panel (b), are indicated in red. Panel (c) displays kF-EDCs [shown in (b) with a 
red dotted line] obtained from the spectra in (b). It can be seen that the EDCs are peaked at EF at all kF- 
locations. Data taken at T= 30K, hv= 56eV. 
 

 
 
Figure 2:  (a) EDMs of LSMO (hv= 56eV, kx= 1.0 π/a) at the ZF and ZD point in k- space at three different 
temperatures. (b) EDCs at kF from the EDMs shown in panel (a) (indicated there with red dotted lines). EDCs 
are normalized to the high BE intensity, which is equivalent to normalization to the intensity above EF. (c) The 
scaled difference between the 30 and 95K EDC (blue curve) and the 95 and 145K EDC (red curve) for the ZF. 
The inset shows the same spectra over 300 meV BE for EDCs that are first broadened to match the Fermi-Dirac-
distribution at 145K before subtraction. (d) The scaled difference EDCs of 30-145K EDC (blue curve) and 95-
145K EDC (red curve). 
 

 
 
Figure 3: θ-strip Fermi surface maps (at this stage uncorrected for analyzer angular distortions and/or and 
sample tilts) recorded at T= 30K from LSMO using an excitation energy of 73 (left) and 56eV (right) and the 
new 1*1*1 ARPES system. Due to strong matrix element effects, the former displays mainly the dx2-y2 bonding 
band, whereas the latter shows mainly the dx2-y2 anti-bonding bilayer split Fermi surface. 
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Interfaces of organic solar cell materials
Eric Mankel, Corinna Hein, Johanna Härter, Thomas Mayer and Wolfram Jaegermann

Technische Universität Darmstadt, Institute of Materials Science, Surface Science Division,
Petersenstraÿe 23, 64287 Darmstadt

1 The donor/acceptor interface

Organic solar cells (OSC) promise a possible way to
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Figure 1: Working principle of a
bilayer-heterojunction solar cell. n(x) represents
the density of photogenerated charge carriers.

obtain cheap and �exible devices. Unfortunately,
until now the e�ciencies of OSCs are low. The
prototype of a bilayer-heterojunction OSCs, the
so called Tang-Cell, shows an open circuit voltage
of 0.44V and a short circuit current of 2.4mA/cm2

leading to an e�ciency of 0.8% only. By usage
of interdigitating phases forming bulk heterojunc-
tions and tandem cell device structures e�cien-
cies of nearly 5% have been reached in the lab-
oratory.

In OSCs exciton dissociation takes place at a phase
boundary between a donor type material (CuPc)
and an acceptor type material (BPE-PTCDI). The
conversion e�ciency (η ∼ VOC · ISC) is a�ected
by two interface parameters namely the electronic
alignment between the donor HOMO and the ac-
ceptor LUMO (in�uences VOC) and the develop-
ment of the electric �eld at the interface (in�uences

ISC by ∇U) as shown in Fig. 1. The ideal method for investigation of these interface properties
is synchrotron induced photoelectron spectroscopy (SXPS). Our experimental station SoLiAS at
BESSY II can be connected to the beamlines U49/2-PGM2 and TGM7 providing synchrotron
light in the range of 90eV to 1400eV and 20eV to 120eV, respectively.
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Figure 2: XP spectra of the secondary electron edge, the N1s core level and the HOMO region taken during
the stepwise deposition of BPE-PTCDI on CuPc.

The SXP spectra for step-by-step deposition of BPE-PTCDI molecules on a in-situ prepared
CuPc layer is shown in Fig. 2. After each evaporation step photoemission spectra of the N1s
core level line and the HOMO region in the valence band are taken at light energies of 600 eV
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and 90 eV, respectively. At the beginning and at the end of the experiment the typical N1s and
HOMO features of the pristine organic materials can be identi�ed. Because of the high surface
sensitivity, the intensities of the CuPc features are attenuated with increasing BPE-PTCDI
coverage while the features of BPE-PTCDI are simultaneously growing. The evolution of the
intensity of the CuPc emissions allows the determination of the deposition rate of BPE-PTCDI
which is around 8Å/min and of the ascribed layer thicknesses.

The N1s core level line as well as the HOMO and the secondary edge show an energetic shift of
the line position relative to the Fermi energy with increasing BPE-PTCDI coverage. This shift
can be correlated to a change of the electric potential at the interface. The experimental results
can be translated into a band diagram of the CuPc/BPE-PTCDI interface (Fig. 3).

The band diagram shows a band bending in
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Figure 3: Band diagram of the CuPc/BPE-PTCDI
interface.

both phases forming barriers of 0.12 eV for
electrons in BPE-PTCDI and of 0.15 eV for
holes in CuPc hindering the transport after
the charge carrier dissociation. The width
of the space charge layer in BPE-PTCDI is
around 10nm as derived from the coverage.
By these electric �elds the recombination of
dissociated charge carriers at the interface is
favoured which could be the reason for the low
short circuit current of the Tang-Cell.

A suggestion for improving of the short circuit
current could be doping of the CuPc layer. As
shown in Fig. 3, the Fermi energy of CuPc is
found at a mid gap position. A shift of the
Fermi energy closer to the HOMO level could reduce the barrier height or reverse the band
bending causing a potential gradient for the dissociated charge carriers accelerating them towards
the contacts.

2 A doping mechanism for organic layers

Typically, shifting of the Fermi energy of molecular organic layers is performed by mixing with
strong acceptor molecules. Grabbing this idea we decided to coevaporate CuPc with TCNQ
obtaining blends of both materials with di�erent TCNQ content. After coevaporation we took
photoemission spectra of the composites to identify the position of the CuPc HOMO and the
N1s core level with respect to the Fermi energy (Fig. 4).

With increasing TCNQ content the maximum of the HOMO and the CuPc fraction of the N1s
level shift towards lower binding energies. Simultaneously, the TCNQ derived part of the N1s
level shifts to higher binding energies with decreasing TCNQ content. The shift of the Fermi
energy closer to the CuPc HOMO level indicates p-doping of the CuPc matrix. In the following
we will describe these shifts by a charge transfer model between the two organic phases.

According to the gaussian disorder model of organic semiconductors, a density of states (DOS) in
the gap between the HOMO and the LUMO level is introduced in which every molecule provides
one state to the continuous distribution. Due to a HOMO binding energy EH of 1.3 eV and a
gap energy of 3.1 eV in pristine CuPc, the contribution of LUMO states to the DOS of CuPc
around the Fermi energy can be neglected. This leads to equation 1 in which Vmol is the volume
per CuPc molecule and σ the standard deviation. The TCNQ LUMO can be described similarly
when the HOMO maximum energy EH is replaced by the LUMO energy EL.
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Figure 4: XP spectra of the N1s core level line and the CuPc HOMO of CuPc/TCNQ composites with
varied TCNQ content. The di�erence spectra separate the superposing N1s emissions of CuPc and TCNQ.

DOS(E) = N · e−
(E−EH )2

2σ2

∫ ∞

−∞
DOS(E)dE =

1
Vmol

(1)

Moving of the Fermi energy around its origin stands for �lling and depletion of electronic states
in the tails of the DOS. Due to charge neutrality the electrons taken from the CuPc DOS must
be transferred to the TCNQ derived DOS. The equality of transferred charge in both phases is
represented by equation 2 in which every DOS is weighted by the TCNQ content γ.

(1− γ)
∫ ∆ECuPc

F

E0
F

DOSCuPcdE = γ

∫ E0
F

∆ETCNQ
F

DOSTCNQdE (2)

Equation 2 determines the interdependence of the Fermi level shifts in the CuPc phase (∆ECuPc
F )

and the TCNQ phase (∆ETCNQ
F ) for a certain TCNQ content γ. In Fig. 5 the measured Fermi

energy shifts derived from the N1s emission (dots) are compared with the best �t (lines) we
obtain for a standard deviation of σ = 0.25 eV for the DOS in both phases.

The standard deviation σ leads to a full width
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Figure 5: Fermi energy shifts of CuPc and TCNQ.

half maximum (FWHM) of around 550meV
for the HOMO of CuPc which is in good agree-
ment with the measured HOMO FHWM shown
in Fig. 4. For comparison the resolution of
the system (SoLiAS @ TGM7, hν = 40 eV) is
about 170meV at the Fermi edge.

Due to the double occupation of each state the
transferred charge carrier density can be cal-
culated using the left hand side of equation 2
multiplied by a factor of two. The amount of
transferred charge is found to be in the range
of 1·1017 - 1.5·1018 cm−3 leading to a fraction
of around 0.05 - 0.1 % of charged molecules in
each phase for a mean TCNQ content.

Summarizing the presented model seems to be a suitable possibility to describe the mechanism of
Fermi energy shifts in doped layers of organic semiconductors. The assumptions will be validated
in further experiments.
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Electronic structure of Ni porphyrins and Ni N-confused porphyrin: X-ray 
absorption and photoemission study 
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Due to their unique properties 3d transition metal (TM) porphyrins are widely used in 
many technological applications such as sensors, pigments applications, cancer therapy, 
artificial photosynthesis, nonlinear optics, and nanomaterials [1]. In turn, nitrogen-confused 
porphyrins (NCPs) are novel and prospective materials with improved properties for use as 
acid catalysts and anion/cation sensors [2]. These porphyrin isomers differ largely from the 
parent porphyrins, particularly in their chemical structure and their physical and coordination 
properties [2]. The efficient singlet-oxygen sensitisation of such macrocycles makes them 
excellent candidates for applications in photodynamic therapy [2]. Likewise, the multivalent 
nature of NCPs as a metal ligand provides a potential strategy for stabilising and studying 
higher oxidation states of metals, e.g. Ni(III), Cu(III), Ag(III) [2]. The synthesis of novel TM 
porphyrins has received great attention in the last few years [3], while spectroscopic 
characterization of their electronic structure remains a less well investigated area [4]. The 
central part of these complexes (3d-atom and its nearest neighbours) is known to define their 
most important applications and reactivity. Thus it is evident that a detailed knowledge of the 
nature of the electronic structure and chemical bonding in these 3d TM macrocyclic rings is 
required for the realization of their full potential. Such information can be obtained with high-
resolution X-ray absorption (XA) and X-ray photoemission spectroscopy (XPS). The present 
work is aimed at revealing the chemical bonding features in Ni porphyrins by studying the 
unoccupied and occupied electronic states in these compounds with XA and XPS. 

The XA and XPS measurements on the (porphyrinato)nickel(II) (Ni porphine, NiP), 
(5,10,15,20-tetraphenylporphyrinato)nickel(II) (NiTPP) and (2-aza-21-carba-5,10,15,20-
tetraphenylporphyrinato)nickel(II) (N-confused NiTPP, NiNCTPP) were performed at the 

Russian-German beamline, BESSY II. The thick 
layers (~50 nm) of Ni porphyrins were prepared 
in situ by thermal evaporation of powder 
material from a deposition cell operated at a 
temperature of approximately 600 K onto a 
polished polycrystalline copper substrate. The 
XA spectra were recorded in the total electron 
yield detection mode. The estimated photon-
energy resolution at the Ni 2p (~853 eV) and N 
1s (~400 eV) absorption thresholds was better 
than 150 meV and 70 meV, respectively. The 
spectra were normalized to the incident photon 
flux monitored by a gold grid. The photon 
energy was calibrated according to a published 
procedure [4], which allows a direct comparison 
of the energy positions of structures in different 
XA spectra within an accuracy of 0.1 eV. XPS 
spectra were acquired in the angle-integrated 
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Fig. 1. Structural formulas of the NiP (1), 
NiTPP (2) and NiNCTPP (3). 
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mode with a Phoibos 150 electron analyzer from SPECS GmbH. The (porphyrinato)nickel(II) 
complexes studied in this work were synthesized according to published procedures [1, 2]. 

Ni porphyrins represent a class of flexible molecules with nearly square planar core 
conformation [1]. The molecular structures of the Ni compounds under study are shown in 
Fig. 1. The NiP and NiTPP have the D4h symmetry of the central part (Ni atom and its nearest 
neighbours), while the NiNCTPP has C2v symmetry. The nickel atom formally has the 
electron configuration of the Ni2+ ion [(3dxz,yzeg)4(3dz2a1g)2(3dxyb2g)2] in Ni(II) compounds 
with D4h symmetry. 

  

Fig. 2. Ni 2p3/2 XA spectra of the Ni metal 
and Ni porphyrins. 

Fig. 3. N 1s XA spectra of the Ni porphyrins. 

 
The measured Ni 2p XA spectra for the studied Ni compounds are displayed in Fig. 2. 

The intensities of the absorption structures in the spectra have been normalized to the 
intensity of the main absorption line A. Examining the series of Ni 2p3/2 absorption spectra of 
the Ni porphyrins one can see that the spectra are quite similar: the main absorption line A 
accompanied by a high-energy lines A2, C – D. In turn, the Ni 2p3/2 XA spectrum of metallic 
Ni consists of only one main line A accompanied by the so-called “6-eV” satellite A* 
assigned to multiple scattering from the environment at intermediate range [5]. The difference 
between the absorption spectra of the Ni metal and the Ni(II) compounds can be understood 
within the framework of a quasi-molecular approach [4, 6] with inclusion of the covalent 
mixing between the Ni and ligand atoms valence electron states. Thus, the main line A in the 
Ni 2p3/2 XA spectra of Ni porphyrins can be associated with transitions of Ni 2p3/2 electrons to 
the LUMO, which is a weakly antibonding σ molecular orbital (MO) of b1g symmetry with 
predominantly Ni 3dx2-y2 character (almost pure intra-atomic Ni 2p3/2 – 3dx2-y2 electron 
transitions), while the structures A2, C, C* and D are associated with transitions to the empty 
states with hybridized Ni 3d – ligand 2p character (some contribution to the MOs responsible 
for the XA structures C, C* and D may be due to the Ni 4s, p states). The high-energy shift of 
the Ni 2p absorption in going from Ni metal to Ni porphyrins (1.2 eV) is a result of the 
decrease in the effective number of 3d electrons on the Ni atom due to the strong Ni 3d – 
ligand 2p π type covalent bonding. This metal-to-ligand charge transfer (back-donation) in the 
Ni porphyrins occurs from the occupied Ni 3dxz,yz π (eg) orbitals to the unoccupied ligand 
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2pπ* (eg) orbitals, resulting in the corresponding absorption band A2 in the Ni 2p3/2 XA 
spectra [4]. 

There are two main differences observed between the Ni 2p3/2 XA spectra (Fig. 2) of the 
NiNCTPP and NiP (and/or NiTPP): (i) the reliably measured high-energy shift of the main 
absorption line A by 0.5 eV in the NiNCTPP compared to NiP (NiTPP) and (ii) the presence 
of an additional low-energy shoulder A’ separated in energy by 1.0 eV from the main line A 
in the XA spectrum of the NiNCTPP. These findings reflect a larger transfer of the 3d 
electron density from the Ni atom to the ligands in the case of the NiNCTPP compared to the 
other Ni porphyrins indicating a higher oxidation state of the central Ni atom in this nitrogen-
confused porphyrin. In turn, the absorption structure A2 has a broader shape and smaller 
intensity in the case of the NiNCTPP compared to the other Ni porphyrins under study. This 

can be associated with a lowering of the 
porphyrin macrocycle symmetry from D4h (NiP, 
NiTPP) to C2v in the NiNCTPP [1, 2]. 

Comparing the N 1s XA spectra (Fig. 3) of 
the Ni porphyrins a complicated shape is 
observed for the absorption structures related to 
the π MOs (structures A1-C) in the spectrum of 
NiNCTPP. This is associated with (i) the non 
equivalence of the confused N atom to the other 
three N atoms bonded to the central Ni atom and 
(ii) the ruffled shape of the porphyrin macrocycle 
with C2v symmetry in this porphyrin. In the case 
of the square planar NiP and NiTPP the 
absorption structure A2 is due to the electron 
transitions to hybridized Ni 3dπ - ligand 2pπ 
unoccupied states, while the structures B and C 
can be associated with an electron transition to 
the empty MOs formed by the N and C 2pπ 
orbitals of the pyrrole rings. 

Fig. 4 shows N 1s core-level XPS spectra of the compounds under study. In the 
spectrum of the free-base porphine (H2P) the two N 1s peaks at 400 eV and 398 eV represent 
the two different N sites in the centre of free-base porphyrin macrocycle, pyrrolic (-NH-) and 
iminic (-C=N-) nitrogens, respectively [7]. In turn, in the NiP all four N atoms are equivalent 
leading to only one N 1s peak at 398.4 eV (denoted as Ni-N). The N 1s XPS spectrum of the 
NiNCTPP consists of two peaks at 400 eV and 398.4 eV with relative intensity ratio 3/1. This 
fact confirms that the confused N atom in the NiNCTPP is of pyrrolic type (i.e. protonated N). 

Thus, applying XA and XPS to Ni porphyrins information about their electronic 
structure can be obtained. Furthermore, the experimentally observed energy shift of band A 
can be used as a qualitative, and possibly as a quantitative, characterization of back-donation 
strength (charge-transfer) and the oxidation state of a metal atom in similar Ni compounds. 
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Fig. 4. N 1s XPS spectra of the NiP, 
NiNCTPP and free-base porphine (H2P). 
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The nature of electronic structure and 
chemical bonding in 3d transition metal (TM) 
compounds, especially in fluorides, is currently 
of great fundamental and technological interest 
because these compounds show many unique 
electronic and magnetic properties, which 
strongly determined by the partly filled 3d-shell 
and covalent bonding between the 3d TM atoms 
and the neighboring atoms [1].  The effective 
atomic potential for 3d-electrons in the free TM 
atoms have the positive potential barrier, what 
result in the effect collapse of the d-orbital with 
increase nuclear charge in the series of the 3d 
atoms. The collapse very rapidly appears with 
the increase of atomic number and start with Sc 
(Z=21 in the series of free atoms [2]. In TM 2p 
near edge x-ray absorption fine-structure 
(NEXAFS) spectrum   the collapse can be seen 
in the change of oscillator strength distribution 
between discrete and continuous parts of the 
spectrum and in the arise 2p3/2 and 2p1/2 
absorption lines with the big oscillator strength 
[3]. In NEXAFS F1s spectrum of the ligand 
atoms the collapse can show in the arise low-
energy peaks related to transitions F1s – 
electrons on hybridized TM 3d - F2p orbital 
[4,5].  The influence of the 2p-hole results in the 
shift of the collapse from Sc to Ca and K both 
for 3d transition metals [6] and free atoms [7]. 
On the contrary the increase of positive 
ionization of the 3d-atoms leads to the decrease 
of the positive potential barrier and hence to the 
increase of the d-orbital collapse [3]. Therefore 
contrary to the observation in fluorides TM of a 
collapse in cation 2p absorption spectra, F1s 
absorption spectra demonstrate “pure” 3d-
collaps without 2p core hole on the cation sites. 
Recent investigations verified that the F1s 
NEXAFS spectra for series of binary fluorides 
TM from K to Zn are found to be well suited for 
probing the unoccupied 3d states of the TM 
atoms in these compounds [4,5]. At present time 
there is no data about the spectral absorption 
cross section dependence in the region of the 
NEXAFS F1s spectra. However the 
investigation show that the partial sums of the 
oscillator strengths of the x-ray transitions in the 
NEXAFS 2p spectra of the 3d metals present a 
sensitive tool for characterizing the states of the 

d - orbitals in the atoms and, thus, can be used in 
experimental studies of the properties of 
transition metal atoms in compounds. The aim of 
the present paper is to measure cross section of 
light 3d-metal fluorides CaF2, ScF3 and K2TiF6 
in region NEXAFS F 1s spectra by TEY-method 
and to analyze them in order to obtain the 
oscillator strength distributions for these 
compounds. At that F 1s spectra CaF2 were 
studied by transmission method with aim to 
testing the datum obtained by TEY mode. In 
process of measurement by transmission the 
intensity of the synchrotron radiation was 
measured using the TEY from the CsI – 
photocathode. The CaF2 samples were done by 
using vacuum evaporation method on the free 
Ti-film surface. The studies of the ScF3 and 
K2TiF6 F1s spectra are carried by monitoring 
TEY-mode from samples that are prepared by 
rubbing powders of the solid materials into the 
surface of a clean copper plate. The titanium 
filter method was used for the suppression and 
measurement of the monochromatic stray and 
high-order light values [8].  
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Fig.1. The spectral dependences of the synchrotron 
radiation intensity transmitted through Ti film (red) 
and Ti-film+slayer CaF2 (thickness 150nm). In the 
inset is shown the cross section dependence of CaF2 
obtained by transmission method. 
 
Ti - filter were prepared in the form of free film 
(diameter 14 mm) on Au – net with small mesh 
enables one to measure the photoabsorption 
cross sections using the radiation of Russian–
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German soft-x-ray beamline at BESSY-II [9,10]. 
The total electron yield is proportional to the 
product of the intensity of x-ray monochromatic 
radiation and absorption cross section. So the 
absorption cross section in arbitrary units can be 
obtained by means of the division the TEY by 
the monochromatic radiation intensity in 
arbitrary units. At that the intensity of the 
incident synchrotron radiation was measured 
using the TEY from the clean Au photocathode. 
A TEY was divided into cross section value of 
the atomic Au[11]. Reduction of the cross 
section to absolute scale may be done by means 
of the calibration with using the known values of 
sum partial F1s oscillator strength in the region 
40 eV above absorption edge. The energy 
resolution of the monochromator in the region of 
the F1s absorption edge (690 eV) at Cff = 1.6 did 
not exceed 0.1 eV. In the fig.1. are shown the 
spectral dependences of the transmission 
synchrotron radiation intensity in the arbitrary 
units through the free Ti-film (red) and Ti-film 
with the slayer CaF2 of the thickness 150nm 
(black), which was obtained from the TEY of the 
CsI-photocatode. In the fig.2. is shown the 
spectral dependence of the synchrotron radiation 
intensity in the arbitrary units, which was 
obtained from the TEY of the clean Au dividing 
by σ of the atomic Au (blue), and the spectral 
dependence of TEY in the vicinity F1s-edge 
CaF2 (red). In the inset is shown the cross 
section dependence CaF2 obtained by TEY 
method in the result of normalization by the sum 
partial F1s oscillator strength.  
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Fig.2. The spectral dependences of the intensity 
synchrotron radiation obtained by Au photocathode 
(blue) and TEY of CaF2-film (red). In the inset is 
shown the cross section dependence of CaF2 obtained 
by TEY method. 
 
In the fig.3 are shown the cross section spectral 
dependences of CaF2 obtained by TEY and 

transmission methods. Evidently, that these 
dependences have differed within the range 30% 
from the sum atomic cross section (blue point) 
[11] for the energy 676.8 eV. 
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Fig.3. The cross section dependences of CaF2 
obtained by TEY method (black) and transmission 
method (red). 
 
In the fig.4 are shown the cross section spectral 
dependences of CaF2 normalized at one atom of 
F and the atomic cross section dependence [14]. 
Evidently, that every these dependences fit one 
another. 
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Fig.4. The partial F1s cross section dependences of 
CaF2 (normalized at one atom F) obtained by TEY 
method (black) and transmission method (red). The 
atomic cross section dependence [14] mark off the 
blue-line.  
 
In the fig.4 are shown the sum oscillator strength 
spectral dependences of CaF2, CF4 molecules  
(black)[13], BF3 (blue)[12] normalized at one 
atom of F and atomic F[14]. Evidently, that 
every these dependences fit one another too. 
This fact allows carrying out the normalization 
of partial F1s spectra of ScF3 and K2TiF6 to the 
absolute cross section scale.  
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Fig.5. The spectral dependence of the sum partial 
oscillator strength in the region F1s absorption edge 
of CF4 (black)[13], BF3 (blue)[12] and CaF2 (red, 
present work) normalized at one atom F.  The sum 
partial atomic F1s oscillator strength dependence [14] 
mark off the dash-line 
 
In the fig.5 are shown the cross section spectral 
dependences of CaF2, ScF3 and K2TiF6 
normalized at one atom of F obtained by TEY- 
method. 
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Fig.5. The partial F1s cross section dependences of 
CaF2, ScF3 and K2TiF6 (normalized at one atom F) 
obtained by TEY method.  
 
The investigations shown that by TEY- method 
may by used to obtain the absolute partial F1s 
cross section of 3d-metal fluorides with using 
the sum partial F1s oscillator strength for the 
absolute scale normalization. 
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The orthorhombic rare earth manganites RMnO3 (R = Dy, Tb, Gd) belong to a group of materials 
that shows a complex interplay of magnetism and electric polarisation. They contain two 
different magnetic ions, manganese and a rare earth metal, whose spins show several stages of 
magnetic ordering. At room temperature these materials are paramagnetic. On cooling, the first 
magnetic phase transition occurs around 40 K, where the Mn moments order in a sinusoidal spin 
density wave whose period changes with temperature. For R = Dy and Tb, at a second transition 
the Mn order locks into a helicoidal spin density wave in the bc plane. The rare earth ions order 
magnetically at temperatures below about 7 K. Both DyMnO3 and TbMnO3 show a spontaneous 
electric polarization below the intermediate lock-in transition, while GdMnO3 shows a significant 
ferroelectricity only in applied magnetic fields. 

In TbMnO3, the electric polarisation sets in 
below 28 K, and rises gradually towards 
lower temperatures (see Fig. 1). The Tb 
ordering transition at TTb = 7 K, causes only 
a small signature in the electric polarisation. 
This is in contrast to the behaviour of 
DyMnO3 for which we have shown [2] that 
an induced Dy ordering with the same 
periodicity as the Mn causes the significant 
enhancement of the electric polarisation in 
the intermediate temperature range 7 K < T
< 18 K (see Fig.1). Below 7 K, the induced 
ordering is replaced by an independent Dy 
ordering with a different propagation vector. 
The basic aim of our experiments was to 
understand the origin of the different 
behaviour of DyMnO3 and TbMnO3.

We have reported our results on DyMnO3 [1,2] in the BESSY Highlights 2006 (p. 10f.). Here, we 
summarize new results on TbMnO3 [3] mainly obtained in 2007. Combined x-ray resonant 
magnetic scattering (XRMS) and x-ray diffraction (XRD) experiments were carried out at the 7T-
wiggler beamline MAGS operated by the Hahn-Meitner-Institute at BESSY. Measurements were 
carried out both at the Tb L2, 3-edges and non-resonant at 12.4 keV. The sample was cooled down 
to 1.6 K using a new “cryogen-free” closed-cycle based cryostat. 

Fig. 2 shows the temperature dependence of several superstructure reflections related to the 
magnetic ordering. The XRMS data (a,b) monitor the Tb magnetic ordering, while the non-

resonant XRD data (c,d) reflect the Mn magnetic ordering with propagation vector Mn  0.28 b*
and the associated second order lattice distortion, respectively. These data clearly show the three 
stages of magnetic ordering. 

Fig. 1: T-dependence of the electric polarisation 
of various or-RMnO3 compounds (Goto et. al.) 
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Below 7 K the Tb and Mn 
moments are magnetically 
ordered with propagation vectors 

Tb = 0.4285(10) b* and Mn

= 0.2860(10) b*, respectively. It 
is interesting to note that these 
values appear to be exactly the 
rational numbers 3/7 and 2/7. 

Thus, Tb and Mn appear to be 
closely related – a fact that has 
been overlooked in the previous 
work on TbMnO3. Above 7 K 
the Tb ordering vanishes. 
However, an induced Tb 
ordering with the same 
propagation vector as the Mn 
ordering still persists up to about 

28 K. The value of Mn exhibits a 
significant shift above 7 K, 

reaching a plateau value of Mn = 
0.274(1) b* until is shifts again 
significantly above about 30 K. 

The most important result of this work is the close relation between the propagation vectors of 

the Tb and Mn magnetic ordering. Actually, a relation 3 Tb - Mn = 1 holds for any available data, 

even from neutron scattering where the experimental values of Tb and Mn are slightly different 
from the ones observed here. This means, the Mn propagation vector and the third order 
harmonic of the Tb propagation vector match. This is why below 7 K XRMS reflections related 

to Mn still persist (Fig. 2(b)), in contrast to the behaviour of DyMnO3 where this type of 
reflection vanishes below the Dy ordering temperature. 

Our data show that the Tb and Mn orderings are coupled at any temperature below 30 K. 
Between 7 and 30 K, the Tb ordering is induced by the exchange field from the ordered Mn 

moments and Tb = Mn. Below 7 K the Tb moments order themselves, however, with a novel 

matching of Tb and Mn wave vectors, 3 Tb - Mn = 1. 

A theoretical explanation of the observed behaviour can be given on the basis of a one-
dimensional ANNNI Ising model for the Tb magnetic ordering, assuming it is coupled to a 
periodic external field produced by the Mn-spin ordering [3]. This model not only reproduces the 
observed behaviour in a narrow range of parameters but it also explains why, with other 
parameters, the related compounds DyMnO3 and HoMnO3 behave differently. 
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absorption and photoelectron spectroscopies 
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Intercalation and functionalization are the ways to modify atomic and electronic structures 
of carbon nanotubes (CNTs) [1,2]. The fluorination of CNTs is usually viewed as a first stage of 
their chemical functionalization [3]. The products of the fluorination are usually affected by the 
content of fluorine. Nevertheless, the details of the fluorination process, the type of the bond 
between the carbon and fluorine atoms in particular, are still far from being completely 
understood. Control of the structure of the fluorinated units may help to optimize their function in 
special applications. In this work, the high-resolution near edge X-ray absorption fine structure 
(NEXAFS) and X-ray photoelectron (XP) spectroscopies are used to elucidate the nature of 
chemical bonding between carbon and fluorine atoms on the surface and inside fluorinated 
multiwalled CNTs (MWCNTs). These methods are very suitable for probing the chemical 
bonding in polyatomic systems due to their atomic selectivity and high chemical sensitivity [4,5]. 

The MWCNTs of 10-30 nm outer and 2-4 nm 
inner diameters and about 1 µm length were obtained 
by arc-discharge method [6]. The MWCNTs were of 
high quality and contained practically no amorphous 
carbon contamination. The MWCNTs were 
fluorinated at a temperature of 420 oC in a flow of F2 
diluted with N2 and contained gaseous HF as catalyst 
[7]. The fluorinated MWCNTs investigated in this 
work were characterized by chemical methods and 
estimated to have about 15 wt.% fluorine 
(MWCNTs+F15wt.%). Measurements were 
performed at the Russian-German beamline at the 
BESSY II. NEXAFS spectra of pristine MWCNTs 
and MWCNTs+F15wt.% were recorded at the C 1s 
and F 1s absorption edges in the total electron yield 
mode with photon energy resolution of 75 and 150 
meV, respectively. The XPS spectra were recorded 
with the exciting photon energy of 485 eV with the 
total energy resolution of 200 meV using Phoibos 
150 analyzer. Highly oriented pyrolytic graphite 
(HOPG) and white graphite fluoride (WGF, F 62.4 
wt.%) [8] were used as reference samples.  

In Fig. 1 the NEXAFS spectra at C 1s edge 
of MWCNTs, MWCNTs+F15wt.%, HOPG and 
WGF are shown. The NEXAFS spectrum of HOPG 

(taken under 45 incidence angle) has a very well known shape with main structures A, B and C. 
The low-energy peak A at 285.45 eV corresponds to the C 1s→C 2pzπ, the absorption feature B at 
291.8 eV and C at 292.9 eV are associated with the C 1s→C 2px,yσ transitions. Those absorption 

Fig. 1. C 1s NEXAFS spectra of HOPG, 
initial MWCNT, MWCNT+F15wt.% 
and WGF. 
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structures are characteristic for the chemical bonding in the graphene layer. The C 1s NEXAFS 
spectrum of pristine MWCNTs is very similar to that of HOPG. In contrast, the C 1s NEXAFS 
spectrum of WGF has several new features: the absorption features B1* at 289.9 eV, C* at 293.8 
eV and the isolated band E*-F* at 305 eV. The structure B1* and C* can be attributed to the 
electron transitions to the empty C 2p - F 2p hybridized electron states, the occurrence of the 
band E*-F* reflects the change in the coordination of the carbon atoms as demonstrated early [8]. 
The fine structure of the C 1s NEXAFS spectrum of MWCNTs+F15wt.% resembles that of 
WGF. As no other spectral features appears in the NEXAFS spectrum of MWCNTs+F15wt.%, 
we can conclude that the chemical bonding between the F and C atoms at the probing depth 
providing by this method (about 15 nm [4]) is similar to the bonding in WGF. Additionally, from 
the previously reported NEXAFS measurements on fluorobenzenes [9] the energy position of the 
absorption features associated with the C-F bond in the graphene plane are known and can be 
used as a finger-print for this type of bonding. The direct comparison of these absorption features 
in C6F6, WGF and MWCNTs+F15wt.% confirms that fluorine atoms do not substitute carbon 

atoms in graphene layer but they are 
bonded perpendicularly to it thus forming 
C 2pz - F 2p bond. The fluorine 
concentration dependence of the electronic 
structure of the fluorinated MWCNTs was 
investigated with NEXAFS earlier [8] and 
it was found that the highly fluorinated 
MWCNTs are very similar to the WGF. 

In Fig. 2 the C1s and F1s NEXAFS 
spectra of MWCNTs+F15wt.% are shown 
aligned in energy using measured energy 
separation (398.4 eV) between the F 1s 
and C 1s core levels. By comparing the 
absorption fine structures in these spectra 
one can see that characteristic peaks B1* 
and C* are of near-equal energy positions 
in both spectra, 3.7 eV (4.3 eV) and 8.3 eV 
above the peak A in the C 1s spectrum. The 
energy misalignment of peaks B1* can be 
explained by the different strength of the 

core hole potential at carbon and fluorine sites. This finding gives additional evidence for a 
covalent bonding between the carbon and fluorine atoms in F-MWCNTs. Moreover, the absence 
of the absorption feature A in F 1s NEXAFS spectrum indicates that in the MWCNTs+F15wt.% 
two different type of carbon atoms present: carbon atoms with pure C-C bonding and those with 
C-F bonding. That means that the fluorination process for this fluorine concentration is not fully 
complete. 

In Fig. 3 the C 1s XPS spectra of MWCNTs, MWCNT+F15wt.% and MWCNT+F55wt.% 
taken at 485 eV photon energy are shown. In contrast to the spectra of MWCNTs or HOPG (not 
shown) where only main C 1s peak A at the 284.8 eV binding energy is present, in the spectra of 
MWCNTs+F15wt.% a high energy shoulder A1 at 285.5 eV and a second strong peak B at 288.8 
eV binding energies appear. These new structures in the C 1s XPS spectra are caused by changes 
in the binding energy of 1s electrons of some carbon atoms chemically bonded to the fluorine 
atoms in the fluorinated MWCNTs at the probing depth providing by these measurements (about 
0.7 nm [4]). Moreover, the presence of the shoulder A1 and the peak B indicates the existence of 
more than one type of the C-F phases at the very-surface region of the fluorinated 

285 290 295 300 305 310 315

NEXAFS

 B2*

 F*
 E*

 D2* D1*

 E*

 C*

 J

 C*
 B2*

 B1*

 D2*
 D1*

 F*

 B

 B1*
 A

 

 

 C1s

 F1s

MWCNT+F15%

Ab
so

rp
tio

n 
(T

ot
al

 E
le

ct
ro

n 
Y

ie
ld

)

Photon Energy (eV)
Fig. 2. Comparison of C 1s and F 1s absorption 
spectra of MWCNT+F15wt.%. F 1s absorption 
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MWCNT+F15wt.%. The intensity ratio of peaks A and B is a finger-print of the fluorine 
concentration in the fluorinated MWCNTs. 

In conclusion, the combined 
investigation of the fluorinated MWCNTs by 
highly chemically sensitive X-ray methods is 
presented. It was observed that fluorination 
process of MWCNTs under consideration is 
accompanied by chemical bonding between 
fluorine and carbon atoms. Fluorine atoms do 
not substitute carbon atoms in graphene 
layers of MWCNTs but they add 
perpendicularly to them as a result of 
covalent mixing between C 2pz and F 2p 
states. In this case the coordination of carbon 
atoms changes from sp2-triangular to sp3-
tetrahedral one and the C-F bond is dominant. 
The fluorination of MWCNTs is a depth-
dependent process: there is limiting depth of 
fluorination for the used fluorination 
conditions and it is not complete even for the 
samples with maximum fluorine content. 
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The development of high-power 
synchrotron x-ray sources and high-resolution 
spectral instruments has stimulated the 
investigations of NEXAFS spectroscopy of 
different polyatomic systems. They are currently 
widely used to study the local electronic structure 
and chemical environment of absorbing atoms, 
but most of this investigations study and analyse 
only energy positions, symmetry and relative 
intensities of the NEXAFS characteristics. 
However, the absolute intensities of transitions 
(absorption cross sections and the related 
oscillator strengths) are generally not measured 
in such studies. At the same time, the oscillator 
strength of the individual x-ray transitions, which 
quantitatively characterize the processes of 
interaction of photons of a certain energy with 
matter and make it possible to verify results of 
calculations, are of particular interest in oscillator 
strength distributions. Experimental data of the 
dipole oscillator strengths spectral distributions 
in a wide spectral range for polyatomic systems 
provide fundamental information expressed in the 
form of sum rules, which directly relate the 
moments of distributions with various physical 
properties [1, 2]. The reason for the absence of 
information about the oscillator strengths of x-ray 
transitions is that direct measurement of absolute 
absorption cross sections is a fairly difficult 
problem. The experimental difficulties increase 
even more when synchrotron radiation (SR) is 
used since the existence of a scattered 
nonmonochromatic background, a high intensity 
of second-order diffraction radiation, and the 
presence of impurities on optical elements of the 
monochromator may lead to the occurrence of an 
additional structures and distort of the 
photoabsorption cross sections. The method of 
the total electron yield (TEY) for investigations 
of  the absolute using SR was approved recently 
[3]. 

In this work, we present the result of the 
NEXAFS investigations of the highly ordered 
pyrolytic graphite (HOPG) C1s-spectra, it is a 
basic system for carbon nanotubes studies [4]. 
HOPG is ideal layer (two-dimensional) structure, 
where σ-orbitals lie within the basal plane, while 
π-orbitals are directed perpendicular to the basal 

plane. The NEXAFS of the C1s - absorption 
spectrum was obtained using SR at the Russian – 
Gemany soft-x-ray beamline at BESSY-II [5]. 
The energy resolution of the monochromator in 
the region of the C1s absorption edge (290 eV) 
did not exceed 0.1 eV.  

The NEXAFS of C1s-spectra of HOPG 
was investigated by using the titanium filter, 
which depresses the long wave background and 
evaluates the intensity of second-order diffraction 
radiation [4, 6] (fig.1).  The intensity of the 
incident SR was measured using a TEY from a 
clean Si photocathode (curve 1). The spectral 
dependence of the SR intensity in the arbitrary 
units was obtained from the TEY of the clean Si 
dividing by of the atomic photoabsorption cross 
sections Si [7] (2). As seen, after using of Ti-
filter the scattered nonmonochromatic 
background gets no more than 3% (a gup in 
region of Ti2p-edge absorption ~460 eV) and the 
synchrotron radiation intensity is smooth in 
comparison with TEY of HOPG (3).  
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Fig.1. The TEY spectral dependence of clean Si (1), 
intensity synchrotron radiation (ratio TEY Si/atomic 
absorption cross section Si [7]) (2) and TEY of HOPG 
for angle of incidence of 500 (3) 
 

Then, after dividing TEY of HOPG (3) by 
the intensity of synchrotron radiation (2) we 
obtained photoabsorption cross sections of 
HOPG in the arbitrary units. The monochromator 
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energy scale was calibrated using the first sharp 
transition, located at 285.38 eV. [8]. Spectral 
dependences were reduced to the absolute scale 
by means of the calibration using the known 
values of the atomic cross section [7] with the 
long-length side (277,2 eV, σ=0,039 Mb) and 
with the short-length side (392,0 eV, σ=0,499 
Mb) from C1s–edge)  
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Fig.2. The spectral dependences of absorption cross 
section of HOPG in extended energy range. Points are 
atomic absorption cross section, and dush lines are 
their extrapolation [6]. 
 

The photoabsorption cross sections near hν 
~ 250–450 eV are present in Fig.2 There are 
atomic absorption cross section (points), and their 
extrapolation  with the long-length side and with 
the short-length side from C 1s–edge (dush lines) 
[6]. It is essentially that these measurement cross 
sections correspond to contrary occasions. Thus, 
at normal incidence (900), the electric field vector 
is parallel to the surface (in the plane of the σ*-
orbitals) and normal to the π*-orbitals, and at 
glancing incidence (200), the electric field vector 
has a large projection onto the π*-orbitals 
Accordingly, in the first case C1s→σ* transitions 
dominate (red line), conversely in another side it 
is C1s→ π* transitions (blue line).  

Subtracting the first curve from the second, 
we obtain the difference between spectra at 
glancing and normal incidence of SR on HOPG 
(fig. 3), and we may propose that sharp peak with 
shoulder in 285-290 eV and wide band near 320 
eV  are transitions to final-state of π-symmetry, 
while the structure in region  295 – 310 eV – σ-
symmetry. This interpretation has a good 
agreement  with previous investigations of 
HOPG [4,8-10]. 

Figure 4 shows the changes in NEXAFS of 
the absorption cross section at different incident 

angles for HOPG (from 200 to 900). The first 
sharp π*-resonance occurs at approximately 285 
eV; broad σ* resonances occur in the region from 
290 to 310eV. It is seen, that the intensity of this 
resonance is highly attenuated. The intensity of 
the σ*-resonance increases with respect to  the 
extension of the incidence angle, but the intensity 
of the π*-resonance reduces.  
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Fig.3. The difference between absorption cross section 
of HOPG for small (200) and large (900) incident 
angles.  
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Fig.4. The spectral dependences of the absorption 
cross section in the vicinity 1s - absorption edge for 
different angles of incidence. 

 
The obtained above absolute absorption 

cross section allows to calculate both the 
oscillator strengths of some transitions and 
distribution of oscillator strengths along spectra. 
The oscillator strengths of π*-shape resonance 
(285 eV) by fitting to a Gaussian, is shown on 
fig. 5. As known, for dipole transitions excited by 
polarized light the intensity varies as sin2α (α is 
the glancing incidence angle), and there is lineal 
dependence in our case.  
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Fig.5. The oscillator strengths of π*-shape resonance 
(285, 38 eV) at different angles of incidence. 
 

Fig. 6 shows the spectral dependences of 
the sum partial oscillator strength (Σf). This 
dependence was obtained by subtracting the 
absorption high shells contribution from the cross 
section in the region C1s edge (bottom dash line 
in fig. 2). As seen, these curves are very close 
(within experimental errors) even at ~20 eV. 
Then at higher photoelectron energies the  Σf(ε) 
curves for these molecules change in a similar 
manner (atomic-like) (black line).  

To the one electron approximation, this 
sum rule is valid for each nl electron  subshell. 
The nl-partial photoabsorption cross section for 
the atom in a polyatomic system at high energies 
of photons hν >>Enl represent to a large extent 
the absorption by free atoms, whereas the 
considerable changes in the atomic  distribution 
are observed in the vicinity of the ionization 
energy  Enl of the electron subshell. These 
changes are evidently caused by the  features of 
the molecular potential of the polyatomic system. 
In our case at high photoelectron energies the  
Σf(ε) curves for carbon atoms in HOPG  (per one 
carbon atom) have to coincide very closely since 
CK absorption spectrum is atomic-like far from 
the CK threshold.  

The investigations have shown that with 
using TEY method it is possible to measure the 
total and partial C 1s oscillator strength of HOPG 
with different SR incident angles. At that, the 
reducing to the absolute cross section scale may 
be done by calibrating the known values of the 
atomic cross section [7] before (277,2 eV) and far 
from the C 1s absorption edge (392,0 eV). Have 
found that for different SR incident angles on the 
HOPG strong redistribution of oscillator strength 
between C1s→σ* and C1s→ π* transitions takes 
place. But the oscillator strength sums in the 
vicinity 30 eV above the C 1s threshold are equal 
to 10%. 
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Fig.6 The spectral dependences of the sum partial 
oscillator strength  of NEXAFS of C1s-spectra of 
HOPG and atom of carbon [6]. Zero of the energy 
scale is equal  C1s→ π* transitions (285,38 eV) 
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 The ultimate optical performance of multilayer mirrors which are used in a variety of 

fields such as SR-beamlines, EUV lithography and fluorescence analysis systems (XRFA) is 

mainly determined by the quality of the interfaces between the individual layers. Small roughness 

and low interdiffusion is essential to get a small interface width of which the technological 

boundary is presently approximately 0.25 nm. Roughness leads to a loss in reflectivity and in 

simulations and fitting procedures this is usually taken into account in form of a Debye-Waller 

factor yielding a roughness parameter sigma for each boundary. No information on the chemical 

nature of the interfaces can be obtained, however, by this method. Recently it was demonstrated 

that HIKE is a powerful non-destructive tool to investigate electronic properties of bulk materials 

as well as buried interfaces. Thus this technique allows the correlation of interface roughness 

with core level photoelectron profiles by analysing the shape and chemical shift of the core levels 

and this is the aim of the present work. 

 State-of-the art Mo/Si multilayers to be used for EUV-lithography and polarisation 

analysis were investigated by means of high kinetic energy photoemission. The measurements 

were performed at the KMC-1 beamline employing the HIKE end-station. A specific example 

refers to the Mo/Si sample that has a multilayer repetition spacing of d=2.52 nm. To control the 

interfacial quality of the multilayers, the samples were heated to a preset temperature, and then 

subsequently cooled to room temperature, at which time the spectra were taken. The heating step 

was 50
o
C. The evaluation of the recorded data for 2010 eV excitation energy show different 

energy shifts occurring in the energy position of the core levels belonging to Mo and Si.  
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Figure 1. Mo 3p3/2 core level recorded at 2010 eV and as a function of sample temperature. 

Figure 2. Core level energy shifts as a function of temperature. 

Figure 1 shows as an example the energy shift of the Mo 3p3/2 core level as a function of 

temperature. The shift amounts to 0.15 eV. All the recorded core levels exhibit energy shifts as a 

function of temperature, shifts which are summarized in Figure 2. All core levels shift towards 
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higher binding energy without indicating any saturation. The energy shifts are suggested to 

originate from the quality of interfaces found in the multilayer sample [1, 2]. Moreover the full 

width half maximum (FWHM) of the Mo 3p3/2 is increasing dramatically above 150º C 

suggesting the appearance of a new component (MoSi2) at the interface, located approximately 

0.1 eV BE above the main peak (Figure 3). This indicates a uniform degradation of the interfaces 

throughout the sample as the temperature is increasing.  

The structural changes found in the sample are also 

found in the reflectivity measurements shown in 

Figure 4. The data were fitted and the parameters 

obtained are shown in Table 1. In the case of the 

annealed sample, a layer of MoSi2 has been 

introduced in between the Si and Mo layers for 

attaining a better fit. The parameters indicate a 

change in the interface roughness and a poorer 

reflectivity after heating.  

The experiments on Mo/Si multilayer system 

indicate a slow deterioration of the interface quality 

as a function of annealing temperature. These 

conclusions are supported by the reflectivity 

measurements performed on the multilayer before 

and after annealing. 

Further investigations on different multilayer 

systems are required for a better understanding of 

the correlation between the core level shifts and the changes found in the reflectivity 

curves/Bragg peaks.  
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Non-annealed: 
 Density 

[g/cm
-
3] 

Thickness 

[nm] 

Roughness 

[nm] 

Si top 

layer 

2.3 2.5 0.3 

Mo 7.5 1.165 0.23 

Si 2.4 1.2 0.45 

Annealed: 
 Density 

[g/cm
-
3] 

Thickness 

[nm] 

Roughness 

[nm] 

Si top 

layer 

2.4 3.0 0.5 

Mo 7.0 1.33 0.25 

MoSi2 4.35 0.59 0.25 

Si 2.0 0.6 0.25  

Figure 4. Reflectivity measurements performed on the 

non-annealed and annealed Mo/Si multilayer sample. 

Table 1. The parameters obtained from 

the fit of the reflectivity curves for the 

non-annealed and annealed Mo/Si 

samples. 
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Microstructure formation at the surface of the 
intercalation system Rb:TaS2
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¹Christian-Albrechts-Universität zu Kiel, ²BESSY

1. Motivation

Transition  metal  dichalco-
genides (TMDC) are known to have 
a layered crystal structure, in which 
a  transition  metal  sublayer  is 
surrounded  by  two  chalcogen 
sublayers  (fig.  1).  Covalent  bonds 
constitute a  layer,  while only weak 
van  der  Waals  forces  act  between 
neighboring  layers.  Thus,  cleaving 
such  crystals  along  the  inter-layer 
plane is easy. At surfaces created in 
this  way,  only  small  deviations  in 
the surface electronic structure exist 
with respect to bulk conditions. This 
is due to the lack of dangling bonds or surface 
reconstructions.  In  the  TMDC family,  metals, 
semiconductors,  superconductors,  and 
insulators can be found.

The behavior of TMDC when alkali metals 
are adsorbed onto the surface is still a hot topic 
since many different effects can occur, each of 
them not  well  understood  yet  and  potentially 
interacting with one another. A system that has 
been directed much attention to in the past  is 
Tantalum disulphide  with  adsorbed  Rubidium 
(Rb:TaS2).  Intrinsic  TaS2 is  a  metal  that 
becomes insulating when a critical surface Rb 
concentration is exceeded[1].

Some TMDC-alkali  systems,  among them 
Rb:TaS2,  tend  to  intercalate  adsorbed  alkali 
metals. In this process, the adsorbate becomes 
incorporated into the crystal and is then stored 
inside  the  van  der  Waals-gaps  between  the 
layers. Many mechanisms for the adsorbate to 
penetrate  the  crystal  have  already  been 
suggested.  But  so  far,  none  of  the  theoretical 
explanations  are  sufficiently  backed  by 
experimental data.

Furthermore,  the  formation  of  self-
organized  nanowire  networks  has  also  been 
reported for Rb:TaS2 in the past [2].

Like  almost  all  TMDC,  TaS2 has  been 
subject  to  angle-resolved  photoemission 
spectroscopy (ARPES) studies for a long time, 
revealing the metal-insulator transition and the 
intercalation  of  adsorbates  by  mapping  the 
electronic  structure  in  k-space,  but  usually 
neglecting spatial information. The aim of this 
project  is  to  gain  spatially  resolved 
spectroscopic  data.  Especially  studies  of 
nanowire growth can benefit from the excellent 
spatial resolution of the photoemission electron 
microscopy  (PEEM)   setup  at  beamline 
UE49/PGM-a.

2. Experimental

The  TaS2 crystals  were  grown  using 
chemical  vapor  transport  with  iodine  as 
transport  agent.  The  process  parameters  were 
chosen such that the raw materials condensate 
in the 1T crystal structure (fig. 1). The samples 
were  prepared  by  gluing  them  between  the 
sample holder and a metal pin. That way, clean 
sample surfaces could be obtained by shearing 
off  the  pin  under  ultra  high  vacuum  (UHV) 
conditions.  This  procedure  usually  gives  flat, 

Figure 1: Layered structure, Brillouin zone and unit cell with stacking 
order for the most common crystal structures of TMDC.
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Microstructure formation at the surface of the intercalation system Rb:TaS2

reflecting  surfaces  without  visible  steps.  A 
survey  of  the  sample  surface  using  PEEM 
showed that typically 90-95% of the surface 
area is free of defects.

A  standard  SAES  Getters  Rubidium 
dispenser  mounted  to  the  preparation 
chamber was used to expose the sample to 
Rb in UHV at room temperature.

During  the  experiments,  the  Rb 
concentration on the surface was raised in a 
few  equidistant  steps.  At  each  level, 
microscopic  images  and  spatially  resolved 
photoelectron spectra were taken at  several 
selected  positions.  This  procedure  gave  a 
profound  insight  into  the  evolution  of  the 
clean surface at homogeneous spots as well 
as defects.

3. Results

The  well-known  metal-insulator 
transition could be observed after only one 
evaporation  step  of  120  s  at  a  dispenser 
current of 6 A. This result matches previous 
experiments  done  in  2006  at  the  same 
experimental  station.  Although  the  surface 

Rb  concentration  did  not  exceed  the 
transition  threshold  much  [1],  the  valence 
band  measurements  did  not  suggest  local 
deviations  from the average behavior.  This 
holds for homogeneous areas as well as for 
the vicinity of defects.

In  earlier  measurements,  the  metal-
insulator transition had been accompanied by 
the creation of crack networks at the surface. 
This phenomenon did not occur with a new 
sample  and thus  seems  to  depend strongly 
on  sample  parameters  such  as  growth 
conditions. Cracks could also not be found at 
higher Rb concentrations.

In  TaS2,  intercalated  Rb  can  be 
distinguished  from  surface  atoms  by  two 
spectral features. First, the Rb 3d core level 
is shifted to higher binding energy by up to 
1eV. Second, the splitting of Ta 4f substrate 
peaks  is  affected.  Unfortunately,  these 
indicators cannot be applied here due to the 
low  energy  resolution  of  the  electron 
analyzer.

Nevertheless,  analyzing  the  secondary 
electron  spectrum  clearly  shows  local 
variations  of  the  work  function  of  several 
100 meV, located in spots of about 10 down 

Figure 2: "Dark islands" indicating intercalated Rb. Starting from crystal impurities, islands grow 
with very different boundary shapes. Further deposition of Rb does not extend the area with 
intercalated rubidium.
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to a few microns diameter (fig. 2). Although 
these spots do not necessarily emerge from 
defects,  almost  all  of  them are  attached to 
cleavage-induced cracks. In the rest of cases, 
local  perturbations  of  the  crystal  structure 
such as grain boundaries are supposed to be 
present,  but  not  to  be  visible  with  PEEM 
imaging. The change in work function on the 
spots  is  always  accompanied  with  a 
significant lower intensity of the Rb 3d peak. 
Due to the homogeneous deposition and the 
rather low mobility of Rb at the surface even 
at  room  temperature,  this  effect  cannot 
originate  from  a  concentration  gradient. 
Therefore,  it  may  be  concluded  that  the 
decreased  intensity  across  the  spots  is  a 
consequence of Rb atoms located below the 
surface, i.e. intercalated. These intercalation 
islands  appear  at  a  Rb  coverage  near  the 
metal-insulator  transition  threshold.  After 
their   creation,   no  evolution  of  the  areas, 
especially  no  further  growth,  could  be 
observed.

The measurements also revealed another 
class of features that seem to contradict the 
assumption  of  homogeneous  adsorbate 
coverage:  Point-shaped  impurities  of  the 
clean  surface  show  a  large  increase  in 
emission intensity upon each Rb deposition 
step (fig. 3). They can obviously be regarded 
as  spikes  standing  upright  on  the  surface. 
Spectroscopy  unveils  a  strongly  increased 
density of Rb at these sites. Wether the Rb is 
more  likely  to  stick  at  these  sites  when 

evaporated  or  this  is  a  result  of  post-
deposition  accumulation  has  yet  to  be 
clarified.

4. Conclusion

The  PEEM  experiments  at  BESSY  gave 
valuable  information  on  the  TaS2 surface 
after  alkali  metal  deposition,  resulting  in 
new insights into structure formation at the 
transition  threshold  of  the  metal-insulator 
transition and far beyond. The structure size 
and  the  low  percentage  of  the  surface 
covered  with  the  features  discussed  here 
make  the  high  spatial  resolution  of  the 
electron microscope crucial to inspect them 
in  detail.  Understanding  the  mechanisms 
leading  to  structure  formation  might  also 
result in a better understanding of the metal-
insulator  transition,  intercalation  processes, 
and the creation of self-assembled nanowire 
networks  on  TMDC  surfaces.  Spatially 
resolved  spectroscopy  techniques  such  as 
PEEM  will  also  provide  lots  of  new 
information on other systems with a TMDC 
substrate in future experiments.
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Figure 3: High emissive spots show up an increased concentration of rubidium. They become brighter when more 
Rb is deposited.
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Organic materials are considered very appealing not only because of their academic interest as new 
class of materials but also because of their use in electronics. Diindenoperylene (DIP, C32H16) is a 
perylene-based molecule that shows high thin film hole mobility [1], good film forming properties and 
thermal stability [2, 3]. Its use as active layer in a device could improve performance and lifetimes. 
The potential of TiO2 applications is enormous, ranging from medicine to electronics [4, 5]. 
Nowadays, TiO2 thin films are useful for applications like catalysis, optical coatings for selective 
filters, photovoltaic cells, and sensors. It is easily understandable that the coupling of two such 
excellent materials is considered an important step in device engineering. 

We focus on two main topics:  

(i) Electronic properties of DIP, especially at the interface DIP/TiO2 (the latter as a single crystal).  

(ii) Study of the growth mechanisms, molecular orientation, layer homogeneity, and structural order.  

We have shown that the molecular orientation of low molecular compounds can be radically different 
in thin films and at the interface, critical region for determining device properties. At constant 
preparation conditions, the growth is influenced by a different mutual strength of molecule–molecule 
and molecule–substrate interactions [6]. Therefore, the study of the influence of TiO2 on DIP growth 
(e.g. substrate roughness and morphology) and intermolecular interactions is very important.  
In this report, we present X-ray photoemission spectroscopy (XPS), and highly resolved near-edge X-
ray absorption fine structure (NEXAFS) spectroscopy measurements taken on DIP thin films of 
different thicknesses deposited on a TiO2(110) single crystal.  
The measurements were performed at the beamline UE52-PGM at BESSY. This beamline is 
characterized by a plane grating monochromator. The photon energy ranges from 100 to 1500 eV, 
with an energy resolving power of E/∆E= 10500 at 401 eV (cff=10, 10 µm exit slit). The main 
chamber (base pressure 2x10-10 mbar) is equipped with a standard twin anode x-ray source, a 
SCIENTA R4000 electron energy analyzer, and a home-made partial electron yield detector.  
A clean well-characterized rutile TiO2(110) surface was prepared by briefly bombarding with Ar+ ions 
(500 eV), followed by annealing in UHV at 830 K, yielding a crystal with a pale blue color, a sharp 
(1x1) LEED pattern, and a Ti 2p photoemission spectrum showing only a very weak low binding 
energy shoulder most commonly attributed to the presence of surface nonstoichiometry due to oxygen 
vacancies [7]. Thin films of DIP were prepared by organic molecular beam deposition (OMBD) in-situ 
using strictly controlled evaporation conditions. We used two substrate temperatures Tsub= room 
temperature (RT), and 400 K. The deposition (deposition rate: ~3 Å/min) was monitored with a 
quadrupole mass spectrometer. The nominal thickness was measured with a quartz micro-balance and 
cross-checked by using the attenuation of the XPS substrate signal, after DIP deposition. We carried 
out NEXAFS measurements in the partial electron yield mode in grazing incidence (70°). In order to 
investigate the molecular orientation in the films we took advantage of the dependence of the 
NEXAFS spectra on the polarization of the incident radiation [8]. Hence, we measured the spectra by 
using both in plane (s-pol) and out of plane (p-pol) polarized synchrotron radiation, tuning the 
polarization by means of the undulator. Finally, the spectra were normalized using the I0 current and 
the substrate signal [9, 10]. The energies have been carefully calibrated according to reference 10.  
Figure 1 shows the C-K NEXAFS spectra obtained from 3.4 (a), 7 (b), and 23 Å (c) of DIP deposited 
on TiO2(110) at RT. The spectra were taken in grazing incidence for p- (black curves) and s- (red 
curves) polarization. Two main groups of π∗-resonances dominate the 282-288 eV photon energy 
range. These features are due to the transitions from C1s levels of non-equivalent carbon atoms into 
the lowest unoccupied molecular orbital (LUMO) and LUMO+1 [11].  
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The spectra features exhibit strong polarization dependence, indicating a high degree of orientational 
order in the films, and allowing us to determine the molecular orientation from the observed dichroic 
behavior [9]. It is evident that the spectra show an increase of the molecular orientation with strong 
tendency toward the upright standing molecules in thicker films. This is clearly seen since the π∗-
resonance intensities increase with thickness for the spectra taken in the s-polarization.  
The first layer deserves special consideration. The dichroism is not very strong. The calculated 
molecular orientation [8, 12] is 50° for the 3.5 Å thick film. This suggests three possible textures for 

the first layer on top of TiO2(110): i) 50° is the real molecular arrangement, ii) it is a completely 
disordered film, iii) it is characterized by small domains with differently distributed orientation.  
In order to investigate the influence of the preparation conditions, and to gain knowledge on the first 
layer structure, we have also grown DIP films keeping the substrate at 400 K. The spectra are shown 
in Figure 2. Also in this case the dichroism is not very pronounced. The layers show the same dichroic 
behavior as in the case of the first layer deposited on the substrate kept at room temperature. 
We can describe the film growth in terms of atomistic theory of nucleation [13, 14]. The diffusion of a 
DIP molecule on TiO2(110) is the first process in the film growth. Given a certain deposition rate, the 
molecule on the surface can join an existing island or find another molecule to create a new island. 
Usually, this phenomenon is expressed in terms of macroscopic quantities that cannot be known with 

certainty. However, in first approximation, it can be shown that it depends on the substrate 
temperature and of the deposition rate [15, 16]. Thus, changing the substrate temperature, we would 
expect a different nucleation rate and a different energy of the growth process leading also to different 
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Fig. 1: C1s NEXAFS spectra obtained from 3.4 (a), 7 (b), and 23 Å (c) of DIP thin films deposited on TiO2(110) at 
RT The spectra were taken in grazing incidence for p- (black curve) and s- (red curve) polarisation. 

The geometry of the experiment and the molecular structure are also shown. 
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Fig. 2: C1s NEXAFS spectra obtained from 3.4 (a), and 7 Å (b) DIP thin films deposited on TiO2(110) at 
400 K. The spectra were taken in grazing incidence for p- (black curve) and s- (red curve) polarisation. 
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molecular arrangement in the first layer on top of the single crystal for the two different preparations 
temperatures [17]. The comparison of the spectra in Figures 1(a) and 2(a) shows that this not the case. 
As a consequence, this finding suggests that the main role in the molecular arrangement of the first 
layer, and thus on its electronic and structural properties, is played by the presence of substrate 
defects, namely oxygen vacancies.  

We also performed XPS 
measurements (not shown 
here) that give evidence of 
Stranski-Krastanov growth 
(layers + islands) of DIP on 
TiO2(110). 
In conclusion, we propose a 
growth model for DIP on 
single crystal TiO2(110). The 
growth mode is via layers 
plus islands characterized by 
a molecular arrangement with 

the tendency to the upright standing position. The first layers (1 or 2 layers) have characteristics 
dominated by the presence of substrate defects. How strong this influence is and its consequence on 
the molecular arrangement is not yet completely clarified. 
This report is only a first step in order to understand the details of the DIP/TiO2(110) interface by 
using synchrotron radiation techniques. Much more experimental work needs to be done to answer the 
demanding open questions.  
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This experiment aimed at the observation of heterophase fluctuations preceding a (very 
weakly) first order martensitic transformation (MT) in a bulk single crystal in the immediate 
vicinity of the transformation. Effects resembling second order phenomena have been 
observed previously in Au-Cd alloys, however, it is not clear yet how far the analogy to 
second order phase transformations extends. If the similarity is as essential as sometimes 
conjectured [1], a strong temperature dependence of the number of embryonic regions is 
expected. In addition, an analogy to the well known effect of critical slowing down in 2nd 
order phase transitions [2] should be observable as well. The relevant time scales range from 
nanoseconds (phonon assisted nucleation) via very slow dynamics to the static, transformed 
sample [3, 4].  
Coherent x-rays provide a sensitive probe for the fluctuating embryonic regions – if existing - 
via the observation of a time-dependent speckle pattern. 
 
Experimental 
A single crystal from the shape memory alloy Au50.5Cd49.5 (denoted as Au-Cd) with a polished 
(001) surface was used for the experiment. This alloy has a very low latent heat of 

J/g)02.009.2( ±  and exhibits a MT which is close to a 2nd order transformation. Therefore the 
potential structural fluctuations should be pronounced if the appropriate temperatures close to 
TC could be found experimentally. In a previous experiment [5] a hint on non-trivial dynamics 
was found close to the transformation, however could not be resolved due to inadequate 
temperature resolution. Therefore a follow-up experiment was performed. 
For an experimental realization a dedicated sample chamber was brought to beamline EDR, 
providing the indispensable temperature stability better than mK3±  for the intended 
temperature steps of 0.05 K (0.01 K close to TC) in the direct vicinity of the transformation. 
For the observation of the expected fluctuations on a timescale of 240 s to 6000 s a standard 
Bragg geometry was chosen. A horizontal diffraction geometry was used due to higher 
mechanical stability of the setup. A “white” beam together with an energy-dispersive detector 
allowed the simultaneous measurement of the time characteristics of the intensity of the first 
and second order of the (001) Bragg reflection, which vanish at the transition temperature. 
The Bragg angle of 13.2° implied an energy of 7.91 keV for the first order and 15.82 keV for 
the second order diffracted beam. 
In order to coherently illuminate a sample region, a 25 µm pinhole was placed 30 cm in front 
of the sample. The diffracted beam passed a 35 µm pinhole placed 155 cm behind the sample. 
In a first cycle the transformation temperature was found to be approximately 32.4°C. This 
temperature was taken as a reference for a second thermal cycle with high temperature 
resolution. From C9.32 °  on the temperature was lowered in steps of 0.05 K. However, in this 
cycle the transformation temperature changed to TC = 31.91°C. Cycle-dependent or 
fluctuating transformation temperatures are frequently encountered in martensitic materials 
[6], and sometimes are even considered to be an essential feature of athermal transformations 
[7]. Hence a range of about one order of magnitude was covered in reduced temperature 

C

C
T

TTt −= , where 3102.3 −⋅=ht  and 4103.2 −⋅=lt . A more extended temperature range is not 
suggestive because previous experiments indicated time-dependent behaviour only in the 
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immediate vicinity of the transformation. However, measurements at a temperature well 
above ( K40+= CTT ) were included for reference. A typical set of data is shown in Fig. 1. 
For the data evaluation first and second order reflections are separated from each of the 
energy-dispersive spectra and then individually evaluated further by means of detrended 
fluctuation analysis (DFA). In essence, the recorded time series is integrated (denoted 
as )(ky ) and then divided into boxes of variable length n . In each of these boxes a 
polynomial of order m , denoted as )(, ky mn  is fitted to the data and then subtracted as local 
trend. As a last step for all box sizes the average fluctuation 

∑ =
−=

N

k mnN kykynF
1

2
,

1 ))()(()(  is calculated. A linear relationship between ))(log( nF  and 

)log(n  indicates the presence of a power law, i.e. scaling behaviour [8-10]. The data were not 
normalised with respect to the ring current, since the resulting trend is accounted for by the 
detrending procedure up to the order 1−m . The trends present in the data taken during this 
experiment required the application of 4th order DFA whereas in the previous experiment 3rd 
order DFA was sufficient [5]. This difference arises because of the much longer measurement 
times used in the present experiment.  

 
Fig. 1: Typical dataset for one 
temperature close to the phase 
transformation. Note that the 
trend in the data is not only 
caused by the decreasing 
incident beam intensity. The 
observed decrease in measured 
intensity is about 50% whereas 
the beam intensity decreased 
by only 30% during the 
measurement. Furthermore 
(001) and (002) reflections 
often show different trends. 
Each data point is separated by 
a 60 s measurement time with 
a following readout time of 4 s. 
 

 
 
 
Fig. 2: Fourth order DFA of 
measurements with s60  time 
resolution for selected 
temperatures. The slope varies 
between approximately 0.4 and 
1.46. However most of the 
curves show a slope close to 0.5 
indicating essentially uncorre-
lated fluctuations.  
 
 
 

 
Results 
The results of the DFA analysis vary with temperature (Fig. 2), however with no clear trend 
discernible. A quantitative comparison of the slopes shows only a slightly correlated 
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behaviour with an average slope of 01.064.0 ±  for the (001) reflection and 01.058.0 ±  for 
the (002) reflection (Fig. 3). Just at one temperature close to the transformation ( 3104.4 −⋅=t , 
T = 32.05 °C) the slope is significantly higher (1.47) than for all other temperatures. However, 
the significance of this point is unclear, since in the previous experiment a nearby data point 
did not show an exceptional slope. 
 
Conclusion 
In conclusion, intensity fluctuations of Bragg reflections sensitive to a MT have been 
observed on long time scales (240 - 6000 s) by coherent x-rays. The very detailed temperature 
resolution of 50 mK should have allowed to detect any quasi-critical fluctuations if existing. 
Our data indicate that the fluctuations are slightly correlated but close to random for almost 
all temperatures measured, and change, if at all, abruptly at the transformation. The data from 
the (002) reflection are consistent with this interpretation. It seems therefore not justified to 
interpret the various precursor phenomena as signatures of a 2nd order-like phase transition. 
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Fig. 3: left Slopes of 4th order DFA and 3rd order DFA (previous experiment). If the log (F(n)) –
log n plot exhibits a crossover, two slopes were determined and averaged, giving rise to large error 
bars. right Evaluation of the (002) reflection. A systematic change with reduced temperature 
t cannot be observed. 
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Abstract 
The magnetism of a Fe/MnPd ferromagnet-antiferromagnet couple has been investigated by 
means of magnetic resonant soft-X-ray reflectometry. Ferromagnetism is found in the 
nominally antiferromagnetic Mn. By measuring high-quality dichroic reflectivity curves at the 
Mn L-edges a precise magneto-optical depth profile is obtained. The ferromagnetism is found 
to originate from a very narrow region directly at the interface to the ferromagnetic Fe. 
 
 
Introduction 
Bilayers of ferromagnetic and 
antiferromagnetic material in direct contact 
can show the so called exchange bias effect 
[1]. The antiferromagnet couples to the 
ferromagnet and induces a unidirectional 
anisotropy. This results in a shifted 
hysteresis loop and in an increase of the 
coercive field of the ferromagnet [1,2]. 
Uncompensated moments in the AF have 
been suspected to cause the effect however 
a direct proof of this fact has just recently 
been found in FeF2 [3]. Besides 
uncompensated, pinned moments in the 
AF, also non fixed ferromagnetic moments 
can be found [3,4]. To shed further light on 
this ferromagnetism at the F-AF interface, 
we use resonant soft-X-ray magnetic 
reflectometry (XRMR) to investigate the 
magnetic depth profile of such a sample. 
XRMR is a technique which combines the 
structural information of X-ray 
reflectometry with the XMCD effect as 
additional contrast leading to a chemical 
and element selective magnetic depth 
profile [5]. 
 
Experimental 
A bilayer of 75 nm Mn50Pd50 and 7 nm Fe 
with a 1.5 nm Pt cap has been grown on a 
single-crystalline MgO(100) substrate. The 
sample has been prepared by ion-beam 
assisted sputtering in a UHV system with a 
base pressure of 10-9 mbar. The substrate 
has been cleaned and outgassed at 800°C 
prior to sample preparation. Then the 

bilayer has been grown at a sample 
temperature of 85°C to induce a-axis 
growth of the MnPd [6]. After preparation, 
the sample has been annealed at 250°C for 
1h in order to form a chemical ordered 
phase with a-axis orientation [7]. During 
the annealing, a magnetic field has been 
applied along the Fe(100) respectively the 
MnPd(110) direction to induce a well 
defined unidirectional anisotropy. 
The sample has been investigated by X-ray 
absorption spectroscopy (XAS) and 
XRMR at room temperature in our new 
reflectometer setup [8]. In order to access 
the depth profile the measured reflectivity 
curve is approximated and fitted by a 
simulation. Resonant reflectometry 
depends on the precise knowledge of 
optical and magneto-optical constants. 
These were obtained by measuring XAS at 
the Mn L-edges. The resulting spectrum is 
shown in Figure 1. 

 
Figure 1: XAS measured at the Mn L-edges 
using linear polarized light. 
 

183



The XAS provides the absorptive part of 
the index of refraction; the corresponding 
dispersive part is then obtained by 
Kramers-Kronig calculation. ReMagX, a 
software tool developed in our group, is 
then used to fit a simulation to the 
measured reflectivities. The software is 
capable of simulating the sample by multi-
slicing each individual layer and thus 
allows variations of the local chemical and 
magnetic properties [5, 9]. All X-ray 
experiments have been carried out at the 
UE56/2-PGM1 beamline at BESSY II. 
 
Results 
First, an element selective hysteresis has 
been measured to characterise the magnetic 
properties namely exchange bias and 
coercive field at room temperature. The 
hysteresis is measured in reflection at the 
Fe L3-edge (707.3 eV, negative circular) at 
a fixed angle of Θ=11°. The field 
dependent reflection, i.e. the hysteresis is 
shown in Figure 2. 

 
Figure 2: XRMR hysteresis measured at the Fe 
L3-edge (maximum XMCD) and at an angle of 
incidence of 11°.  
 
An exchange bias of HE=-4.5 mT and a 
coercive field of HC=12.1 mT is found. 
Next, the real chemical profile of the 
system, i.e. the layer thicknesses and 
roughness, has been successfully 
determined. Therefore on-resonant X-ray 
reflectometry at the Mn L3-edge at an 
energy of 639.5 eV has been measured. To 
suppress magnetic contributions, linear 
polarized light has been used. The 
simulated and measured reflectivity curves 
are shown in Figure 3. 

 
Figure 3: The black curve shows the resonant 
reflectivity measured at the Mn L3-edge (639.5 
eV). The red curve is the fit result. 
 
The reflectivity shows a pronounced 
oscillation which corresponds to 
interference of the beams reflected from 
the surface and the Fe/MnPd interface. The 
data has been fitted to determine the 
chemical properties and the result is shown 
in the same graph. The corresponding 
optical profile of the sample is plotted in 
Figure 4 along with the relevant 
thicknesses and interface roughness. 

 
Figure 4: Optical respectively chemical profile of 
the sample as obtained from fitting the Mn 
reflectivity. 
 
The interface between Fe and the 
antiferromagnetic MnPd is found to be 
very sharp with a RMS roughness of 
σRMS=2 Å. 
The dichroic reflectivity of the Mn has 
been investigated. Therefore a magnetic 
field of 70 mT which is enough to fully 
saturate the ferromagnet on top has been 
applied. By flipping the external field at 
each angle, two curves were measured. 
The asymmetry ratio has been obtained 
from the two magnetic reflectivity curves 
according to the following formula: A = 
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(RN-RS)/(RN+RS). This Mn L3-edge 
magnetic asymmetry and the 
corresponding fit result are shown in 
Figure 5. 

 
Figure 5: Magnetic asymmetry measured at the 
Mn L3-edge (639.5 eV) along with the result 
from fitting the data. 
 
Although Mn is antiferromagnetic, a clear 
rotatable ferromagnetic signal is found. In 
order to reveal its origin, the data has been 
fitted by the procedure described above 
based upon the chemical profile from 
Figure 4. It is found that the 
ferromagnetism in the Mn originates from 
a very narrow region directly located at the 
interface to the Fe. The magneto-optical 
profile for Mn resulting from fitting the 
asymmetry is given in Figure 6. 

 
Figure 6: Magneto-optical profile for Mn. All 
ferromagnetic Mn is located in a 4.2 Å broad 
region at the interface to the ferromagnet. 
 
The region of ferromagnetic behaving Mn 
is only 4.2 Å respectively 2 monolayers 
broad which is of the same order as the 
interface roughness. It is known from 
neutron diffraction studies [10] that the 
magnetic state of Mn in MnPd is sensible 
to changes of stochiometry respectively the 
Mn-Mn distance in general. At the 

interface to the Fe, this stochiometry is 
certainly disturbed. Due to the presence of 
Fe neighbours, ferromagnetic coupling 
might be enhanced for the Mn. 
 
Summary 
A MnPd/Fe exchange bias bilayer has been 
investigated by means of resonant soft-X-
ray magnetic reflectivity. Dichroic 
reflectivity curves at the Mn L3-edge 
reveal ferromagnetic moments in the 
actually antiferromagnetic Mn. By fitting 
these dichroic reflectivities, detailed 
chemical and magnetic depth profiles have 
been obtained showing the origin of this 
ferromagnetic signal from the Mn. A 
narrow region of only 4.2 Å width located 
directly at the interface to the Fe is 
identified as the origin. A possible 
explanation for this induced 
ferromagnetism is given by the altered 
stochiometry at the interface and the 
presence of the ferromagnetic Fe. 
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In the last years the technical advancements around the third generation synchrotron facilities has 
enabled the development of High Kinetic Energy photoemission (HIKE) (also refereed to as 
HArd X-ray Photoelectron Spectroscopy HAXPES). Using crystal monochromators with very 
high resolution (E/ΔE≈100 000), and a new generation of ultra-high resolution electron 
spectrometers (E/ΔE≈100 000) it is possible to obtain photoelectron spectra with very good 
resolution in the range 2 keV-12 keV excitation energy. 
We have recorded the Ni1s core photoelectron spectrum from polycrystalline Ni metal samples, 
with a native oxide and capped with Au, respectively. Using excitation energies in the range of 9 
to 12 keV, we follow the evolution of the spectra as the relative contribution of the surface oxide 
diminishes and the signal is eventually dominated by a bulk contribution. Due to the large 
binding energy of the Ni 1s line (8.3 keV) and the lack of a suitable excitation source to reach 
this deep core level, this is the first measurement of this kind. The Ni 1s core level cannot be 
reached by using e.g. a Cu Kα excitation source (photon energy 8047 eV) for X-ray photoelectron 
spectroscopy. 
For comparison, two thick nickel films of 50 nm each were prepared by sputtering on a Si(111) 
substrate. One sample was capped with a 1 nm Au thin film. The other sample was allowed to 
form a natural oxide while removing and transporting it to the analysis system. The pressure in 
the sample preparation chamber was in the low 10-8 mbar range. At this pressure no oxide would 
form on top of the Ni film prior Au deposition. 
 

 
Fig. 1. The Ni 1s photoelectron spectrum of an uncapped polycrystalline nickel film with a 
native surface oxide. The sample has been introduced without treatment of the surface, 
Spectra are taken at excitation energies from 8.7 keV to 12 keV. As can be seen the 
influence of the oxides on the surface of this sample is eliminated in the 12 keV spectrum, 
which is dominated by bulk contributions. 
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The measurements were performed at the KMC-1 beamline at BESSY using the HIKE 
experimental station [1]. The HIKE station comprises the R4000 electron analyser provided by 
VG-Scienta, an analyzer which is optimized for high kinetic energies up to 10 keV [2]. The 
energy resolution of the analyzer was set to 0.25 eV for the experiments presented here. The 
samples were introduced into the system using a fast entry load lock. The KMC-1 double crystal 
monochromator is equipped with Si(111), Si(422) and InSb(111) crystals, and provides tuneable 
excitation from 1700 eV to 12000 eV. The present investigation employed excitation energies in 
the range of 8.7 keV to 12 keV. In this case, the total experimental resolution is given by the 
Si(422) double crystal monochromator which varies from 0.7 eV to approximately 1.2 eV. 
In order investigate the surface and bulk contributions in the Ni 1s core level spectra, the two 
types of samples were investigated as a function of excitation energy. Figure 1 presents a 
sequence of Ni 1s spectra recorded from the uncapped Ni film at different excitation energies. 
The spectrum at 8.7 keV exhibits strong features at approximately 3.5 eV and 8.7 eV relative to 
the main Ni 1s core line which is placed at 0 eV in the graph. As the bulk sensitivity increases 
with higher excitation energy these two features are diminishing which demonstrate that these 
feature originate form the surface oxide on the Ni film. At higher energies than 10 keV, where the 
electron mean free path is exceeding a few nm, the spectra display the same features 
corresponding to bulk Ni. 
In Figure 2 a similar depth profiling was performed on the thick Ni sample capped with Au. Here 
the spectral features found to be quite similar for all excitation energies. The spectra are similar to 
the corresponding ones recorded at 11 and 12 keV for the oxidized Ni sample. This clearly 
indicates that the features found are originating from the bulk of the Ni film.  
Our investigations of the 1s and 2p core level spectra of Ni have yielded some very interesting 
findings on the satellite effects in the Ni photoelectron spectrum. These results will be 
communicated elsewhere. 
 

 
 

Fig. 2: Ni 1s spectra of clean polycrystalline Ni. The samples have been capped with 1 nm 
of gold to prevent oxidization. Apart from the variation in the inelastic background the 
shape of the spectra do not change much with excitation energy. 

 
                                                
1 M. Gorgoi et al. Nucl. Instr. Meth. Submitted 2007 
2 http://www.gammadata.se/scienta/default.asp?pageId= 
13&SL1=6&SL2=0&SL3=0&SL4=0&simpleProdId=34 
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Introducion 
Metal Matrix Composites with discontinuous ceramic reinforcement, such as Al alloys 
reinforced with Al2O3 particles, are known to have better mechanical properties than the 
corresponding unreinforced matrix alloys. These improvements are accompanied by a very 
small increase in density. Therefore they are very attractive structural materials for many 
applications in the automotive and aerospace industries. These properties are strongly 
dependent on the microstructure and highly influenced by the presence of a residual stress, 
RS, in the material [1]. 
 

 
Aim 

Previous studies [2] have shown that considerable RS relaxation from T4 (as quenched) to the 
T6 (fully hardened) condition occurs. As a consequence, the determination of kinetics 
parameters of the relaxation process from the T6 to an overage (unstressed) condition 
becomes difficult because the RS at T6 is already low and differences among RS profiles at 
the different time/temperatures are not clear. The objective of present experiment is, therefore, 
to determine the RS after annealing treatments at three different temperatures starting from 
the T4 condition. This condition, whereas of less technological interest than the T6 one, leads 
to a substantially higher level of RS.  
 
 

Experimental details 
The measurements have been conducted on three materials: 2014Al-15vol%Al2O3 
(W2A15A), 2014Al-20vol%Al2O3 (W2A20A) and the corresponding unreinforced alloy 
(W2A00A). These materials have small grain size, compared to the gauge volume used 
(1×0.1×0.08 mm3).  
The samples used in this study were cylinders of 13 mm in diameter and 25 mm. Furthermore, 
cylinders of 6mm in diameter (and same height) were also investigated to study the 
dependence of RS profile with sample diameter. 
The cylinders were machined from bars extruded at about 430ºC through a flat die and an 
extrusion ratio of 24:1. This severe reduction led to a highly textured matrix material (<111> 
and <001> fibre texture components, with the fibre axis parallel to the extrusion axis) [3]. 
The RS measurements have been carried out on the beam line EDDI, at BESSY, in energy 
dispersive mode of operation. The experimental set up is shown in Fig. 1(a). The unstrained 
lattice parameter in the unreinforced phase was measured from Al2O3 powders and in the Al 
phase was calculated by using the axial stress balance condition. The sen2ψ method was used. 
The sample was tilted within the scattering plane between ψ = 0º (axial direction) and ψ = 
±90º (radial or hoop direction).The ψ angle is that between the scattering plane vector and the 
extrusion axis [4]. A cylindrical co-ordinate system (axial, radial and hoop axis) has been 
adopted given the axial symmetry of the extrusion process, Fig. 1(b). 
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(a)

radial

axial

hoop

(b)  
 
Fig.1: (a) Experimental set up (b) Reference System. 

 
 

Results 
Figure 2 shows the RS (total) profiles (axial component) along the sample radius for the 
unreinforced alloy and the composite in a T4 condition. The RS gradient increases with 
sample diameter. The larger the volume, the larger temperature gradient across the material 
upon quenching, and the more intense the residual stress generated. It can be seen that the so-
defined “relaxation parameter”, |a|, calculated from the parabolic profiles (y= ax2+b) is larger 
in the unreinforced alloy (|a|6mm =8.4MPa/mm2 and |a|13mm =3MPa/mm2) than in the composite 
((|a|6mm =5MPa/mm2 and |a|13mm =2.3MPa/mm2). 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Total RS as a function of radius in (a) the unreinforced alloy (W2A00A) and (b) the 
composite (W2A15A). 
 
Figure 3 shows the total RS profiles in T4 condition and after different annealing times at 
200ºC. It can be seen that the samples in T4 show the most dramatic RS variation. The 
parabolic profiles flatten considerably after annealing [5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: (a) Unreinforced alloy (b) Composite.  
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The RS relaxation process is better seen from the plots of figure 4. Here, the |a| parameter is 
shown as a function of annealing time. As can be seen, |a| decreases with annealing. A 
complete description of the RS relaxation, however, is pending on precise measurements of 
un-stressed “d0” values. These measurements will be conducted from heat treated powders 
under the same time/temperature conditions investigated to eliminate the possible effect of 
precipitation state of the 2014Al alloy on d0. 
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Fig. 4: The RS relaxation at three different temperatures (200ºC, 220ºC, 240ºC). 
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The non-eqilibrium character of low temperature plasmas provides an excellent source for the 

production of nanoparticles, which find various applications in different fields: from very well 

known use in technological processes (e.g. catalysis), to the novel idea of metamaterials and to 

applications in the field of astrophysics (so called astroanalogs) [1-3]. Concerning the application 

in the field of astrophysics, FTIR analysis of our plasma polymerized dust particles showed that 

they match criteria given for the astronomically observed absorption features in the middle 

infrared region [2]. In addition to these features interstellar dust exhibits several other features 

which origin remains unclear: e.g. in UV region – the 217.5 nm bump, which has been since 30 

years astronomically observed in several FUV extinction curves still remains a puzzle. A possible 

explanation for the UV bump is related to the - * transitions in the structures within 

carbonaceous dust grains. While the sp
3
 components in carbon grains are reproducing the IR 

features, the 217.5 nm bump is assumed to originate from the sp
2
 bonded components [4]. To test 

this hypothesis we tried to produce materials with different sp
2
 contents by varying the 

characteristics of the gas mixtures used for the plasma polymerization processes.  

The experiments were carried out in a low pressure capacitively coupled discharge, with the 

experimental set-up presented in detail elsewhere (see Ref 3). The gas mixture was in all 

measurements 0.5 sccm for acetylene and 8 sccm for the carrier gas (Ar, He, Xe). The controlled 

collection of particles from the plasma on Si –wafer pieces (coated with a thin Au-film) was 

obtained by means of a special sample probe based on a thermophoretical effect [5]. Resulting 

nanoparticles are shown in Fig.1a, for a single particle, and 1b, for a wafer piece coated with a 

layer of nanoparticles.

Figure 1: Micrograph of the nanoparticles showing cauliflower-like spheroids with a rather narrow size 
distribution: a) single particle, b) wafer coated with sampled nanoparticles (example-different layer thickness)[5].

The excellent confinement of nanoparticles in plasma discharges offers one particular advantage: 

the particles can be analysed during their growth by means of several in-situ diagnostics (e.g. 

Fourier Transform Infrared absorption spectroscopy). Figure 2 presents such IR spectra for the 

nanoparticles grown from acetylene as precursor diluted in different noble gases: S1: 

helium/acetylene, S2: argon/acetylene, and S3: xenon/acetylene (in all cases acetylene was 6% of 

the mixture). We showed in earlier work that the variation of carrier gases changes IR 

characteristics of the particle bulk material. The most important features that can be influenced 
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are: the amount of hydrogen trapped within the nanoparticles [6], and the quantity of the different 

bonding situations as discussed in detail in [6, 7]. 

Figure 2: Comparison of FTIR spectra of 

nanoparticles polymerized in acetylene/helium 

plasma (red solid line), acetylene/argon   plasma 
(green solid line) and acetylene/xenon plasma (black 

solid line) 

Figure 3 Comparison NEXAF spectra at C1s K edge 

of the nanoparticles polymerized in acetylene/helium 

plasma (red solid line), acetylene/argon   plasma 
(green solid line) and acetylene/xenon plasma (black 

solid line) 

These changes are visible less in the CH stretching region at about 2940cm
-1

, but more in the 

region about 1600cm
-1

 (C=C and C=O), most pronounced in the case of helium, as well as in the 

peaks at 885 and 980 cm
-1

 (assumed to originate from C-H out of plane vibrations from aromatic 

hydrocarbons and C=C species, respectively). But usual laboratory methods for polymer analysis, 

like FTIR spectroscopy, can be used only for qualitative characterization of different bonds [8,9] 

and can not give the precise information on the hybridisation states of carbon, because such 

methods are very matrix dependent and the identification of the peaks is often not unique and 

influenced also strongly by presence of impurities [2,9]. 

The successful application of X-ray absorption spectroscopy (NEXAFS) in the analysis of plasma 

polymers was demonstrated for several different plasma polymers [10,11]. Therefore we 

analyzed our samples by means of NEXAFS spectroscopy that were carried out on the HE-SGM 

beam line (endstation provided by Professor Ch. Wöll). Spectra were acquired at the carbon, 

nitrogen and oxygen K-edge (around 285 eV, 400 eV and 530 eV, respectively) and taken in the 

partial electron yield mode (PEY). Figure 3 presents the C K-edge NEXAFS spectra of a S1, S2 

and S3 samples (see above). The principal features seen in the displayed NEXAFS spectra are: a 

C1s *
(C=C) 

resonance at 285 eV (peak 1), shoulder at 286.7 eV (2) due to a carbonyl species, a 

peak at 287.7 eV (3) with unclear origine, that probably can be assigned to a C-H* resonance [12] 

and different C1s * resonances around and above 292 eV (4). These are representative for all 

the plasma polymerized samples. In case of S1 spectrum we can observe sharp peak (1) and a 

strong presence of  * (C=C) resonances at about 300 eV (5) [13]. For S2 spectrum peak (1) is 

broadend (presence of two close lying resonances), peak (5) is not observable. Peak (1) is for all 

samples at similar energy, for cases S1 and S2 clearly evident. In the case of S2 we can observe 

small shoulder slightly above 310 eV (6), that could be assigned as presence of 
 *

 (C-C) 

resonances. In the S3 spectrum peak (1) is small and peak (5) not observable, peak (2) and (3) are 

more pronounced and the spectrum is dominated by the area under C1s * resonances (292 

eV). We can assume that the concentration of unsaturated carbon species is lower in the case S3 

(xenon/acetylene plasma). The C1s * resonance (peak 1) provides a highly sensitive and 

specific semi-quantitative measure of the extent of unsaturation in terms of presence of C=C 

bonds. At the same time, it was shown [14], that there are differences in the presence of the 
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unsaturated C-bonds correlated with this region (aromatic groups, C=C-, C C-), as well as 

different effects of conjugation and transition probabilities. Therefore although we clearly 

observe the differences between the spectra S1-S3, precise information on sp
2
/sp

3
 content will be 

possible only after further data analysis using standards which is still in progress and out of the 

scope of this paper. The differences between the materials were confirmed by the nuclear reaction 

analysis showing a hydrogen amount of 40% for S1, 50% for S2 and 60% for S3 [5,6,7b].

We try to give an stringent explanation for these observations in Kovacevic et al 2008 [15] as 

follows: We assume that the sp
2

fraction is increasing with the ionisation potential of the carrier 

gas: Xe: 12 eV(S3), Ar:15.8 eV (S2); He: 24.6 eV (S1)(and with the energy of the metastable 

states). The inverse “correlation” holds for the masses of the atoms of the carrier gas: the smaller 

the atomic mass the higher the sp
2

fraction, i.e. Xe(132)›Ar(40)›He(4). Both dependencies can in 

principle explain the observations: The collisions of ions (respectively metastables) with 

nanoparticles lead to an efficient energy transfer form the gas phase to the particle. The energy 

release in collisions of positive ions with negatively charged particles- which is responsible for 

the heating of the particle - equals the ionisation potential of the carrier gas plus the impact 

energy of the ions. Since the heating of the particle favours the release of H atoms and the 

formation of sp
2

bonds this different energy transfer could possibly explain the experimental 

observations. One of the crucial problems in this interpretation concerns the ion densities. Only if 

the ion density is comparable in the S1-S3 cases – which is highly questionable - the real (total) 

energy transfer to the particles is in fact higher in the S1-case than in the S2, respectively S3 case. 

Moreover it is difficult to say whether the increase of the particle temperature is sufficiently high 

to release enough H atoms [1]. The same problem holds for the second possible explanation. The 

smaller mass ratio (carrier gas/H) favours the replacement of hydrogen atoms from the carbon 

network due to the impact of lighter ions which could also explain the observations concerning 

the sp
2

content. Without detailed quantitative information about the ion densities and sp
2
/sp

3
 ratio 

both interpretations remain rather speculative. Moreover it is also possible that the differences in 

the plasma parameters (electron temperatures decreasing and electron densities increasing 

S1 S3), are finally responsible for the differences in the composition of the particles. 
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The state-of-art semiconductor devices utilize the properties of multi-layer structures 

of diverse elemental compositions. The local elemental content and atomic environment 
within every particular layer or at their interfaces define useful properties of the devices and 
need to be monitored. X-ray absorption spectroscopy (XAS- XANES/EXAFS) is a powerful 
technique for local atomic arrangement studies in various materials. The most common 
techniques to get absorption spectra in the soft X-ray region are total electron yield (TY) or 
fluorescence yield (XRFY) measurements since direct transmission measurements need to 
prepare thin films. In turn, the usage of TY and XRFY has also well known restrictions to get 
information from burned layers of the structures grown on massive substrates.  

A natural way to make XAFS-information more directly useable in semiconductor 
physics and technology is to measure the spectral response of one of the semiconducting 
properties of the structure arose from a particular site of the structure.  A few attempts of such 
kinds of measurements were reported during last decade. 

The detection of X-ray absorption fine structure near K-edges Ga an As  by  
photoconductivity[1], photodiode current [2, 3] and the diode photocapacitance[3-5] was 
previously reported for GaAs. It was shown that the photoconductivity and the diode 
photocurrent contained the same information as the XRF signal when appropriate corrections 
were applied [1, 2]. Contrary to that the measurements of stationary photocapacitance changes 
due to X-ray induced emptying of deep level defects revealed significant distinction of the 
capacitance XAFS-spectra from the XRFY spectra[5]. It was suggested [5] that the 
capacitance XAFS-signal arose due to direct transitions between the inner core level and the 
local defect level in the semiconductor band gap and carried the information about the local 
atomic environment of the defect. This interpretation was doubted in [3] where the time 
constants of the photocapacitance transients under X-ray excitation was measured at low 
temperatures in GaAs with EL2 deep level defect.  Capacitance transient time constant 
spectrum obtained in  [3] coincided well with the X-ray absorption spectrum of the GaAs 
matrix though the local atomic arrangement of EL2-defect differed significantly from one of 
the ideal GaAs lattice.  

Recently we developed another new technique for the detection of X-ray absorption in 
the layer structures that we called Capacitance Transient X-ray Absorption Spectroscopy 
(CapTXAS). We installed this technique at BESSY Russian-German Beam Line and applied 
to measurements on test semiconductor structures (see BESSY report RGL project 2006-
0004). We observed X-ray induced changes of the capacitance as well as of the current on 
Schottky diodes prepared on heterostructures Al-NiPC-Si as well as on homostructures Al-Si 
and measured the absorption spectra at N 1s, Ni 2p and Si-2p edges.  

This year we investigated the p-type samples of silicon bonded wafers obtained by the 
direct bonding and subsequent anneal at 1100C. The thickness of the top wafer was of about 
50 nm that was less than the reciprocal absorption coefficient at Si-2p edge. According to the 
TEM-data the interface between the bonded wafers was formed mostly by screw dislocation 
network with the mesh size of 20 nm. Such a dense dislocation network is expected to change 
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significantly the electronic structure of silicon in the cylinder around dislocations of a radius 
of 10x(Burgers vector).giving rise to a burned layer with a disordered structure. Additionally, 
hole traps of a high density was registered at the interface by means conventional deep level 
capacitance technique. Excess carriers produced in the sample due to X-ray absorption are 
captured with the traps and changes the occupancy of the traps with the holes that can be 
detected by measurements of the differential capacitance of the Schottky diode. 

The main goal of our experiments was to investigate the dependence of the shape of 
the spectra on the voltage applied to the diode. The idea was that when a reverse bias voltage 
is applied to the structure the traps collect electrons from one side and the holes from another 
side of the interface. In opposite to that, when a proper chosen forward bias is applied the 
interface states collected only electrons from both of the sides. The variation of the applied 
bias will change the portion of the carries generated in different parts of the burned layer and, 
in this way, will select the region where the measured signal comes from. 

The spectral dependences of the X-ray induced current (XBIC), stationary diode 
capacitance (Cph) and total photoemission yield (TY) near Si-2p edge are presented in Fig.1. 
From Fig.1A one can clearly see that XBIC changes on bonded at Si-2p edge are much larger 
than that of the reference Au-Si diode and that whereas TY-spectrum shows the features that 
correspond to the presence of native oxide layer XBIC-spectra carry information about a 
burned layer in the sample bulk. The latter is better to recognize on the spectra presented in 
Fig. 1B. Indeed, the ratio of magnitudes of L2/L3 absorption transitions as registered with 
capacitance and XBIC measurements coincide well with well-known absorption spectrum of  
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Figure 1. A,B: X-ray induced current  of Al-Si Schottky diode (Green)) and of of Al/50nmSi/Si bonded 
wafer (Blue); Red- X-ray induced capacitance changes of Al/50nmSi/Si bonded wafer taken at the reverse 
bias voltage Ub=0V. Black - total electron yield from the Al-free surface of the sample.  

crystalline silicon [6]. 

X-ray induced capacitance changes of stationary capacitance spectra (Fig.2A) and 
transient CapXAFS spectra (Fig.2B) were found to vary significantly depending on reverse 
bias voltages applied to the structures. The main effect of the voltage variation consists of the 
significant variation of L2/L3 absorption intensities.  
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Fig. 2.  X-ray induced capacitance changes of stationary capacitance (A) and transient CapXAFS spectra 
(B) taken on Al/50nmSi/Si bonded wafer at diverse reverse bias voltages shown in legend. 

Such kind of the variation  corresponds to the increase of the ratio of disordered region 
[6]  into the registered signal and might be interpreted as the result of an increase of the 
contribution of the dislocation-rich layer in the measured signal when the forward bias is 
applied to the structure.  

The quantitative model for the experimental data treatment obtained with the 
photocurrent- and photocapacitance- related techniques has to include the more precise 
treatment of the effects of hot carriers created under X-ray excitation on the recombination 
phenomena. We are on the way to develop a quantitative model to for the data treatment. 
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Synchrotron radiation photoelectron spectroscopy (SR-PES) is used to analyse the 

engineering of a) the dielectric constant and b) the interface reactivity with respect to TiN 

metal electrodes of PrxAl2-xO3 (x = 0 - 2) dielectrics for future dynamic random access 

memory (DRAM) applications.  

Advanced dielectrics with appropriate electrode materials have high potential for further 

scaling of Silicon (Si) based microelectronic devices
1
. For example, in the field of dynamic 

random access memory (DRAM) cells, innovative ideas to develop chemical vapour 

deposition (CVD) compatible metal electrode & dielectric layer materials for storage 

capacitor structures are very important. A promising combination for metal-insulator-metal 

(MIM) cells is the high-k dielectric material alumina (Al2O3) together with titanium nitride 

(TiN) as electrode material
2
. However, for future DRAM applications beyond the 50nm 

technology node, the moderate k value of about 8 of Al2O3 must be improved. Based on the 

Clausius-Mossotti relationship, the k value of Al2O3 can be increased by controlled cation 

substitution which results in a smaller molar volume and/or higher dielectric polarisability
3
. 

Engineering the Al2O3 dielectric by alloying with praseodymium cations is a promising 

approach since rare earth elements such as Pr possess high electronics polarisability
4
. 

Moreover, the isovalent cation substitution of Al
3+

 by Pr
3+

 in Al2O3 respects the 

electroneutrality relationship of the crystal structure and suppresses thus the formation of 

parasitic defects
5
. In order to develop DRAM capacitors with high density and low leakage 

current, also the electrode / dielectric interface chemistry must be controlled to avoid the 

presence of performance limiting low-k interfacial layers. Due to the typical thickness regime 

of about one nanometer of these interface layers, only the non-destructive SR-PES technique 

is a promising tool to systematically investigate the interface chemistry of PrxAl2-xO3 (x=0-2) 

dielectrics on metallic TiN electrodes. 

In our molecular beam deposition (MBD) based model study, about 2nm thick PrxAl2-xO3 

(x=0-2) dielectrics were e-beam deposited at room temperature at a base pressure of 10
-8

-10
-7

 

mbar in a DCA 600 chamber on TiN. Separate Al2O3, PrAlO3 and Pr2O3 targets with 4N-5N 

purity were used to prepare selected PrxAl2-xO3 stoichiometries (x=0, 1, 2). After ex-situ 

transfer in a protective nitrogen atmosphere, the SR-PES studies were performed at the U49/2 

beam line at BESSY II. 
Fig. 1. CET vs physical thickness plot of Au dotted MIM 

structures on TiN with Al2O3 and PrAlO3 dielectrics, the inset 

shows the used MIM structure. 
 

Figure 1 demonstrates the impact of the interfacial 

layers on the dielectric quality of the prepared MIM 

structures by plotting the capacitance equivalent 

thickness (CET) values versus the physical 

thickness. It is seen that for the reference Al2O3 

dielectrics a k value of 6 is obtained whereas the k 

value of PrAlO3 is increased more than three times 

to a value of about 19. However, the linear fit of the 

PrAlO3 data reveals furthermore by its y-axis 

intercept the presence of a low-k interface layer of 

unknown origin in all the prepared MIM structures. 
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To unveil the formation mechanism of this parasitic interface layer the chemical reactivity of 

PrxAl2-xO3 (x=0-2) on TiN was non-destructively probed by SR-PES. Figure 2 summarises the 

Ti 2p spectra (E0=1100 eV) of the TiN substrate before and after deposition of 2 nm thick 

PrxAl2−xO3 dielectrics (x=0, 1, and 2). It is obvious from the detected intensity ratio of metallic 

TiN (Ti 2p3/2: 455.2 eV & Ti 2p3/2: 461.1 eV)
6
 and TiO2 (Ti 2p3/2: 458.7 eV & Ti 2p1/2: 464.4 

eV)
7
 that the Ti oxide species, the dominating surface compounds in the case of TiN 

substrates due to native oxide, which remain nearly unaffected by the deposition of Pr2O3 

layers, are partly reduced by PrAlO3 films, and vanish almost completely in the case of Al2O3 

film growth. It is concluded on the basis of this experimental finding that the chemical 

reactivity of PrxAl2−xO3 dielectrics to reduce Ti oxide compounds on the native TiN wafer 

surface during e-beam deposition strongly decreases with increasing Pr content x from 0 to 2. 

The inset shows the Ti oxide interface layer thickness between the TiN substrates and various 

PrxAl2−xO3 dielectrics, including for completeness besides the presented spectra the results for 

the cases of a Pr content of x=0.2 and 1.5. 
Fig. 2. Comparison of SR-PES Ti 2p spectra 

obtained from TiN and PrxAl2-xO3 (x=0, 1, 2) 

dielectrics; the inset reports extracted thickness of 

TiO2/TiNOx interface layer. 
 

The main result of this systematic MBD based 

model study is that the controlled partial 

substitution of Al
3+

 by Pr
3+

 cations in the wide 

band gap insulator Al2O3 provides a 

successful engineering approach to tailor the 

dielectric properties of ultra thin PrxAl2−xO3 

(x=0–2) films on metallic TiN substrates in 

view of future trench DRAM technology 

applications. The stoichiometric compound 

PrAlO3 conserves the high quality insulating 

properties of Al2O3 while the dielectric 

constant is increased by a factor of more than 

three with respect to Al2O3 to a value of 19. 

Although these properties make PrAlO3 an 

interesting material for future trench DRAM 

application, electrical characterisation techniques prove that the scalability of this material to 

the technologically targeted sub 1 nm CET range is at present limited by the occurrence of a 

low-k interface between the dielectric film and the TiN substrate
8
. It is revealed from SR-PES 

studies that the chemical reactivity of PrxAl2−xO3 dielectrics to reduce the native Ti oxide 

compounds on top of the TiN decreases with increasing Pr content x. It is pointed out that this 

reactivity tendency of the interface chemistry of PrxAl2−xO3 dielectrics (x=0–2) with native Ti 

oxide compounds on TiN follows thermodynamic predictions based on bulk compound data. 

In future, R & D work concentrates on materials science approaches to tailor the properties of 

the TiN surface chemistry to achieve sharp high-k dielectrics / TiN metal electrode interfaces.  
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The recombination properties of crystalline silicon materials for solar cell applications are 

strongly affected by extended crystal defects and transition metals. Since solar-grade Si 

materials exhibit, as a rule, substantial spatial variations of defect densities and properties, 

methods capable to provide local information on a µm scale and below are required in 

addition to global methods if the impact of defects on properties is to be assessed in detail. 

The combination of three synchrotron-based characterization methods - X-ray beam induced 

current (XBIC), X-ray fluorescence microscopy (µ-XRF) and X-ray absorption 

microspectroscopy (µ-XAS) – has been demonstrated by UC Berkeley researchers to be a 

powerful approach for studying transition metal clusters in solar-grade Si materials [1-3]. Due 

to their high spatial resolution and high sensitivity these techniquest can provide detailed 

insight into defects limiting the performance of solar cells. In particular, it allows to study the 

impact of metal contaminants by a combined mapping of local recombination properties 

(XBIC) and  metal content/chemical state of metals (µ-XRF, µ-XAS).  

 The aim of the work conducted in 2007 was to implement these analytical techniques at 

BESSY, assess the current experimental status by applying the techniques to various Si 

materials and evaluate new approaches for studying interactions between transition metals 

and extended defects in silicon.  

 

Experimental 

The following types of silicon samples were used in the investigations: (i) well-defined model 

samples comprising a Si/SiGe stack with misfit dislocations on a Si substrate and (ii) samples 

of multicrystalline solar-grade silicon. 

The Schottky contacts necessary for XBIC measurements were prepared by Al evaporation. 

Electron-beam-induced current (EBIC) measurements in a scanning electron microscope 

served as pre-characterization step for the subsequent synchrotron analyses.  

Synchrotron investigatons were performed at the 7T-WLS/1-µspot beamline. The station at 

the beamline comprised the following essential equipment: a Peltier-cooled energy-dispersive 

system for detection of the X-ray fluorescence, a capillary optics capable to reach a 5 µm spot 

size, a motorized translation stage with 0.1 µm positioning accuracy and Keithley 6485 

picoamperemeters for recording beam intensity and XBIC signal. A highly monochromatic 

beam with ∆E/E ~ 10
-4

 was used throughout all measurements.  

XBIC and XRF mapping of areas selected on the basis of the EBIC pre-characterization was 

performed first.  An X-ray beam energy of 9.5 keV was  used to allow detection of all 

relevant metals up to Cu. The maps were obtained by moving the sample stage in steps of 

typically 2.5 to 5 µm and simultaneously recording XBIC and XRF signals for each position. 

The acquisition time per pixel was set to 1 - 2 s, resulting in a total acquisition time per XRF 

map of a few hours, depending on the number of pixels. No spectrum fitting was used to 

analyse the metal level in the sample. Just the total number of counts in an energy interval 

around the Kα line of the respective metal was taken as measure of the metal level. When the 

XRF maps indicated the presence of metals at certain positions, XRF spectra were recorded at 

such positions with a much longer aquisition time for unambiguous identification of the 

metal. 
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 µ-XAS spectra near to the absorption edge were taken at selected positions with strong 

presence of a certain metal to identify its chemical state. Fluorescence measurements of metal 

foils served as reference.  

 

Results and discussion 

XBIC: information and spatial resolution 

XBIC mapping is important to localize sites of electrical activity which are likely to 

contain metals. Fig. 1 compares the information that is obtained from XBIC mapping to that 

of the well established EBIC technique. The excellent correspondence between the two 

images demonstrates both techniques yield similar information and spatial resolution. The 

resolution of XBIC was found to 

slightly depend on the energy of the X-

ray, with better resolution at lower 

energy. Other parameters influencing 

resolution and detection of 

recombination active defects are defect 

depth, diffusion length of carriers as 

well as spot size and angle of incidence 

of the beam. This basically allows to 

optimize XBIC imaging in a certain 

range. The dependence of the XBIC 

signal on the beam energy may also be 

used to estimate the diffusion length in 

the sample under investigation [2].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Comparison of spatial resolution: (a) - EBIC, 

30 keV, (b) - XBIC, 6 keV. A Si/SiGe/Si structure with 

misfit dislocations in the upper 5 µm layer was used 

as test sample 

Fig. 2: Recombination-active defects and 

metal contamination in an as-grown mc-

Si sample: (a) - survey EBIC image, 

regions of detailed analysis marked; (b), 

(c) (d) – XBIC and XRF images of region 

1; (e), (f) - XBIC and XRF images of 

region 2. The labels A, C, and D mark 

positions where metals were detected. 

Blue color corresponds to metal levels 

below detection limit, positions with 

detected metals are shown in red. 
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Metals in multicrystalline solar silicon 

Fig. 2 relates the recombination activity in a multicrystalline Si sample to the metal 

content. The upper part shows a survey EBIC image. Two regions of the sample marked with 

a red frame were studied using XBIC and XRF. Several grain boundaries of different 

recombination activity are seen in the XBIC image of region 1 (Fig. 2b). In one of the 

boundaries a certain level of Ni is detected. This shows that Ni can interact stronger or weaker 

with grain boundaries, depending obviously on their type/structure.  Most intriguing is the 

detection of a Cu containing particle (Fig. 2d, position A) which does not reveal 

recombination activity in the XBIC image. A similar result is obtained for region 2. While the 

grain boundary clearly visible in the XBIC map (Fig. 2e) does not seem to contain metals, 

several metals (Ti, Cu, Fe) are detected at a position D to the right of the grain boundary. 

Again, this metal-containing particle is not visible neither in the XBIC nor in the EBIC map. 

This unexpected finding may be explained by either low recombination activity of the 

precipitate, position at large depth or metal-containing particles lying on top of the surface. 

The latter seems unlikely since such particles were not found in monocrystalline Si samples 

prepared and investigated under similar 

conditions. Also, the detection of silicides 

points rather to metals contained in the Si 

sample than to contamination of the Si surface.  

µ-XAS measurements were carried out at 

several positions where substantial amounts of 

metals were detected. The results proved that 

the particles containing Ni and Cu consist of 

silicides. An example of an absorption 

spectrum indicating a silicide is given in Fig. 3, 

which depicts measurements of a Cu-rich 

particle. The absorption spectrum of the 

particle is clearly different from that of the 

reference Cu foil. A comparison with literature 

data [3] suggests that the particle consists of 

Cu3Si. On the contrary, measurement results of 

a Fe-containing particle point to an oxide. 

More details of this study can be found in [4]. 

 

Conclusion 

The results obtained clearly demonstrate that combined synchrotron-based analysis of 

electrical activity and metals in solar-grade silicon is operational at BESSY. Rough estimates 

of the sensitivity reached lead to the conclusion that a 150 nm diameter metal particle can be 

detected with a 5 µm diameter X-ray beam. Improvements are possible by further decreasing 

the spot size.  
 

References 

[1] O. F. Vyvenko, T. Buonassisi, A. A. Istratov, H. Hieslmair, A. C. Thompson, R. 

Schindler, and E. R. Weber, J. Appl. Phys. 91, 3614 (2002). 

[2]  T. Buonassisi, A.A. Istratov, M.A. Marcus, M. Heuer, M.D. Picket, B. Lai, Z. Cai, S.M. 

Heald, E.R. Weber, Solid State Phenomena 108-109, 577 (2005). 

[3]  T. Buonassisi, M.A. Marcus, A.A. Istratov, M. Heuer, T. Ciszek, B. Lai, Z. Cai, E.R. 

Weber, J. Appl. Phys. 97,  063503 (2005). 

[4]   W. Seifert, O. Vyvenko, I. Zizak, A. Erko, M. Trushin, M. Kittler, Proc. 22nd EUPVSEC 

(Milan, Italy, 2007), pp. 1719-1721. 
 

8,97 8,98 8,99

 particle 

 Cu foil

 Cu3Si 

 

F
lu

o
re

s
c
e

n
c
e

 y
ie

ld
 (

a
.u

.)

Energy (keV)

Fig. 3: Measured µ-XAS spectra (symbols) 

compared to literature data (lines) for a Cu-

rich particle from position A of Fig. 2d, 
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Resonant soft x-ray diffraction (RSXD) uses the high spectroscopic sensitivity of transition-met
al L2,3 (2p → 3d) and lanthanide M4,5 (3d → 4f) resonances to obtain information about spatially mod
ulated electronic or magnetic states of ions. Antiferromagnetic order is an example for such a modula
tion,  others are charge and orbital  order  found in various transition-metal  compounds. The whole 
spectroscopic power of RSXD can be used in combination with a realistic microscopic theory, which 
allows to relate the multiplet structure of the resonance spectra to the electronic properties of the scat
tering ions. While such calculations with different degrees of complexity have already been applied to 
several fairly intricate systems like manganites [1,2] and nickelates [3], a thorough check of the calcu
lations at a model system is still missing. We therefore performed RSXD experiments and configura
tion-interaction calculations for the magnetic scattering signal from Ho metal at the  M5 resonance. 
The diffraction experiments were carried out the the HMI soft x-ray beamline UE46 at BESSY using 
the UltraSoxs soft x-ray diffractometer designed at the FU Berlin. XAS data were obtained from a 31 
ML thick Ho film grown in situ on a W(110) substrate [4].

Below TN =131.2 K bulk Ho orders with a helical magnetic structure (Fig. 1). The propagation 
vector of the helix,  , lies in the crystallographic c direction. The spin direction is perpendicular to 
 . Resonant scattering from this helical structure reveals two Bragg peaks (Fig. 2), with one of them 

at (0,0,τ) corresponding to the total periodicity of the helix and the second one at (0,0,2τ) correspond
ing to half its periodicity. The second peak, which is visible only on resonance, is caused by the so-
called linear dichroic contributions to the magnetic scattering amplitude [4].

The experimental RSXD data were obtained by re
cording  the  scattered  intensity  at  the  respective  peak 
maximum as a function of photon energy, keeping the 
momentum  transfer  constant.  The  cluster  calculations 
have been done with the program XTLS8.3 [5]. The lo
cal model used for these calculations is the same as suc
cessfully used to describe the XAS on a series of Lan
thanides by Thole et al. [6]. They include the full elec
tron-electron repulsion, whereby we scaled the 4f  –– 4f 
Slater integrals to 65% and the 3d –– 4f Slater integrals 
to 75% of  the  Hartree-Fock values.  The  Hartree-Fock 
values have been obtained with the use of Cowans pro
gram [7]. The calculations have been done in spherical 
symmetry and on a single configuration. This is  not a 
necessary restriction, as extensions to crystal and ligand 
field theory can easily be made. For Ho metal the crystal 

Fig. 1: Schematic plot of the helical mag
netic structure of Ho. The arrows describe 
the  magnetization  direction  of  the  ab 
planes.
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fields acting on the 4f shell are small, though, and there
fore spherical symmetry is sufficient.

The relation between XAS and XRD is most easily 
formalized if one starts from linear response theory. For 
each atom one can define a scattering tensor Fj which de
scribes the response to an a.c. electric field with frequen
cy ω. If  Ej

out is the outgoing electric field and Ein the in
coming, then Ej

out(ω)= Fj(ω) Ein(ω). The scattering tensor 
at a specific scattering vector q  can be written as a sum 
over the scattering tensors of each atom multiplied by a 
phase: Fq ,=∑n

ei q
Rn∑ j

ei q r jF j  , where the first 
sum runs over all unit cells in the probed volume and the 
second sum over the ions in one unit cell. If one now de
fines εin (εout) as the polarization of the incoming (outgo
ing) photons one can write  the intensities  of RXD and 
XAS as:

I RXD q ,=∣out* F q ,in∣2
I XAS=−ℑ[out

* F q=0, in]

The x-ray absorption spectrum is hence given by the imaginary part of the forward scattering ampli
tude ( q  = 0); this relation is called the optical theorem. In Fig. 3 we show the theoretical and experi
mental XAS and RSXD spectra of the Ho M5 edge. Although the resonance is the same for all three 
experiments, one can see clearly that each measurement, XAS, RSXD at q  =  , and RSXD at q  = 
2   has a very different spectral shape. The theoretical calculations reproduce these different spectra 
quite well. The agreement between theory and RSXD is as good as the agreement between theory and 
XAS. This is promising as it is known that cluster calculations can reproduce XAS for many transi
tion metal and rare-earth compounds rather well.

The huge differences in spectral shape between XAS and RSXD at different  q  values can be 
understood  if  one  realizes  that  the 
different signals probe different elements 
of the F( q ,ω) tensor. In order to analyze 
the different contributions to the different 
spectra  in  Fig.  3  we  use  the  simplest 
sufficient  model,  which  is  reproducing 
the two observed Bragg peaks. It consists 
of a chain of four atoms stacked in the z 
direction  with  the  magnetic  moment 
alternating  in  the  x,  y,  -x,  -y direction 
labeled  A,B,C,  and  D.  In our  model  we 
have four different scattering tensors.  FB 

is related to FA by a 90° rotations around 
z,  the  same  is  true  for  the  relation 
between  FC and  FB and for that between 
FD and  FC. The generalization to helices 
with  longer  periods  or  incommensurate 
order is straightforward.

Fig. 2  Scan  through  the  (0,0,τ)  and 
(0,0,2τ) magnetic peaks along the c* (L) 
direction.  The  increasing  intensity  at 
low  L-values is  caused by specular  re
flectivity. 
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Fig. 3 Experimental and theoretical Ho M5 XAS and res
onant diffraction spectra. 

203



F A=F par 0 0
0 F perp Fo
0 −Fo F perp FC=

F par 0 0
0 F perp −F o
0 F o F perp

F B=F perp 0 Fo
0 F par 0
−Fo 0 F perp FC=

F perp 0 −F o
0 F par 0
Fo 0 F perp

The F tensor corresponding to a phase repetition after four lattice spacings [ q  = (0,0,τ)] then be
comes: 

F[q=0,0 , ,]=F A iF B−FC−iF D= 0 0 2 iFo
0 0 2Fo

−2 iFo −2Fo 0 
and the F tensor corresponding to a phase repetition after two lattice spacings [ q  = (0,0,2τ)]:

F[q=0,0 ,2 ,]=F A−F BFC−F D=2 F par−F perp 0 0
0 2F perp−F par 0
0 0 0

The  (0,0,τ) peak is hence only given by Fo, the off-diagonal element of the single-scatterer's tensor 
and the (0,0,2τ) peak only by the differences between the diagonal terms Fperp -Fpar. This property is 
also conserved for other helix periodicities, while the general shape of F( q ,ω) can be more complex. 
The F tensor for XAS [ q  = (0,0,0)] finally is:

F[q=0,0 ,0 , ]=F AF BFCF D=2F parF perp 0 0
0 2 F parF perp 0
0 0 4F perp

which in the paramagnetic phase, where the XAS data were recorded, averages to 4/3 (Fpar+2Fperp) for 
the diagonal tensor elements giving the spectrum shown in Fig. 3.

Calculation in a local configuration-interaction model appears to be well suited to simulate reso
nant magnetic scattering spectra as shown here for the case of a lanthanide system. This provides a 
theoretical tool to relate the observed spectra quantitatively to fundamental system properties.

We gratefully appreciate the excellent working conditions at BESSY and the expert technical 
support by BESSY and HMI staff. We thank L. Hamdan for skillful technical assistance. 
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Sr-doped La2NiO4 (LSNO) and La2CuO4 (LSCO) form at low temperatures a phase involving or
der of charge and spin, the so called stripes. This phase consists of 1-dimensional hole-rich regions, 
which form antiphase domain walls for the antiferromagnetic background of the hole-poor sites [1]. 
The stripe phase has attracted considerable interest because of its possible relation to cuprate super
conductivity [2]. While in LSNO static stripe order is found at low temperatures, LSCO exhibits fluc
tuating stripe order, throughout, which can be made static, though, e.g., by additional Nd-doping. 

Most experimental results concerning the structure of the stripe phase are based on neutron dif
fraction experiments, which are sensitive both to magnetic order and to lattice distortions caused by 
charge order. Static order leads to a diffraction peak in the elastic neutron scattering channel, while 
fluctuating order peaks involve an energy loss of the scattered neutrons. Recently resonant soft x-ray 
diffraction (RSXD) has shown to be another powerful experimental approach to stripes or similar or
der phenomena, because of its high sensitivity to spatial 
modulation of the electronic  state and its  high magnetic 
scattering contrast. 

Unlike  neutron  diffraction,  soft  x-ray  diffraction  is 
usually performed without energy analysis of the scattered 
beam. For a quantitative understanding of the RSXD data 
it is therefore important to know whether and to which ex
tent fluctuating order involving energy losses of the pho
ton may contribute to the scattering signal,  i.e.,  what its 
relative cross section is in RSXD.

From neutron diffraction it  is  known that  in LSNO 
static spin order sets in at a Néel temperature  TN well be
low the charge ordering temperature TCO [3]. Energy inte
grating neutron diffraction found that between TCO and TN 

fluctuating  magnetic  order  exists  with  the  consequence 
that the  total magnetic neutron diffraction signal contain
ing the static and the fluctuating part has about the same 
temperature dependence as the charge order signal [4]. We 
studied  this  system by RSXD and  also  found  the  same 
temperature  dependence for  the  spin and for  the  charge 
signal  showing  clearly  that  inelastic  magnetic  contribu
tions are strong in RSXD from this system.

Fig. 1 Momentum space covered in the 
soft x-ray experiment with the  (2ε,0,1) 
charge order and the (1-ε,0,0) spin order 
peak. The dashed line denotes the maxi
mum possible momentum transfer at the 
Ni L3 resonance. The inset shows the di
rections  of  the  crystalline  axes  in  the 
scattering plane.
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The  soft  x-ray  diffraction  experiments 
were  performed  at  the  soft  x-ray  beamlines 
U49/2-PGM1 and UE52-SGM of BESSY, using 
the UltraSoxs UHV diffractometer, designed at 
the Freie Universität Berlin. The scattering ge
ometry and sample  orientation is  described  in 
Ref. [5]. Diffraction experiments in the conven
tional x-ray range at the Ni-K resonance were 
performed at  the  magS-beamline of the Hahn-
Meitner-Institute at BESSY. At the Ni 2p → 3d 
(L3)  resonance  in  the  soft  x-ray  range,  we 
probed  the  (2ε,0,1)  charge  order  and  the 
(1-ε,0,0) spin order peak (Fig. 1); at the Ni 1s 
→ 4p  (K)  resonance,  it  was  the  (2-2ε,0,3) 
charge  order  peak.  ε, the  incommensurability 
parameter  describing  the  spacing  between 
stripes, is for our sample about 0.28.

As a measure of the intensity of the charge 
and spin order peaks we took the height of the 
maximum of the  L3 resonance [5] in an energy 
dependent  scan  with  the  momentum  transfer 
fixed  at  the  corresponding peak position.  The 
curves for  CO are presented in Fig. 2(a).  The 
signal with the light polarized perpendicular to 
the scattering plane (σ-polarization) is about 50 
percent higher than that with the light polarized 
in the scattering plane (π); for comparison the 
data were normalized to the value at 60 K. The 
effect of polarization on the temperature depen
dence is weak, both curves almost match. The 
corresponding  data  for  the  SO  signal  in  Fig. 
2(b) were normalized in the same way. The de
viation  between  the  SO  temperature  depen
dence observed with the two light polarizations 
is a consequence of the variation of the canting angle between the Ni spins and the crystalline b direc
tion. In our scattering geometry (inset of Fig. 1) with the detector at ω = 152° we are probing with σ-
polarized light essentially the projection of the spins on the a direction, while with π-polarized light 
we are sensitive to the a and b components of the spin, the b component weighted by a factor sin2 ω = 
0.22. If we assume the spins to be confined to the ab plane [6] we find a temperature-dependent cant
ing angle as plotted in Fig. 2(c). At 40 and 100 K the intensity ratio between π and σ is around 4, cor
responding to a canting angle of around 25°. For 120 K the two signals are almost equal, which would 
mean that the spins are pointing essentially along a; the signal is too weak, though, for a precise deter
mination of the spin direction. Such a behavior of the spin direction is in agreement with correspond
ing experiments for other doping levels [6]. 

From the intensity of the magnetic signal in the two polarization channels we can determine the 
total spin signal. This is plotted as the open symbols in Fig. 2(d) in comparison with the (averaged) 

Fig. 2: Height of the maximum of the L3 resonance 
above  background  vs.  temperature  for  (a)  the 
charge-order signal and (b) the spin-order signal. 
(c) Canting angle as determined from the relative 
intensity of the spin-order signals. (d) Average of 
the CO signals from (a) compared to the total mag
netic moment determined from the two SO curves 
and to the  H-integrated CO-peak intensity as ob
tained at the Ni  K resonance. For comparison the 
soft  x-ray curves  have been normalized  at  60 K. 
The lines are guides to the eye. 
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CO signal. Both signals clearly follow the same temperature dependence. The temperature scale is 
given by the charge order, as can be seen from comparison with the temperature dependence of the 
(2-2ε,0,3) charge order peak as observed by resonant diffraction at the Ni-K threshold (grey symbols). 
The deviations between the K and L2,3 data at low temperature are related to the different momentum-
space volumes probed in the two experiments.

The agreement between spin and charge signal in the soft x-ray range shows that the temperature 
dependence of the spin order peak is that found in  energy-integrated neutron diffraction [4]. This 
means that inelastic contributions are indeed strong in the RSXD signal. Comparison between elastic 
neutron diffraction and RSXD may therefore open up a new interesting experimental  approach to 
search for fluctuating magnetic order, which in a neutron diffraction experiment requires a time-con
suming search over a wider region of momentum and energy transfer.

In conclusion,  using RSXD at the Ni 2p → 3d (L3) transition we studied the stripe phase in 
La1.8Sr0.2NiO4. We find that the magnetic scattering signal has contributions from both static and fluc
tuation spin order. This is important for the quantitative understanding of data obtained with RSXD 
and may open an interesting new approach for the study of fluctuating order.

We thank E. Weschke for the permission to use his soft x-ray diffractometer. We gratefully ap
preciate the excellent working conditions at BESSY and the expert technical support by BESSY and 
HMI staff. We thank L. Hamdan for skillful technical assistance. 
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The electronic structure of organic semiconductors plays a crucial role in the performance of 
opto-electronic devices based on these materials such as light-emitting diodes, field-effect 
transistors, and photovoltaic cells. Detailed information regarding the electronic structure of 
occupied and unoccupied molecular levels can be obtained using high-energy spectroscopic 
techniques such as photoemission spectroscopy (PES) or x-ray absorption spectroscopy 
(XAS). In particular, resonant photoemission spectroscopy (ResPES) can be utilized for the 
experimental analysis of the contribution of different chemical species to spectral valence 
band features [1-3].  If an electron is excited into unoccupied molecular levels, different 
possible nonradiative deexcitation channels of the resulting core hole cause substantial 
changes in spectral valence band features: normal Auger electron emission, participator decay 
(ResPES) and spectator decay (resonant Auger spectroscopy), see e.g. [1]). The kinetic energy 
of the emitted electron can be either constant as expected for Auger processes or it can 
disperse linearly with the excitation energy (“Raman dispersion”, i.e. binding energy is 
constant) as expected for PES. However, nonlinear dispersion has been observed, and the 
underlying physics has been discussed partly controversially. Difficulties in the interpretation 
of the decay spectra arise from the combination of the nature of the intermediate core-excited 
state as the initial state for the decay process, the character of the Coulomb matrix elements, 
and the role of vibrational excitations in the 
intermediate core-excited and ResPES final 
states [2].  

In this report we study the electronic 
structure of zinc phthalocyanine (ZnPc) and 
1,4-octa-decyl substituted zinc phthalo-
cyanine [(Dec)8PcZn] thin films (~6-8 nm) 
using ResPES and X-ray absorption 
spectroscopy. The measurements were 
performed at the UE 52-PGM beamline. 
ResPES data were taken either conven-
tionally using a Scienta R 4000 electron 
energy analyzer or in a dispersive data 
collection mode, where the photon energy 
dispersion of a plane-grating XUV mono-
chromator and the imaging properties of the 
electron analyzer is combined [4].  

First, in Fig. 1 we discuss valence band 
spectra for ZnPc in the range of the C 1s 
absorption edge from 280 to 291.8 eV. The 
binding energy can be calibrated by the 
second order C 1s peak, indicated by arrows 
in Fig. 1. The main absorption intensity in 
the corresponding XAS spectra (not shown) 
is observed at 284.9 eV. A clear increase of 
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Fig. 1. Resonant Photoemission spectra of ZnPc 
(thickness about 8 nm, substrate ZnS). The inset 
shows the chemical structure. Essentially an increase 
of the intensity of spectral features is observed at the 
main resonance (284.7-285.2 eV). 
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the relative intensity of spectral features, in particular of the HOMO, can be observed around 
the resonance energy. In addition we observe a clear resonance at 284.1 eV, this is the 
position of a energetically low lying shoulder of the main absorbtion line in XAS, possibly 
due to transitions from benzene carbon atoms (C1, see inset of Fig. 1) into the LUMO as 
discussed for tetra-t-butyl magnesium phthalocyanine in Ref. [5]. We note, that the intensity 
of the spectra is not normalized in order to focus on energetic shifts of spectral features. The 
increase of spectral features at the resonance energy can be explained by the participator 
channel where the final state is the same as in valence band PES, but the resonance process 
generally has a much larger cross section. The occupation of different vibrational sublevels of 
the given electronic final state is a possible reason for a nonlinear dispersion [2].  

In Fig. 2 a) and b) we show ResPES spectra (C1s threshold) of the substituted relative 1,4-
octa-decyl zinc phthalocyanine [(Dec)8PcZn]. The molecular structure in a crystal is 
schematically drawn in the inset of Fig. 1b (middle), two of the eight substituents act as a 
spacer between the aromatic cores [6]. Due to the additional contribution of carbon from the 
alkyl chains to the valence band features in Fig. 2 a) and b), observed structures for 
(Dec)8PcZn are generally broad compared to ZnPc. In contrast to ZnPc we observe, beside of 
an enhancement of the intensity at the resonance (about 285.2 from XAS), distinct energetic 
shifts of all spectral features to higher binding energies. This is in particular visible for the Zn 
d-band at about 11 eV. The observed energetic shifts could be caused by sample charging, 
due to the weaker intermolecular interaction in (Dec)8PcZn compared to ZnPc a low electrical 
conductivity is expected. At the resonance energy much more (secondary) electrons can leave 
the sample due to the large cross sections for different deexcitation channels. Such sample 
charging can be usually corrected by the energetic position of the second order C1s signal, the 
expected position of C1s is marked by bold bars in Fig. 2a and 2b. However, looking in detail 
at the C1s peak in Fig. 2c, a distinct broadening is observed at the resonance energy, it seems, 
that the signal is splitted in two different components. From that we conclude, that the organic 
film is inhomogeneously charged. A possible explanation for this phenomenon is a different 
orientation of the molecule under consideration: since the molecules are disordered 
(concluded from XAS-data, not shown), there are molecules where the intensity of core level 
excitations from the C1s level into the π* orbital is more probable than for other molecules. 

A further possibility to change the conductivity of an organic film is the variation of the 
temperature. In Fig. 3 we compare energy-dispersive maps of an about 8 nm thick film of 
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Fig. 2. a) and b) Resonant Photoemission spectra of  1,4-octa-decyl substituted zinc phthalocyanine 
[(Dec)8PcZn]. Unusual energetic shifts cannot be corrected by means of the second order C1s signal. c) Change 
of the peak shape of C1s signal in the resonance, pointing to inhomogeneous charging.   
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ZnPc on polycrystalline gold at room temperature (left) and at liquid He temperature. Here, 
the x-axis denotes the kinetic energy (as in Fig. 1) and the y-axis corresponds to the photon 
energy in the range of the C1s absorption edge. The high intensity at the resonance energy at 
about 285 eV is depicted by bright colours. We expect a linear shift of PES features with the 
photon energy (slope 1) and a slope 2 is expected for the second order C1s signal. This is in 
good agreement with the observations at room temperature, illustrated by red lines in Fig. 3 
(left). However, at liquid He temperature we observe clear kinks in the energetic position at 
the resonance intensity, whereas the deviation from the linear behaviour is smaller for the C1s 
signal. Similar to (Dec)8PcZn (see above) this can be explained by inhomogeneous 
“charging” resulting from a different orientation of the field vector of the polarized 
synchrotron light relative to the π-electron system of the molecule in the case of inhomogene-
ously distributed molecular orientations. Whereas differently oriented molecules contribute to 
the second order C1s signal similarly, preferred molecules (or alternatively domains), where 
the probability for core level excitations from the C1s level into the π* is high, contribute to 
the resonance enhanced valence band features (visible as charged molecules or domains in the 
C1s spectrum). Thus the sum C1s signal from differently charged regions may shift 
differently compared to resonant valence band features. The data also show that the 
intermolecular charge transfer in organic thin films with a low degree of molecular ordering is 
suppressed at low temperatures. 

For valuable discussions and technical assistance we thank C. Jung, S. Pohl, W. Neu and 
R. Hübel. Financial support by BESSY is gratefully acknowledged. For providing (Dec)8PcZn 
we thank M. Hanack, I. Chambrier and M. J. Cook. 
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Fig. 3 Energy-dispersive map of an about 8 nm thick film of ZnPc on polycrystalline gold at room 
temperature (left) and liquid He temperature (right). The observed energetic shifts at low temperature are 
explainable by inhomogeneous charging resulting from inhomogeneously distributed molecular orientations. 
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Introduction

Zinc Oxide (ZnO) is a semiconductor material with a wide (3.4eV) and direct band gap. The

large exciton binding energy of 60meV leads to tightly-bound excitons and hence to very effi-

cient near-band-gap recombination at room temperature and even higher. This makes ZnO a

favourable material for use in opto-electronic devices (e.g. LED’s). However, the application

of ZnO in opto-electronics is hindered by the lack of a stable p-doping, since ZnO is n-doped

by nature. As the source of the native n-doping are discussed O-vacancies, Zn-interstitials,

group-III-elements (Al, Ga) [1] or H-incorporation [2]. A potential p-doping has to overcome

this native n-doping. For many reasons, nitrogen appears to be the best candidate for p-doping

in ZnO [3]: The ionic radii of nitrogen and oxygen are of comparable size [1], N has the low-

est ionisation energy of all possible group-V-elements, and it does not form the N-on-Zn an-

tisite (NZn). Beside this advantages of N, it’s low solubility in ZnO and several compensation

mechanisms have prevented a stable p-doping of ZnO, up to now [1]. Therefore, we report in

this work about the chemical nature of the incorporated nitrogen, investigated by means of

PES and NEXAFS. The ZnO was grown epitaxial and the nitrogen was introduced via an ion

source, either while epitaxial growth or after the growth.

Experimental

The ZnO was grown epitaxial on a sapphire r-plane ([ 2101 ] oriented) by a metal-organic

MBE (MO-MBE) process. The sapphire substrate was kept at a temperature of 450°C. Di-

ethyl-Zinc (2×10
-6

mBar) was used as metal-organic precursor and water (8×10
-6

mBar) as oxi-

dising agent. A growth rate of approx. 100nm per hour was reached.

For introducing nitrogen into the grown ZnO, a Penning-type plasma source was mounted in

front of the sample, allowing nitrogen ion irradiation while ZnO growth. The plasma source

was operating at a nitrogen partial pressure of 6×10
-6

mBar and with an acceleration voltage of

only 300V, to minimise the sputtering damage on the ZnO.

For investigation of the influence of different nitrogen ions, a second ion source equipped

with a Wien type mass filter was installed, additionally. The Wien mass filter allowed the

separation of cracked atomic nitrogen (N
+
) from single charged nitrogen molecules (N2

+
).

Atomic nitrogen N
+
 is also supplied by the ion source with an intensity of 13% relative to the

molecular nitrogen. Due to technical border conditions, the Wien filter set-up could only be

used to irradiate the ZnO layer after growth and not while growth.

All preparations described above were done at the Integrated System (IS) in a lab close to the

BESSY storage ring. Monochromatised XPS (mXPS), UPS, and LEED was used to charac-

terise the samples in-situ before the samples were transferred to the SoLiAS end station at the

beamline U49/2-PGM2. The transfer was carried out using a mobile UHV system (Transfer

Box), what maintains a pressure of 5×10
-10

mBar while transfer. PES measurements were done

at the beamline, using the PHOIBOS analyser of the SoLiAS end station. NEXAFS measure-

ments were done by using total electron yield (TEY) measured with a Keithley 6487 picoam-

pere meter, and by using Auger yield measured by the PHOIBOS analyser in the CFS mode.
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Results and Discussion

The N1s photo emission spectra of nitro-

gen incorporated into hetero-epitaxial

ZnO show three typical emission at

binding energies of around 404eV (“A”),

around 399.5eV (“B”), and around

396eV (“C”). N1s spectra of a sample

with 1.8 atom-% of nitrogen (Figure 1)

are recorded at different photon energies

of 500eV to 1500eV. Due to different

kinetic energies, the electrons have dif-

ferent escape depths of 0.8nm to 3.1nm,

respectively. It can be seen that emission

A vanishes at the most surface sensitive

spectrum (hν=500eV), whereas emission

B dominates the surface sensitive spec-

trum and becomes weaker at the bulk

sensitive spectrum at hν=1500eV.

Hence, one can conclude that the chemi-

cal compound, represented by emission

A, is located in the bulk material, and

emission B originates mainly from the surface. Emission C seems to be distributed more ho-

mogeneously in the ZnO film.

The assignment of the three emissions to chemical compounds can be done by comparison of

their binding energy (BE) with values given in literature. Emission C can be attributed to Zn-

N bonds, because its low BE of 396eV is typical for nitrides. Futsuhara et al. found a BE of

396.2eV for the Zn-N bonds formed in zinc oxynitride (ZnxNyOz) films prepared by rf mag-

netron sputtering [4]. Petravic et al. showed in [5] a BE for Zn-N bonds of 396.4eV for their

ZnO films grown by plasma-assisted MBE and bombarded with N2
+
 ions. The assignment of

emissions A and B is more controversially discussed in literature. In the above mentioned

work of Petravic et al. emissions at 403.9eV were attributed to nitrogen bonded to oxygen

(NO2). In the same work

Petravic et al. found vibra-

tional fine structures in

NEXAFS data, which are typi-

cal for molecular nitrogen.

Therefore, the N1s emission at

399.5eV, also found in this

work, was assigned to mo-

lecular nitrogen buried in the

ZnO. Contrary to these find-

ings, Perkins et al. only found

two N1s emissions on their

ZnO samples grown by reac-

tive rf sputtering with a mix-

ture of N2 and O2 [6]. The

emission at 396.5eV was as-

cribed to zinc nitride (in

agreement to Petravic et al.).

For the other emission at

404.5eV the NOx species were

ruled out, and it was attributed
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Figure 1: N1s spectra with different escape

depths showing different vertical distribution of

the three typical emissions “A” (around 404eV),

“B” (around 399.5eV), and “C” (around 396eV).
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+
 molecules (top), and by N

+
-

radicals (middle). Spectra for sample from Figure 1 are

given also, for comparison (bottom).
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to molecular nitrogen. This assignment is supported by Hecht et al. [7]. There, interstitial

molecular nitrogen has been identified by NEXAFS on ion beam nitride samples of GaAs,

InAs, and InSb. The N1s emission at 403.8eV was assigned to the molecular nitrogen, by cor-

relation of the NEXAFS and N1s emission.

To clearly assign the N1s emissions, we used a Wien mass filter to irradiate the sample with

molecular ions N2
+
, and with nitrogen radicals N

+
, separately. The ion source delivered

around 13% cracked N
+
 (mass 14) radicals, relative to 100% N2

+
 molecules (mass 28). The

N1s spectra are given on the left hand side of Figure 2 for the N2
+
 molecules (top), and for the

N
+
-radicals (middle). Additionally, on the bottom of Figure 2 the spectrum of the sample from

Figure 1 is given, for comparison. A clear change in the N1s components is visible. Irradia-

tion with the N
+
-radicals leads to a more or less uniform distribution of the N1s emission A,

B, and C. In contrast, a selection f only N2
+
 molecules for irradiating the ZnO film leads to a

domination of emission A. The corresponding NEXAFS spectra are given on the right hand

side of Figure 2. Here, a sharp resonance at hν=400.8eV indicates the presence of molecular

N2. On the sputter-while-grown sample (bottom) and on the N
+
-radical irradiated sample

(middle) only the energetic position and an asymmetry towards higher photon energies indi-

cates the presence of vibrational excitations in N2 molecules. On the sample irradiated solely

with N2
+
 molecules the typical vibrational excitations are resolved very well with a distance

of 220meV. The clear coincidence between emission A in PES and vibronic excitations in

NEXAFS gives evidence, that emission A in PES can be attributed to molecular nitrogen.

However, the assignment of emission B is still unclear. N-O bonds are possible, but the bind-

ing energy is rather low. More likely are next-neighbour-effects from O via Zn to N (like

found in oxynitrides), or N-H bonds like suggested in [6].

Conclusion

Using NEXAFS spectroscopy, we have shown that ZnO films irradiated with nitrogen ions

while epitaxial growth exhibit molecular nitrogen. By using a Wien mass filter and irradiation

of the ZnO films with molecular nitrogen ions N2
+
, and nitrogen radicals N

+
 separately, we

were able to identify the photoemission signal at a binding energy of around 404eV as mo-

lecular nitrogen. This was possible by a strong correlation of the photoemission signal with

the vibronic excitations in NEXAFS spectra, typical for molecular nitrogen. Most of the ni-

trogen was incorporated as molecular nitrogen, when using only molecular nitrogen ions N2
+

for irradiation of the ZnO film
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ABSTRACT 
The purpose of this present work is to study the nano structure of shed snake skins and 
different drug delivery systems i.e. liposomes and lipid emulsions in order to understand 
deeply their structures during formulations. Effect of two different drugs i.e. diclofenac 
natrium and theophylline was also included. The results show that these two drugs have 
different effects on the structure of shed snake skins and the delivery systems studied. The 
information will be a good basis for better formulating of the delivery systems and also for 
selection of a suitable shed snake skin for using as a model membrane for testing of medicinal 
formulations.  
 
INTRODUCTION 
We have reported in the former annual report [1] that the heating process has an affect on the 
structure both of the shed snake and human skins. This may be due to the fact that lipids are in 
both the skins which can be oriented in different forms e.g. gel-, crystalline-, hexagonal-
phase. In this report we will show the results of the effect of two drugs i.e. diclofenac natrium 
(DCNa) and theophylline (THEO) on the structure of different types of snakes. Further aspect 
is to determine the structure of different delivery systems i.e. lipid emulsion and liposomes 
and the effect of the above mentioned two drugs.    
 
MATERIALS AND METHODS 
Materials 
The shed snake skins of Elaphae obsoleta (EO), Naja kaouthia (NK), and Viper calloselasma 
(VCAS) were used as model membranes. The skins were a gift from the Pata Department 
Store Snake Park in Bangkok (Thailand). Each shed snake skin was divided into 1x1 cm 
pieces and placed in different media i.e. buffer (pH 5, 7, 9), saturated drug solution in 50 
%w/v ethanol, and sterile water. Two types of drugs i.e. diclofenac natrium and theophylline 
were studied. In order to prepare lipid emulsion the medium chain triglyceride, lecithin, 
surfactant, drug and water were mixed together by the emulsification and batch method. The 
dry film method was used to prepare liposomes. The phospholipid “Phospholipon®90NG”, 
which contained 90% phosphatidylcholin, 6% lysophosphatidyl-cholin, 0.3% tocopherol was 
used for this purpose. Different drugs were incorporated into the liposomes [2]. 
 
Method  
Small Angle X-ray Scattering (SAXS) 
The experiments were performed at the new SAXS instrument of the Hahn-Meitner Institute 
(7T-MPW-SAXS) installed at the synchrotron source BESSY in Berlin, Germany. The 
scattering patterns were acquired using a 2D position sensitive gas detector with delay line 
read out (Molecular Metrology). The samples of shed snake skins were measured by SAXS, 
while increasing the temperatures of the samples from 30 °C to 80 °C at X-ray energy of 7000 
eV under vacuum. The lipid emulsions and liposomes were measured at room temperature 
with the same measuring conditions as the skin.  
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RESULTS AND DISCUSSION 
Figure 1 shows significant differences of the SAXS curves between the untreated samples in 
comparison with the drug-treated shed snake skins. The distinctions are characterised in peak 
shift. The details of scattering vectors and repeat distances are listed in Table 1.  
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      (a)           (b) 
Figure 1: SAXS curves with characteristically maxima of shed snake skins and the effect of 
drugs (a) Elaphae obsoleta (EO) and (b) Viper calloselasma (VCAS).  
 
The peak trend divers from drug to drug and is significantly. This may be due to the fact that 
drugs can be incorporated variedly into the skin. This means that if the repeat distance (d) of 
the lipid layer gets smaller, the scattering angles will be smaller as well resulting in increasing 
the scattering vectors (q). Further results e.g. from NK-skin can be seen in the thesis [3].  
 
Table 1: Summary of the measured scattering vectors (q-values) and the calculated d-values. 
 
Sample q1 [nm-1] q2 [nm-1] q3 [nm-1] d1 [nm-1] d2 [nm-1] d3 [nm-1] 

EO untreated 0.8819 2.6598 -- 7.1244 2.3623 -- 

EO with DC-Na in 50% w/v EtOH at 50 °C 0.9228 -- -- 6.8088 -- -- 

EO with THEO in 50% w/v EtOH at 50 °C 0.7543 0.8714 -- 8.3296 7.2109 -- 

VCAS untreated 0.8251 2.6466 -- 7.6153 2.3741 -- 

VCAS with DC-Na in 50% w/v EtOH at 50 °C 0.8409 -- -- 7.4717 -- -- 

VCAS with THEO in  50% w/v EtOH at 50°C 0.7873 1.1520 2.3637 7.9810 5.4543 2.6583 

 

      
Figure 2: SAXS curves of lipid emulsions and the effect of drugs. 
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Figure 3: SAXS curves of liposomes and the effect of drugs. 
 
Figures 2-3 clearly show that the two different drugs have different effects on the structure of 
these two delivery systems. It seems that diclofenac natrium can change the structure of lipid 
emulsion and liposomes more than theophylline. The results may give a hint that the drugs are 
located in different regions of the formulation e.g. between the water layer or between the 
lipid bilayer. The further studied to confirm this hypothesis will be performed.   
 
CONCLUSION/PROSPECTIVE PLAN  
SAXS provides outstanding results at the investigated systems. As a result of these 
investigations it is possible to understand which types of shed snake skins can be used as an 
alternative model membrane for the in-vitro-test. The results of the delivery systems will be a 
good basis for formulating the active site delivery systems, which will contain more 
components and therefore challenge to study with SAXS.    
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Hole concentration of the CuO2-layer of Bi(Pb)-2201 single crystals determined by XAS  
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The hole concentration of the CuO2-planes has been known as the fundamental parameter of 

high-Tc superconductor cuprates. It has been experimentally demonstrated that a certain value 

of holes is needed to change the insulators to metals and superconductors and with a further 

increase reach maximum Tc. The result is the phase diagram, the correlation between the 

superconducting transition temperature and the hole concentration [1]. But evaluating the 

actual hole concentration of high-Tc cuprates is always a difficult task. It is even more 

difficult for the La-doped Bi-2201 system, where doping is achieved through cation doping 

and/or oxygen doping within the charge reservoirs, which introduce holes into the CuO2 

planes. Here we report on our progress in the determination of the hole concentration of 

Bi(Pb)-2201 single crystals using x-ray absorption spectroscopy (XAS).  As a probe we 

utilized the Cu-LIII edge. This has been shown to work perfect for polycrystalline material, e.g. 

on LSCO [2] and recently also on BISCO [3], but until yet failed on single crystals. A further 

advantage of XAS is that it directly measures the carrier concentration residing in the CuO2 

planes whereas other techniques often measure all holes of the samples.  

 

A wide doping range of Bi2-yPbySr2-xLaxCu6-δ single crystals with lanthanum concentration 

between x = 0.28 and x = 0.66 were grown out of a stoichiometric melt. The crystals were 

characterized using several techniques, e.g. energy dispersive x-ray analysis (EDX), ac 

susceptibility, x-ray diffraction and low energy electron diffraction (LEED), to obtain 

information on the chemical composition, the superconductivity, and the quality of the 

crystals. The characterization results are summarized in Table 1.  

 

No Tc/K Pb(y) La(x) p 

1 0 0.00 0.66±0.07 0.0925 

2 0 0.00 0.62±0.04 0.1158 

3 23 0.00 0.63±0.05 0.1244 

4 22 0.40±0.04 0.66±0.05 0.1199 

5 18 0.41±0.09 0.39±0.09 0.1427 

6 28 0.44±0.05 0.46±0.06 0.1635 

7 27 0.53±0.05 0.43±0.06 0.1804 

8 20 0.48±0.04 0.28±0.09 0.1879 

Table 1:  The chemical composition of the Bi(Pb)-2201 single crystals as obtained by EDX. Tc was 

taken from the onset temperature of the ac-susceptibility. The hole concentration p as calculated by 

equation 1 is the mean value of all rotational angles multiplied by a polarization correction factor, see 

text. 

 

The measurements were performed at the PM3 beamline and the ISIS beamline at BESSY 

using the BESSY/HU fluorescence chamber. The CuLIII absorption edge is evaluated for a 

quantitative investigation of the hole concentration. Its signal consists of a “white line”, as a 

result of the dipole transition 2p
6
3d

9
→2p

5
3d

10
 which probes the unoccupied density of states, 

and a shoulder on the high energy side of the white line, called "satellite line" which 

represents the itinerant O2p holes hybridized with Cu3d states given by the transition 

2p
6
3d

9
L→2p

5
3d

10
L [3]. The intensity of the satellite line varies according to the hole 

concentration in the CuO2 planes of the cuprates as shown in figure 1. The specificity to holes 
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solely of the CuO2 planes is due to the fact that x-ray absorption is a local probe and therefore 

detects only holes near O sites. The numerical value for the hole content is calculated as [3, 

4]: 

                   
whitelinesatellite

satellite

II

I
p

+
=    (1) 

 

The intensities are evaluated from a fit of the CuLIII spectrum by pseudo-Voigt profiles as 

shown in figure1. 

 
 

Figure 1: CuLIII XAS spectrum of Bi(Pb)-2201 (sample no. 8) at rotational angles of 38o. The Voigt 

functions resulting from a fit (blue line) for the the white line and the satellite line (green curves). 

Inset: Comparison of the satellite lines of two rotational angle of 38o (blue) and 148o (red dots) 

 

First determinations of the hole content by equ. 1 of Bi-2201 single crystals revealed totally 

inconsistent and scattering results and led us to consider the impact of the linear polarization 

of the synchrotron light. The synchrotron beam was irradiated normal to the sample surface 

and the electrical field vector is therefore parallel to the CuO2 planes. In order to study a 

potential polarization dependence, spectra series were taken as a function of the rotational 

angle φ around the surface normal. Hence, this changes the direction of the electrical field 

vector with respect to the orbitals in the CuO2 plane. The hole concentration p as determined 

by equ. 1 over different rotational angles φ for sample no. 8 is shown in figure 2.  

 rotational angle, ϕ 

p 

 

 

intensity/a.u. 

energy/eV 
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Figure 2: Hole concentration p over rotational angle φ (in red) for an overdoped Bi(Pb)-2201 single 

crystal (sample no. 8). The blue line represents the mean value of the modulation over all rotational 

angles 

 

The ratio of equ. 1 depends distinctly on the polarization geometry, i.e. the direction of the 

electrical field vector within the ab-plane of the crystal, although it has been assumed so far 

that no polarization effect should occur due to orbital symmetry and the assumption of 

statistically distributed itinerant holes in the CuO2 plane. However, any introduced asymmetry 

could cause a polarization dependence, the details will be discussed elsewhere [5].  

 

The hole concentration of each superconductor is then calculated by the mean value of the 

modulation over all rotational angles, and then corrected by 1.5, to taking into account the 

geometrical form factor of the single crystals. The calculated hole concentration p for each 

sample is given in table 1. By considering now explicitly the polarization dependence, the 

hole concentration decreases systematically with increasing La content also for single crystals. 

To make this result more quantitative, we plotted in figure 3 the hole concentration p per Cu 

atom versus the La content x. Similar to  polycrystalline Bi-2201 the hole concentrations of 

the single crystalline samples studied in this work decrease linearly with rising La content, 

give by the relation p=0.245-0.203x. The reason for the offset relative to the polycrystal curve 

is not clear until now. 

 

.  

 

Figure 3: Hole concentration p as a function of La content x for all measured single crystals (blue dots 

and blue line). For comparison the result of [3] for polycrystalline samples is shown in red. 

 

The determination gives an hole concentration of p≈0.16 for optimally doped samples, which 

is the case for sample no. 6 with TC=28K. In addition note that for samples with p≈0.10 the 

transition temperature Tc becomes zero. This is very close to the so-called 1/8 doped sample 

for which the theory proposes suppression of superconductivity due to the occurrence of 

ordered charge stripes in the crystals. 
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Single walled carbon nanotubes (SWCNT) are archetypical one-dimensional systems, with peculiar 
anisotropic electronic properties. These properties can be continuously modulated by filling giving rise 
to fascinating electronic properties as a consequence of the charge transfer and orbital hybridisation 
within the quasi-one-dimensional nanospaces. Especially metal filling, makes them interesting as 
functional elements in nanoelectronics and spintronics[1]. Besides, filling with metallofullerene, 
which has been nicely reviewed [2], a large variety of organic molecules have been encapsulated [3, 
4].The degree of alignment and functionalization is still a big issue in current research and only 
recently µm thick films of vertically aligned SWCNT became available [5].  

Especially, high-energy spectroscopy such as x-ray absorption and photoemission has been shown 
to be a very useful tool to investigate the element- and site-selective electronic structures of the 
aligned and filled SWCNT. On the one hand, it offers a direct probe of the valency of the encaged 
metal ions in the endohedral compounds. On the other hand, the vertical alignment of the nanotube 
mats allows the realization of scattering geometries in polarization dependent x-ray absorption 
promoting specific dipole transitions parallel and normal to the axis of the SWCNT giving access to 
quantify the degree of alignment on a bulk scale.  

In this project we have performed high-energy spectroscopy using synchrotron radiation to explore 
the advanced electronic structures of vertically aligned SWCNT [5], as well as ferrocene filled single-
wall carbon nanotubes [6]. The influence of the one-dimensional environment on the electronic 
structure of encaged molecules as well as the impact of their accommodation on the electronic 
properties of the carbon nanotubes were investigated in comparison to the electronic structure of the 
pristine SWCNT using high-resolution x-ray absorption and photoemission spectroscopy as probe. 

The photoemission experiment (not shown) was carried out at CRG BUF beamline UE 52 PGM, 
BESSY II, using a hemispherical photoemission electron energy analyser, SCIENTA SES 200. The x-
ray absorption spectrum was obtained by measuring the drain current of the sample. The experimental 
resolution and Fermi energy were determined from the Fermi edge of a clean Au film. All spectra were 
recorded with an overall energy resolution better than 50 meV. The base pressure in the experimental 
setup was kept below 3 x 10–10 mbar.  

From high-resolution (better than 30 meV) absorption spectroscopy on pristine SWCNTs at C1s 
excitation edge, we have successfully observed a fine structure in the unoccupied SWCNT density of 
states [7]. In resonant XAS on nanotubes an incoming x-ray photon matches an electronic dipole 
transition from the C1s core level into the π or σ conduction band, respectively. In sp2 carbon this is 
not only a matter of matching energies of roughly 285 eV and 291 eV but also of the mutual angle 
between the electric field vector of the polarized light and the basal plane of σ bonds or the axis of the 
π orbitals, respectively. The dipole transition probability scales as the square of the scalar product of 
these two vectors. If the beam of incidence is parallel to the axis of alignment then all linear 
polarizations have naturally the same cross sections for σ* and π* absorption, respectively. At a finite 
angle of the beam to the axis of the alignment there are substantial changes in the relative cross 
sections of the π* and σ* resonance. This is illustrated in Fig. 1 where the angle to the beam was 60°. 
The polarization of the synchrotron light is rotated from 0° to 90°. At 0° the electric field vector lies in 
the horizontal plane and has the maximum projection on the axis of the aligned SWCNT. Thus, the 
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overlap to radial π states is minimal with this polarization.  

285 290 295

 

 
XA

S 
(a

rb
. u

.)

Energy (eV)

 60° 90°
 60° 75°
 60° 60°
 60° 45°
 60° 30°
 60° 15°
 60° 0°

π
σ

      The angular distribution of the SWCNT axes is most conveniently described in spherical 
coordinates. The rotational symmetry of angular distribution is ensured by omitting the polar angle in 
the functional form. Thus the angular distribution is only a function of the azimuth angle. Further, 
every SWCNT is at the same time pointing into the two opposite directions, thus the function is 
symmetric around the equator line. Once polar symmetry is given an equatorial mirror plane is 
sufficient to ensure inversion symmetry. We represent the azimuth angular distribution by two 
mirrored half sided Gaussians each at one pole. In this way a full three dimensional angular 
distribution within aligned SWCNT is conveniently represented by one single parameter which is the 
standard deviation δ of the Gaussians. For any given angular distribution the relative cross sections for 
dipole transitions into unoccupied π* and σ* states are easily evaluated by decomposing the electric 
field vector into a radial (R) and axial (A) constituent for every solid angle. The π resonance scales as 
R2/2 and the σ resonance as A2+R2/2. The factor one half in the radial component arises from 
averaging over the circumference of the SWCNT. Now we can weight the local cross sections with the 
angular distribution and integrate over the full sphere of solid angles. Comparing the relative change 
of the π* to σ* resonance to the experiment, we find a close match to the experiment with a 
calculation assuming an azimuth standard deviation δ of 27° [8]. We want to point out, that this way of 
considering a fully three dimensional angular distribution for the alignment of SWCNT is an 
alternative approach to earlier reports on aligned MWCNT[9].  
      In the second part we demonstrate that fine-tuning the electronic properties of single-wall carbon 
nanotubes via filling with ferrocene molecules yields a continuous and tunable amphoteric doping via 
a temperature driven nanochemical reaction. The evolution of the bonding and charge transfer within 
the tube is shown via chemical reaction of the ferrocene filler ending up as secondary inner tube (a 
doped double wall carbon nanotube DWCNT). Beside a continuous shift of the van Hove singularities 
in valence band photoemission (not shown) high resolution x-ray absorption was used to gain insight 
into the changes of the matrix element weighted unoccupied density of states as well as the bonding 
environment of the encaged iron compounds [10]. 
 

 

 

Fig. 1 X-ray absorption response of
vertically aligned SWNT. The angle between
incident beam and axis of the alignment is
60° in the horizontal plane. The linear
polarization of the light is turned from
horizontal (0°) to vertical (90°). Spectra are
scaled to σ absorption.   

 
FIG. 2: a) C 1s absorption spectra for: SWCNT
(A) , ferrocene filled SWCNT (B), Fe doped
DWCNT (600° C for 2 hours) (C) and Fe
doped DWCNT (600° C for 22 hours) (D).  
b) van Hove singularity peaks at the π* edge on
an expanded scale. Gray line shows the result
of a line shape analysis for the SWCNT
(Ref.[7]). 
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   The Fe 2p absorption spectra (not shown) clearly traces the chemical environment of the iron atoms. 
The Fe 2p absorption spectra of the ferrocene filled SWCNT  closely resembles the four discernible 
characteristic peaks of the molecular states of ferrocene [11] evidencing that the molecules are 
encapsulated without decompositions. The x-ray absorption of the iron doped DWCNT samples in 
turn show a broad and asymmetric doublet composed of a set of doublets corresponding to variant 
chemical compositions of iron. Such a drastic change in the Fe 2p absorption is a direct observation of 
decomposition of the ferrocene molecules. Further, the C 1s photoemission and absorption uncovers 
the nature of nanotube-ferrocene interactions. The high resolution C 1s photoemission spectra for the 
SWCNT shows a narrow asymmetric narrow line [7], which strongly broadens for the ferrocene filled 
SWCNT and recovers back for the doped DWCNT. Fitting the ferrocene filled SWCNT to a Doniach 
Sunjic profile yields asymmetry parameters are 0.175 and 0.147, respectively, which are factor 1.83 
and 1.38 larger than those for the SWCNT and the Fe doped DWCNT. Interestingly, this anomaly of 
the ferrocene filled SWCNT is concomitant to a decrease of the π plasmon peak located around 291 
eV binding energy in the shake up region, possibly indicating reduced π components. This is further 
investigated with the C 1s absorption plotted in Fig. 2a. The C 1s absorption spectrum for the pristine 
SWCNT exhibits π* resonance peak located at a photon energy around 285.4 eV and σ* resonance 
structures above 291.8 eV. In the π* peak plotted on the expanded scale in Fig 2b, the fine structures 
corresponding to the van Hove singularities are observed for all the samples. Those are reproduced 
well by the line shape analysis according to the previous work [7], as depicted at the bottom in Fig 2b. 
This observation confirms high purity of the samples. The C1s absorption is drastically modified upon 
ferrocene encapsulation. The π* to σ* ratio is strongly reduced and a new peak appears at 287 eV for  
(spectrum B). This originates from the ferrocene molecule which has a main peak structure at 287 eV 
corresponding to C-H bonds [12]. It should be noted, however, that there must be much less 
pronounced features of the raw ferrocene observed accounting for the estimated concentration of the 
ferrocene consisting carbons [6]. In addition to the reduced π* peak intensity, therefore, this can be 
attributed to the nanotube carbon valence states modifed by ferrocene adsorption on the inner wall so 
as to project the spectral weight of the filler molecule on the C 1s absorption. Therefore, orbital 
mixing of the nanotube π and ferrocene π conjugated orbital must be responsible for the extra feature. 
This can cause a significant modification of the nanotube valence states. In general, the additional 
bonding to the nanotube wall yields more sp3 like carbon atoms, which results in reducing the 
dominant π signal. This also explains the reduced π plasmon shake up in the C 1s photoemission of 
the ferrocene filled SWCNT. Additionally, those sp3 like features observed in both photoemission and 
absorption diminish rapidly after 2 hours of annealing, indicating the detachment of those bonding as a 
consequence of the decomposition of the ferrocene molecule as observed with the Fe 2p absorption.  
         To summarize, we demonstrated that a combination of high-resolution photoemission and x-ray 
absorption across the resonance edges of aligned SWCNT and ferrocene filled SWCNT is a very 
powerful and versatile technique to study both the sample morphology and de detailed changes in the 
unoccupied density of states of the SWCNT, as well as in the charge transfer and bonding environment 
of the encapsulated molecules and iron compounds. Tweaking the properties of SWCNT is a 
prerequisite for their practical applications and hence these high energy spectroscopical studies on the 
amphoteric doping provide important input for the assessment of their potential. 
Acknowledgements: Work supported by the DFG PI440/2/3, the EU Marie Curie Program and the 
Alexander von Humboldt Society. 
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Nucleation is one of the most fundamental aspects of phase transitions and crystal growth, 
and it is still controversial whether genuine homogeneous nucleation is possible. In particular, 
the characterization of early formation stages of calcium carbonate is a tackling problem, 
affecting both biomineralization and industrial scaling. The contact-free crystallization of 
calcium carbonate in levitated droplets allows an in situ monitoring of the crystallization in 
exceptionally small sample amounts avoiding any foreign phase bounderies (except the 
air/solution interface), which may influence the precipation process in favour of 
heterogenously induced nucleation due to foreign bodies like walls of the reaction vessel. 

Beside the employed ultrasonic levitation method, only few methods are applicable in order 
to monitor crystallization and phase transition processes in situ under levitating (or at least 
contact-free) conditions, but they suffer certain disadvantage: Methods based on 
electromagnetic levitation (EML) are limited to their requirement of electric conductivity of 
the specimen,B whereas methods applying eletrostatic levitation (ESL) operate under 
vacuum.C The main disadvantage of most experimental methods used so far to study 
nucleation and growth of solid CaCO3 lies in the poorly defined conditions preceding 
precipitation. Solutions of the precursors are rapidly mixed, frequently under turbulent 
conditions, in order to achieve a large supersaturation. Precipitation then proceeds on a 
timescale of seconds or less. 

 Acoustic levitation, based on axial radiation pressure and radial Bernoulli stress induced by 
a standing acoustic wave, is an appropriate tool to monitor the crystallization of CaCO3 in situ 
without perturbations. In case of levitated liquid samples the droplet-air interface is the last 
remaining phase boundary; no container wall can influence the crystallization and nucleation 
processes and furthermore any other perturbance from the container wall or background 
signal from the experimental setup can be excluded. 
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Figure 1. Setup and principle of the acoustic levitator. 
A sound level of about 160 dB compensates gravity. A 
droplet of water is hovered in the central node of the 
standing acoustic wave to demonstrate the levitation of 
liquid samples. 

Figure 2. Experimental setup at the µSpot beamline 
integrates the acoustic levitator (trap) for SAXS and 
WAXS measurements. The levitated sample is 
monitored and remote controlled during the whole 
experiment. The turnable microscope determinates 
exactly the position of the 20 µm beam at the sample. 

The crystallization was carried out according to the Kitano method.15 By slow evaporation of 
water resp. slow release of carbon dioxide from a saturated solution of CaHCO3 calcium 
carbonate is formed (Ca(HCO3)2 → CaCO3 + CO2 + H2O). Wide-angle X-ray scattering 
(WAXS) experiments were performed using the µSpot beamline at BESSY (information on 
the general setup are given in ref. 16), which is equipped with a double crystal 
monochromator, yielding a monochromatic (λ = 1.00257 Å) beam. A pinhole system provides 
a beam of 20 µm size with a flux of about 109 photons per second. Due to the small cross-
section of the incident beam no mathematical ‘desmearing’ of the experimental WAXS 
intensity function was needed. 

The WAXS patterns, obtained by monitoring the evaporation of 4 µl droplet of a saturated 
aqueous solution of calcium bicarbonate (Ca(HCO3)2) are shown in Figure 3. The calcium 
bicarbonate concentration increases due to evaporation of the droplet and CaCO3 starts 
precipitating due to the release of carbon dioxide. The experiment was stopped after 60 min 
when the water had evaporated completely. Particles, formed during the early stages of the 
experiment and detected with the turnable microscope (Figure 2), consist mainly of 
amorphous calcium carbonate confirmed by the absence of Bragg diffraction peaks. 
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Figure 3. Time evolution of the 1D scattering patterns. 
Every minute a pattern was measured with an exposure 
time of 40 s. The observed intensity varies due to 
rotation and turbulences in the droplet during the 
measurement.  

Figure 6. Micrographs of CaCO3 particles obtained 
(a, b) by TEM after 400 s (c, d) and by SEM after the 
crystallization under levitating conditions was 
complete. Scale bars: a) 500 nm b) 200 nm c) 20 µm 
d) 10 µm. 

During the early stages of the crystallization all Bragg reflections appear split (for example 
at q = 20.68 nm-1 and 20.79 nm-1). This “doubling” of reflections is caused by diffraction 
from two separate areas of the levitated droplet due to differences in the distance between 
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detector and sample. The distance can be calculated to 1.52 mm, which refers to the diameter 
of the droplet. The first detectable reflection belongs to the (104) set of calcite lattice planes; 
its intensity increases throughout the experiment. The other calcite reflections (102), (110), 
(113) and (202) are detectable after 22 min, whereas the (006) reflection can be observed after 
34 min. The absence of a preferred orientation in the growth of the calcite crystals is 
documented in spot-free and continuous Debye-Scherrer rings in the 2D frames (see Figure 
4). These findings seem to conflict with the empirical Ostwald rule of stages,24 which states 
that a system in a metastable phase of high energy turns into the low energy phase via 
intermediate states of medium energies. In the present case, we observe a direct transition 
from the high energy amorpheous phase into the lowest, the thermodynamic stable calcite 
phase without occurrence of the medium energy states of vaterite and aragonite or of the rare 
phases of ikaite or calcium carbonate hexahydrate. 

A Rietveld analysis21 of the individual X-ray powder data from Figure 3 permits the 
extraction of scale factors s. A non-linear least-squares fit of this evolution (after rescaling the 
scale factor to run between zero and unity) to the Avrami form28 

{ }0( )1
nk t ts e− −= −  

yields a value for the exponent n when t0 is taken as the time when crystallization is first 
seen as a Bragg reflection which is t0 = 26 min (in that case k = 0.123 min-1). For polymorphic 
transitions, n ≈ 3 indicates a mechanism where nucleation occurs only at the start of a 
transformation, and n ≈ 4 indicates that nucleation continues to occur in untransformed 
material. The estimated value of n is 8.3 in the present case. Thus, the observed precipitation 
of CaCO3 occurs rapidly once a critical supersaturation level has been reached after approx. 
26 min. After a few minutes the precipitation ceases due to the depletion of the reactants. This 
large value of n = 8.3 indicates that the nucleation rate of calcite is high in the solution 
independent of the nuclei formed. 

The early reaction stages could be imaged by transmission electron microscopy (TEM). The 
primary product consists of nanospheres with diameters ranging from 100 – 300 nm, and their 
amorphous states were identified by electron diffraction (ED, see inset in Figure 6b). In 
contrast to the predictions of classical nucleation theory no nuclei could be identified. 
Remarkably, these amorphous particles are stable even without stabilizing surfactants for 
several hours and have an emulsion-like appearance (shown in Figure 6a and b). They bear an 
apparent resemblance to the crystallization products obtained by Rieger et al. in cryo-TEM 
studies,8  and can rationalized by a phase separation by spinodal decomposition.8, 12 The 
thermodynamics of this situation require that homogeneous supersaturation is reached so fast 
that the system arrives in the spinodal region of the phase diagram without nucleation when 
passing through the binodal region. For precipitation in a microdrop this explanation seems 
feasible, in particular as no heterogeneous nucleation should occur (except for the air/water 
interface). In particular, this explanation is supported through the high nucleation rate 
estimated from the Avrami equation. Our experimental findings lend support to the spinodal 
decomposition model by Faatz et al.,13 who could not observe the initial state of phase 
separation, and they correspond as well to the work of Rieger et al.,8 who produced high 
supersaturations by rapid mixing of educts on a timescale of seconds. 

To sum up, crystallization of CaCO3 under contact-free conditions proceeds in two steps. In 
the initial step amorphous CaCO3 nanospheres are formed which undergo in the second step a 
solution assisted transformation to calcite, which is not inline with the empirical Ostwald rule 
of stages. The picture is supported by TEM/SEM studies, and it is compatible with a liquid–
liquid (spinodal) phase separation mechanism as a precursor for the formation of stable 
crystalline CaCO3 phases. Our results show X-ray scattering in combination with the 
ultrasonic trap to be a powerful tool for a real-time analysis of nucleation, crystal growth and 
particle aggregation processes, reducing perturbance due to foreign bodies to a minimum. 
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Recently graphene has been investigated as a prototype system to address basic questions of
quantum mechanics [1] (relativistic Dirac fermions) as well as for high speed semimetal field effect
transistors in emerging nanoelectronic devices [2]. Many of these results are based on its pecu-
liar electronic properties, i.e. an isotropic and linear dispersion close to the Fermi level (EF ). In
low dimensional and strongly anisotropic systems correlation effects play a crucial role in under-
standing and describing the electronic band structure. Kinks in the quasiparticle (QP) dispersions
and lifetimes were observed and interpreted as band renormalization due to electron–phonon and
electron–plasmon interactions and band structure effects. Its electronic properties are also very
sensitive to stacking and the number of layers. In bilayer graphene a gap that could be tuned
by doping was observed. For few–layer graphene, the parent compound, graphite, is the key to
understanding these new phenomena. Interlayer coupling in an AB stacking sequence leads to
the formation of electron and hole pockets responsible for the semimetallic character in graphite.
Much less is known about the quantitative description of electron–electron correlations in these
graphitic systems. Angle–resolved photoemission (ARPES) studies indicated that local density
approximation (LDA) gives a dispersion that is too flat and a scaling has to be applied in order to
fit the experimental dispersion of few–layer graphene and graphite.

In our work [3, 4] at the UE112-PGM2 beamline we measured the three-dimensional QP π
band structure and the Fermi surface of graphite by ARPES. Natural graphite single crystals
with AB stacking were cleaved in–situ to give mirror–like surfaces and were measured within 12 h
after cleavage in a vacuum better than 10−10 mbar. The samples were mounted on a three axis
manipulator that was cooled down by liquid He to 25 K. We used over 20 different photon energies
between 25 eV and 100 eV and a Scienta SES 100 analyzer for detecting the photoelectrons yielding
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FIG. 1: (a) Raw EDC data for the cut through H. Cuts at special ky (values in Å−1) are indicated by
thicker lines. Photoemission intensity of cuts through the 3D BZ of graphite at (b) H, (c) kz = 0.22Å−1 and
(d) K point. Along with the photoemission intensity, we show results of LDA (2) and GW (4) calculations.
The photon energies used were (b) 100 eV, (c) 25 eV and (d) 83 eV.

a total energy resolution of 15 meV and a momentum resolution better than 0.01 Å−1

ARPES is best for studying correlations since it probes the complex self–energy function which
contains the electronic interactions. The three–step model for ARPES is employed for data analysis
and allows one to accurately determine the full kz dispersion by changing the photon energy. Thus,
this kind of experiments can be done exclusively at synchrotrons since they provide photons with a
tunable energy. Our experimental results are compared to calculations of the electronic dispersion
which are performed on two levels. First, we calculate the Kohn-Sham band-structure within
the LDA to density-functional theory. In the second step, we use the GW -approximation [5] to
calculate the self-energy corrections to the LDA dispersion.

In Fig. 1 we show the measured in–plane QP bandstructure for three different values of the
perpendicular electron wavevector kz along with calculations at the LDA and GW level. It can be
seen that the LDA underestimates the slope of the bands while the GW is in better agreement to
the experiment. This holds for all three values of kz. From the curvature of the upper π bands
we can extract the effective masses for electrons and holes. For the kz averaged electron and
hole masses, we obtain m∗

e = 0.10m0 and m∗
h = −0.04m0, respectively that is in good agreement

previous magnetoreflectance studies. We obtain the Fermi surface by estimating the cross sections
of the upper π band with EF .

From this data and some higher energy points the Fermi surface could be interpolated with the
standard tight–binding Hamiltonian. The pockets we obtained are shown in Fig. 2. The surfaces
around K and H points are the electron and hole pockets, respectively. The volumes inside the
Fermi surface based on experiment yield carrier densities of ne = 2.3 × 1019 cm−3 electrons and
nh = 1.8×1019 cm−3 holes. Considering the kz dispersion, the experimental results and theory have
the same trend, which is that the lower π valence band comes close to the upper one when moving
from K to H point. The experimental splitting between the π valence bands is generally better
described by the GW approximation than by the LDA. Our analysis yields vF = 1.06± 0.1× 106

ms−1 for the Fermi velocity at H which is in excellent agreement to the GW calculation.
In conclusion we have performed ARPES of graphite and compared the measured QP dispersion

to ab-initio calculations. We have found that including electron-electron correlation on the level
of the GW approximation yields remarkable improvement in the vicinity of the Fermi level. This
demonstrates the breakdown of the independent electron picture in semimetallic graphite and points
towards a pronounced role of electron correlation for the interpretation of transport experiments
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FIG. 2: (a) Graphite BZ with the high sym-
metry points. The curves around K(H) are
the envelopes of the measured electron(hole)
pockets. (b) depicts the interpolation of the
3D Fermi surface to experimental data. (c)
Obtaining band maxima: crosses denote sym-
metrized EDC data and the line an extrapola-
tion. The hole pocket cross section with EF is
denoted by circles. (d) photoemission inten-
sity along KH direction for photon energies
from 22 eV to 105 eV and GW calculations.
(e) Raw EDCs for the kz denoted by colored
points. (f) The experimental EDC maxima
and the calculated LDA and GW dispersion.

and double-resonant Raman scattering for a wide range of carbon based materials.
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Molecular Orientation in organic films for Au-molecular layer-GaAs Diodes 
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Investigation of monolayers of alkanethiols on semiconductor surfaces represent an 
important area of research, due to their technical potential in a wide variety of applications: 
lubrication in micromechanical systems, passivation in microelectronic devices, and chemical 
sensing/biosensing. The understanding of absorption and spontaneous organization of 
alkanethiols on GaAs substrates is of current interest for development of hybrid molecular-
semiconductor electronics [1].  

In recent years, infrared spectroscopic ellipsometry (IR-SE) has proven to be well 
suited for analysis of thin functional organic films on metallic and semiconducting substrates 
by providing information about thickness and molecular structure [2]. By interpretation of 
experimental spectra with simulation, information about molecular (i) identification (ii) 
orientation (iii) composition (iv) interdiffusion (v) anisotropy and (vi) oxidation of the 
interface can be obtained [2]. 

The IR synchrotron ellipsometer at BESSY II, for the mid infrared range, enables 
investigation of samples with monolayer sensitivity and a lateral resolution below 1 mm2. 
Being equipped with a mapping table [3], the set-up allows the investigation of heterogeneous 
organic thin films. 

 
 
 
 
 
 

Figure 1: Upgraded infrared     mapping 
ellipsometer [3] with 2-dimensional mapping 
stage, autocollimation, rotating compensator 
and microfocus unit  

 
 
 
 
 
 
The samples, prepared at Sandia National Laboratories, were layers of either 

octanedithiol (C8DT, HS-(CH2)8-SH) or hexadecanethiol (C16MT, HS-(CH2)15-CH3) on 
etched GaAs and gold substrates. 

All samples were measured at ISAS, using a lab FT-IR ellipsometer, at an incidence 
angle of 65° and afterwards with the synchrotron mapping ellipsometer at BESSY at an 
incidence angle of 64.7°. A reasonable agreement between the lab measurement (probed area 
~ 50 mm2) and the averaged synchrotron measurement (probed area of each spot < 1mm2) 
was found (see Fig. 2). 
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Figure 2: Tan Ψ spectra for C8DT on Au and C16MT on GaAs: mean of BESSY spectra 
(blue); a lab measurement of ~ 50 mm2 (green) is shown for comparison. 

 
 Analysis of the CH2 stretching bands provides information on the structure and 
orientation of the main backbone. The analysis of the band shapes and amplitudes of the 
stretching vibrations give an average molecular orientation of the organic molecules on the 
substrates. Using optical simulation an average chain tilt of 10°-14° from the surface normal 
and an average chain twist of 45° were found for C16MT on GaAs and thick films of C8DT 
on Au. The results are in qualitative agreement with previous results of a set of similar 
samples and with ref. 4. 

For the study of the homogeneity, the samples were mapped using the FT-IR 
ellipsometer at BESSY.  

 
 
 
 
 
 
 
 

 
  a)    b)     c) 

 
Figure 3: 2D maps of the tanΨ amplitude of the CH2 band for: a) C16 MT on GaAs, b) 

C16MT on Au, c) C8DT on Au 
 
In all cases the 2D maps (Fig. 3) can be explained by some inhomogeneity of the 

molecular layers (variation smaller than 30%).  
Future studies are directed to the structural analysis of organic monolayers on GaAs 

with microstructured gold contact on top.                                                                                                                                                                                                                                                                                                                                               
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Micro-structured materials for photonic applications attract currently a world-wide interest and a 
large effort is put in their development. A majority of projects is dedicated to photonic crystals. 
These are materials with a periodically varying dielectric constant scattering light such that the 
interfering electromagnetic waves open up a photonic band gap, i.e. a region in the 
electromagnetic spectrum, where propagation of light is stopped [1, 2]. The commercialization of 
photonic crystals is yet far from being achieved because the creation of photonic devices with 
well defined properties is still very difficult and not really reproducible.  
A versatile approach towards three dimensional photonic crystals relies on the inversion of 
colloidal crystals [3, 4]. The crystals themselves are made up of highly monodisperse spherical 
colloids arranged in a crystalline structure that will form by self-assembly under proper 
conditions. In the presented work we apply x-ray scattering techniques on colloidal crystals 
prepared by template-assisted self-assembly. Energy dispersive x-ray reflectometry (EDXR) [5] is 
used both to probe the collective dynamics of the particles leading to ordered structures during the 
self-assembly and the dynamics of the succeeding drying. EDXR combines an incident beam that 
consists of a whole spectrum of wavelength with an energy dispersive detector. Consequently, the 
technique allows probing different length-scales with a single measurement. It is therefore well 
suited for the investigation of dynamic processes requiring time-resolution. 
 
We used a monodisperse polystyrene latex with sphere diameter of 770 and 1030 nm delivered 
from Microparticles, Berlin at the EDR beamline. The experiment consists in the time dependent 
inspection of the colloidal deposition during the evaporation of the dispersant. For this purpose a 
droplet of colloidal dispersion in water was dropped onto the patterned substrate by a pipette. For 
homogeneity reasons a very small concentration of the colloids (about 0.01…0.06 %) was 
chosen. In order to guarantee stable conditions in temperature and humidity the sedimentation 
process was performed in a spatially limited, closed volume of 104 cm3. Because of the small cell 
volume the deposition process takes place close to the thermodynamic equilibrium between solid 
phase and colloidal droplet. The sedimentation velocity of spherical particles is estimated to be in 
the order of v = 20µm/h. Therefore several hours of stable experimental conditions are needed to 
follow the deposition process. 
 
The evaporation of a droplet of colloidal dispersion reveals a pronounced increase in the 
integrated intensity of the spectra just before complete evaporation of the water. Figure 1 and 2 
show the scattering signal together with the data for the relative humidity at the sample for 
different colloidal sphere sizes and temperatures. Obviously, the intensity peak in Fig. 2 appears 
before the decrease of the humidity while the steep increase in Fig. 1 starts when the humidity is 
still decreasing. The peak indicates a state including a high order that appears when the last thin 
layer of liquid is wetting the surface. This is supported by the fact, that several spectra in the 
region of the peak show reflexes due to intermediate ordered states. As the thin water film dries 
completely up the state looses its order partly. It could be understood concerning the following 
model: When just a small layer of water remains the colloids arrange in an almost perfect tight 
packed hexagonal lattice due to a combination of convective flow and attractive capillary forces. 
As the water evaporates completely, the surface tension will brake up the perfect order splitting 
the crystal in smaller domains. Such domains could also be observed in dried up crystals. 
 
A more systematic survey was unfortunately stopped by a long term LINAC damage at Bessy. 
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Figure 1:  Time and humidity dependent ED-;55� RI� ZDWHU� HYDSRUDWLRQ� IURP� D� ��� O�

colloidal suspension of 1030 nm diameter 
 

 
Figure 2:  Time and humidity dependent ED-;55�RI�ZDWHU�HYDSRUDWLRQ�IURP�D���� O�

colloidal suspension of 760 nm diameter 
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In-situ scanning small angle X-ray diffraction for local fibril strain 
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The outstanding mechanical properties of mineralized tissues are comparable to those of 
many synthetic composites, although produced in at ambient temperatures, mild processing 
conditions, and with a relatively limited set of elements. The nanostructure of such materials 
is a mineralized composite of collagen, bioapatite, and some noncollageneous proteins and 
proteoglycans. Mechanically, such a nanocomposite leads to a material with high stiffness as 
well as toughness, but the molecular and supramolecular mechanisms underlying this are not 
yet fully clear. In – situ synchrotron small angle X – ray scattering combined with mechanical 
testing is a novel way to probe directly the mechanical response of the mineralized composite 
in real time (1, 2), and has led to a interfibrillar shearing model and hierarchical strain patterns 
being proposed in tensile deformation of bone. In this work, which is part of a longer term 
study aiming at elucidating the microstructural origins of the toughness of biomineralized 
tissues, we applied a synchrotron microbeam to look locally at the fibrillar strains developed 
during loading of tissues with predefined stress concentrations. 
 
The Mu-Spot beamline at BESSY enables the measurements of collagen fibrillar strain as 
well as mineral apatite strain, by appropriate choice of sample to detector distance and beam 
energy. Antler and bone specimens were prepared by sectioning with a inner hole diamond 
saw under constant irrigation, as described in (2), into tensile test specimens of 12 mm × 0.4 
mm × 0.2 mm. A specially built tensile stage was used to carry out in – situ mechanical test 
experiments. In the first part of the study we used a X-ray wavelength of 1 Å, a sample to 
detector distance of 300 mm (for wide angle X – ray diffraction (WAXS) of mineral c-axis 
peak) and 820 mm (for small angle X – ray scattering (SAXS) of the collagen fibril strain) 
was used, with a detector resolution of 3072 × 3072. Figure 1(a) shows a typical stress strain 
curve for antler, showing the initial elastic region followed by a transition to inelastic 
deformation. A typical 2D WAXD spectrum is shown in Figure 1 (b), and the integrated 
intensity profile in Figure 1 (c). Shifts in the position of the crystallographic peaks are used to 
track mineral strain, as described in (1). 
 
In the second part of the study, a 10 µm beam was used to scan across a predefined notch cut 
in antler or fibrolamellar bone. The samples were loaded up to preset stress levels and allowed 
to relax for 60 seconds to eliminate viscoelastic effects. Using the x-y translation stage in the 
experimental hutch, the beam was scanned (both 1D and 2D scans) across the notch and into 
the bulk of the sample in steps of 10 µm, as shown schematically in Figure 2. The 2D SAXS 
patterns from antler and bone reveal that at this high resolution, there is inhomogeneous fibril 
orientation and that the loading pattern cannot be analyzed in terms of simple tensile 
deformation. To determine the local strain patterns with micron precision, we are currently 
considering image registration and correlation techniques.  
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Figure 1: (a) Typical stress strain curve of antler (b) 2D WAXS diffraction pattern of mineral, 
showing the oriented c-axis reflections vertically (c) 1D WAXS diffraction of the 2D pattern 
in (b). 

 
Figure 2: (a) Schematic of the measurement of SAXS frames around a notch in antler. Upper 
row of 2D SAXS images are in unstressed case and lower row in stressed case (b) Analogous 
plot for bone, where 2D scans were made. 
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We present bulk-sensitive, High Kinetic Energy Photoelectron Spectroscopy (HIKE) of Ni/Cu
multilayers as a continuation of studies made year 2006 at beam line KMC-1. First results [1] showed
that HIKE is a promising nondestructive tool to characterize the sharpness of buried interfaces.
Additional measurements were made to investigate more carefully the obvious changes detected in the
Cu 2p core-level spectra.

Studied multilayer samples were prepared at Uppsala University and they were grown on MgO (001)
by UHV-based dc magnetron sputtering. Samples were composed of Fe/Pt/Cu buffer layer and
repeated Ni5CuN bilayer units where Cu thickness N was 2 or 5 monolayers. During the experiments
the multilayers were heated up to selected temperature between 20 and 350 ºC and then subsequently
cooled down close to room temperature at which point the spectra were measured. The photoemission
spectra were taken with 2010 eV photon energy at grazing incidence. It was then estimated that at least
five interfaces contributed to the signal. The overall resolution using Si(111) monochromator was
determined to be 0.35 eV.
Fitted Cu 2p3/2 core-level spectra of
Ni5Cu5 sample measured at three
different  temperatures  (RT,  230  ºC
and 270 ºC) are presented in Figure 1.
We  find  that  the  spectra  can  be
modeled as being composed of two
features. The low binding energy (BE)
component (dashed line), which is
visible already at room temperature is
suggested to describe those Cu atoms
which  have  more  Ni  atoms  than  Cu
atoms as nearest neighbours. The high
binding energy peak caused by Cu
atoms surrounded mostly by other Cu
atoms has almost the same BE than
the Cu 2p3/2 peak  measured  for  Cu
bulk (100 ML Cu) sample. The
binding energy shift between the two
components is about 0.6 eV. The Cu
2p  spectra  of  Ni5Cu2 sample can also
be fitted using two peaks with slightly
smaller BE shift. Difference between the BEs of 2 and 5 ML case gives us an approximation about the
interface core-level shift since in Ni5Cu2 there are only Cu interface layers, not Cu bulk layers.

These studies clearly demonstrate that core-level spectroscopy directly reflects the changes in the
electronic structure of the buried interfaces. The observed core-level shifts suggest that at higher
temperatures the interface structure is destroyed and the specimen is better described as a bulk alloy.
The intensities of components of the two-peak-fit give us an estimate of sharpness of the interfaces
and the extent of alloying.

[1] E. Holmström, W. Olovsson, I. A. Abrikosov, A. M. N. Niklasson, B. Johansson, M. Gorgoi, O.
Karis, S. Svensson, F. Schäfers, W. Braun, G. Öhrwall, G. Andersson, M. Marcellini, and W.
Eberhardt, Phys. Rev. Lett. 97 (2006) 266106.

Fig. 1. Cu 2p3/2 spectra of Ni5Cu5 multilayers at RT and
after heating up to 230 ºC and 270 ºC.
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Upgrade of UE52-PGM to a Soft X-Ray energy dispersive beamline for 
NEXAFS and other CFS/CIS studies 
 
D. Batchelor1, M. Häming1, F. Holch1, J. Ziroff1, A Schöll1, Th. Schmidt1, R. Follath2,C. 
Jung2, R.Fink3, M. Knupfer4, F. Reinert1, and E. Umbach1,5 
 
1 Universität Würzburg, Experimentelle Physik II, Würzburg  
2 BESSY GmbH, Berlin  
3 Physikalische Chemie II, Universität Erlangen-Nürnberg  
4 IFW Dresden  
5 Forschungszentrum, Karlsruhe 
 
During the September shutdown 2007 the UE52-PGM was upgraded to a beamline able to do 
both traditional Synchrotron measurements with exit slit,  and Soft X-Ray dispersive 
measurements without.  The new Dispersive method relies on moving the focus from the exit 
slit to the sample and then imaging  the photoemission from the light strip formed by opening 
the slit.  With the old beamline this was also possible by  increasing the depth of field of the 
monochromator, by either decreasing the Cff value and or the angular aperture of the beamline 
by closing the ID apertures.   However, this results in a much reduced signal intensity.  In 
addition the decrease in Cff leads to a worsening of resolution and the smaller ID aperture to a 
decrease in the energy width of the Undulator harmonic.  Nevertheless,  the "Pilot 
Experiments" confirmed  calculations and demonstrated that the technique could be extended 
considerably beyond the original work of Amemiya et. al. [1].  Using this setup it was 
possible to make some initial measurements on bulk materials, and thick organic films.   The 
work is documented in previous Annual reports [2] and in D.R. Batchelor et. al. [3].   

 
Figure 1. Schematic of  the UE52-PGM beamline showing the dispersive mode in operation.  The exit 
slit is wide open with light focussed on the sample and analyser operating in spatial mode.   
 
A schematic of the beamline is shown in Figure 1.  While the small horizontal spot size for 
the SMART microscope is no longer required a single Toroidal mirror can be used for both 
horizontal and vertical focussing.  The decrease in number of optical elements leads to an 
increase in flux at the sample and other advantages [3].  Changing the focus from sample to 
slit is simply achieved by swapping mirrors as shown in Figure 1, however, the accuracy and 
precision of the movement requires a unique switching mechanism [4].  The new beamline is 
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very flexible.  In the Dispersive mode while the focus is now at the sample full control of the 
ID aperture and Cff is possible and can be matched to the experiment.  For traditional 
measurements the chamber is now 0.5m further back from the exit slit leading to a decrease in 
flux density of 4 which is important for beam sensitive studies.   
 
The first dispersive experiments were performed at the end of the year.  As a first test 
measurements of the Ti 2p Auger resonance of  bulk Anatase TiO2 were made.  Figure 2 
shows the maps covering the whole of the NEXAFS range.   Good agreement is found 
between the integral of the Auger signal from the maps and the partial yield NEXAFS signal.  
The maps show a wealth of participator and spectator structure.  The main Auger LMM 
(380eV) signal shows spectator shifts of  ≈ 1.5eV between the L2 and L3 edges and similar 
shifts are seen in the Auger transitions involving the valence band 417eV and 445eV.  The 
Titanium 3p (binding energy 38eV) shows clear "participator" behaviour.  Almost an order of 
magnitude increase in intensity is seen at the  L3 edge.  However, no negative excursion 
typical of Fano interference is observed.  The above data illustrate an important advantage of 
the method, energy shifts and dispersion, intensity changes can all be determined internally to 
the map in contrast to the traditional method where the monochromator is stepped 
mechanically and the energy positions are dependent on the accuracy of the monochromator 
movement.   

 
Figure 2.  Shows a map built up of individual “snapshots”  taken with Photon energy steps of 3eV of 
Anastase TiO2 such detailed and extensive scans can be taken in ≈ 1.5 hours.  The map also allows  
weak features to be easily identified which could be overlooked using the traditional method. 
 
One of the major goals of the beamline rebuild is to use the Dispersive method to determine 
charge transfer, charge mobility, in thin organic films which is important for organic 
semiconductor devices.  Figure 3 shows  a dispersive valence band map (binding energy 
scale) at the Nitrogen K edge for a monolayer of Zinc Phthalocyanine adsorbed on TiO2(110).  
The spectra are dominated by the substrate valence features.   However, the integrated 
nitrogen Auger signal is in good agreement with the partial yield NEXAFS.  Such detailed 
data would not be possible to collect using the traditional method due to problems with beam 
damage.  This is possible with the dispersive method as snapshots of the resonance are taken 
allowing the complete resonance in electron kinetic and photon energy to be quickly taken.   
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Figure 3.  Shows a dispersive map on a binding energy scale of a monolayer of Zinc Phthalocyanine 
adsorbed on TiO2(110).  Such detailed data can be collected rapidly using the dispersive 
method avoiding beam damage.   
 
In conclusion the upgrade of the beamline has been successfully completed allowing both 
experiments, the new dispersive mode and the more normal, traditional mode to be 
performed.   
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Analysis of sorption strains in mesoporous silica by in-situ X-ray diffraction 
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Stresses in nanostructured or porous materials can be created by sorption and condensation of 
fluids and can lead to considerable deformation of the solid matrix [1, 2, 3]. Just recently,such 
strains have also been observed for the first time in ordered mesoporous silica [4]. 
Here we report new experiments on sorption and capillary condensation / capillary 
evaporation of fluids in ordered mesoporous silica ( SBA-15 and MCM-41), studied with in-
situ small-angle X-ray diffraction using synchrotron radiation at the μ-Spot beamline at 
BESSY. Diffraction peaks resulting from the pore lattice were evaluated in terms of lattice 
strains. Intensity, position and width of the diffraction peaks show pronounced changes during 
sorption and capillary condensation / evaporation (see Figure 1).  
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Fig. 1: a) N2 sorption isotherm and b) the 10 Bragg reflection of MCM-41 at three different 
pressures during sorption of H2O (indicated by arrows in the sorption isotherm). A clear peak 
shift indicates the presence of lattice strains. 
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Fig. 2: Lattice strain (black dots) and integrated peak intensity (red line) as a function of  
relative vapour pressure. The lattice strain is given by (d-d0)/d0 with d being the pressure 
dependent d-spacing calculated from the position of the Bragg reflections by d=2π/q. The 
peak intensity depends on the filling factor of the pores and allows to determine the exact 
position on the isotherm [5]. a) MCM-41, b) SBA-15 
 
For MCM-41 an expansion of the lattice is observed at complete pore filling (Fig. 2a). This 
can be easily explained by the decrease of the total interfacial energy. Moreover, a maximum 
negative strain of the pore lattice is observed for the almost filled pores (Fig. 2a). This 
compression can be attributed to pinning of liquid menisci at the pore exits due to capillary 
condensation of fluid in the pores. According to simple estimates, both effects should scale 
with the surface tension of the fluid. This was confirmed by experiments with H2O (γ ≈ 70 
mJ/m2) and Pentane (C5H12, γ ≈ 15 mJ/m2), water showing about a factor of 5 higher 
maximum strain. 
SBA-15 which is known to have a more complex structure shows more complex strain 
behaviour as well (Fig. 2b). In addition to the features described above for MCM-41, an 
additional positive change of the lattice parameter is detected during capillary 
emptying/filling with a maximum exactly at the capillary condensation pressure. This effect is 
so far not fully understood, and is currently further investigated. 
 
[1] Scherrer, G.W., (1986). J. Am. Ceram. Soc. 69, 6. 
[2] Namatsu, H., Kurihara, K., Nagase, M., Iwadata K., Murase K. (1995). Appl. Phys. Lett. 
66, 2655-2657. 
[3] Dolino, G., Bellet, D., Faivre, C. (1996). Phys. Rev. B 54, 17919-17929. 
[4] Zickler G., Jähnert, S., Funari, S., Findenegg, G.H., Paris, O. (2007). J. Appl. Cryst. 40, 
s522-526. 
[5] Zickler, G., Jähnert S., Wagermaier, W., Funari, S., Findenegg, G. H., Paris, O. (2006). 
Phys. Rev. B 73, 184109 . 
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Organic solar cells based on three-dimensional heterostructures composed of a light adsorbing and hole 

conducting polymer and an electron conducting fullerene derivative have recently moved into the spotlight 

because of achievements in power conversion efficiency (3 - 5 %)
1,
 
2
 for this class of solar cells which are very 

promising for their industrial development. However, there are still several open questions about their 

functioning mechanism. The general way to prepare the active layer of such solar cells is to spin-coat the film 

from a solution of polymer blend in a common solvent. It is important that the blend components are well mixed 

for efficient charge generation and a continuous high-mobility path for the photo-generated charges to the 

electrodes is desired for optimal charge transport. The final morphology of thin solid films of polymer blends 

produced this way depends on the solubility and surface energies of the components and substrate. In the present 

study we made use of high-kinetic energy x-ray photoemission spectroscopy at the HIKE beamline to depth 

profile a blend consisting of a mixture of polyfluorene copolymer, F8DTBT, shown in fig. 1a) and PCBM 

depicted in fig. 1b) in order to investigate the morphology of the obtained thin film. This blend is very attractive 

both in terms of charge separation and of photocurrent generation and has been shown to have an excellent 

performance as active layer in photovoltaic devices. 
3,
 
4
 

 

 

 

 

 

 

 

Figure 1: Chemical structures of (a) F8DTBT and (b) PCBM 

 

Earlier experiments with our laboratory SSX photoelectron spectrometer equipped with a 

monochromatic Al-Kα X-ray source (1486.6 eV) gave no indication for the presence of PCBM at the surface of 

the investigated polymer blend. Instead of the homogeneous mixture of the two components expected as result of 

the spin-coating procedure, segregation of the fullerene component could have taken place. This interpretation is 

supported by a recent ToF-SIMS study, which gave indications for a vertical phase separation and spontaneous 

stratification for a fullerene blend.
5
 X-ray photoemission spectroscopy performed with different photon energies 

allows to probe different depth of the sample and therefore to get insight into the occurrence of phase separation. 

This method is non-destructive contrarily to the ToF-SIMS experiments described above. X-ray photoemission 

measurements (resolution 0.32 eV) were performed firstly on pure PCBM films spin-coated on ITO with photon 

energies of 2000 and 6000 eV. In both cases the typical C 1s core level components for this C60 derivative were 

observed at 285.2, 286.0 and 286 eV binding energy (figure 2a) and the shake-up features associated with the 

C60-cage atoms at 289,0 and 291,0 eV.
6
 

For the F8DTBT:PCBM  (1:1) blend, the C 1s core-level spectrum collected with 2000 eV photon 

energy is quite broad and none of the characteristic C60-cage shake-up features are present (figure 2a). This 

indicates that PCBM is not present  at the free surface of the solar cell blend. At 6000 eV photon energy, on the 

other hand, the C 1s core-level spectrum of the blend shows undoubtedly the characteristic shake-up satellites of 

the C60-cage (figure 2b), which clearly proves that this component of the blend segregates to the inner layers of 

the spin-coated thin film. 

This phenomenon is of great interest for the understanding and further development of polymer:PCBM 

solar cells. The charge transport in bulk-heterojunction solar cells would benefit from a vertical segregation with 

enrichment of the electron-donating component at the hole-collecting contact and the electron accepting material 

at the free surface. Instead, the segregation taking place in the investigated sample implies that the polymer will 

be in contact with the top electrode and not PCBM, since our sample corresponds to the device before contact 

deposition. Further improvements could therefore be achieved by, for instance, coating the blend with PCBM. 

Moreover, this study establishes high-resolution photoemission spectroscopy at different photon energies as an 

exceptional tool to obtain a depth profile investigation of other copolymer blends.  
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Figure 2: X-ray photoemission spectrum of the C 1s core level of  (a) PCBM and of the polyfluorene 

copolymer:PCBM blend taken at (b) 6000 eV and (c) 2000 eV photon energy. 

                                            
1 F. Padinger et al., Adv. Funct. Mater, I3 (2003) 85. 
2 C. J. Brabec et al.,  Sol. Energy Mater Sol. Cells 83 (2004) 273.  
3 M. A. Loi et al., Adv. Funct. Mater. 17 (2007) 2111.  
4 M. Svensson et al., Adv. Mater. 15 (2003) 988. 
5 C. Björström, et. al., Appl. Surf. Sci., 253 (2007) 3906. 
6 C. Enkvist et al., J. Chem Phys. 103 (1995) 6333. 

a 

b 

c 

294 292 290 288 286 284 282 280

x 15

x 15

C 1s

hνννν = 6000 eV

C 1s

hνννν = 2000 eV

C 1s

hνννν = 6000 eV

O

 

 

 

 

shake-up π−π−π−π−ππππ*

291.0 eV   288.9 eV
-C-O

289.2 eV

C-O

286.9 eV

C60

285.2 eV

x 5

 

shake-up π−π−π−π−ππππ*

291.2 eV   289.1 eV

 

 

In
te

n
s

it
y

 (
a

rb
. 

u
n

it
s

)

BE (eV)

 

242



Magnetic order in DyMnO3  

E. Schierle, V. Soltwisch, D. Schmitz, R. Feyerherm, D. Argyriou, and E. Weschke 
Hahn-Meitner-Institut GmbH, c/o BESSY, D-12489 Berlin, Germany 

 
The orthorhombic rare earth manganites 

REMnO3 have recently attracted interest due 
to the coexistence of magnetic order and 
ferroelectricity [1]. These materials are 
characterized by an electric polarization that is 
connected to a spiral magnetic structure of the 
Mn ions breaking time and inversion 
symmetry [2]. In DyMnO3, the magnetic RE 
ion takes an active role in the ferroelectric 
behavior, since the ordering of the 4f moments 
follows the Mn spiral and enhances the 
ferroelectric polarization [3]. According to the 
literature, the Mn ions exhibit sinusoidal order 
below the Néel temperature of 40 K, with an 
incommensurate wave vector qM along the b 
direction of the perovskite structure (high-
temperature incommensurate phase, HTI). 
Below 18 K, the Mn order changes to a spiral 
and the ordered magnetic moment is enhanced 
by a contribution of the Dy ions, leading to a 
maximum moment around 10 K (low-

temperature incommensurate phase, LTI). In this phase, the material is ferroelectric. Below 5 
K, the Dy moments order in a commensurate way, which reduces the ferroelectric 
polarization.   

In the present study, the magnetic superstruc-
ture reflections of DyMnO3 in the various phases 
were studied by resonant soft x-ray diffraction, a 
technique that directly probes the electronic states 
that carry the magnetic moments, namely the Dy-4f 
states  and the Mn-3d states, respectively. The exper-
iments were carried out with a UHV-compatible 
Θ/2Θ diffractometer equipped with a liquid He flow 
cryostate. The setup provides a minimum sample 
temperature of less than 4 K. The data were taken at 
the UE46/1-PGM-1 beamline of the HMI, both at the 
Dy-M5 (blue) and the Mn-L2 (black) resonance. 
Relevant superstructure reflections recorded at the 
resonance energies are shown in Fig. 1. The figure 
displays scans along [0 k 0] in reciprocal space, i.e., 
along b*. In the HTI, the forbidden structural (0 1 0) 
reflection and the (0 qM 0) associated with the Mn 
order are observed, however, at the Dy resonance. 
Upon lowering the temperature, the LTI is reached, 
which is accompanied by the appearance of a second 
incommensurate peak at (0 1-qM 0). At 4 K, a peak at 
(0 0.5 0) is observed that indicates the commensurate 
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Fig. 1. Reciprocal space scans along [0 k 0], 
recorded from DyMnO3 at the given tempera-
tures. The photon energies correspond to the 
Dy-M5 (blue) and the Mn-L2 (black) 
resonance.  
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Fig. 2. Top: M5-absorption spectrum 
of DyMnO3 (drain current). Bottom: 
Integrated intensities of selected 
diffraction features as a function of 
photon energy across the Dy-M5 
resonance.    
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order of the Dy-4f moments. Interestingly, this 
commensurate peak is observed at both resonan-
ces, which indicates a strong coupling between 
the Dy-4f and the Mn-3d moments.  

From the photon-energy and azimuthal 
dependence of the superstructure reflections 
detailed information on the origin of these peaks 
is available. Fig. 2 (top) displays the Dy-M5 
absorption spectrum, obtained via the drain 
current of the sample. The spectral shape is well 
understood on the basis of atomic multiplet 
calculations that nicely apply to the strongly 
localized 4f states of the lanthanides. As in the 
case of Ho metal, the absorption spectrum 
exhibits essentially three features that can be 
identified as due to dipole transtions according 
to ∆J=0, ± 1 [4]. These transitions can be 

roughly identified with the respective contributions to the resonant scattering amplitude, 
allowing an identification of the resonant diffraction peaks in terms of circular and linear 
dichroic character [4]. Fig. 2 (bottom) displays the integrated intensities of (0 1 0) and (0 qM 0) 
as a function of the photon energy at the Dy-M5 resonance. Evidently, the (0 1 0)  resonates at 
the ∆J=0 transition, indicating a strongly linear dichroic character of this peak. Such a 
behavior could be associated with an order that involves the orbital wave function, but at the 
present stage it is premature to draw such a conclusion.  

The (0 qM 0) resonates at the ∆J= ± 1 transitions, indicating a circular dichroic character, 
as expected for magnetic reflections. Assuming a magnetic origin of this peak, the direction of 
the moments can be obtained from the azimuthal dependence of the intensity. The latter was 
recorded for various azimuth angles, both with incident σ-polarized and π-polarized radiation. 
The ratio I(σ)/I(π) for the (0 qM 0) peak is shown as a polar plot in Fig. 3. It assumes a value of 
zero for 90°, which is in accordance with a direction of the Dy moments along c. The data 
were recorded at 20 K, i.e. in the HTI, at the Dy resonance. These results indicate Dy order 
already in the HTI.  
 
 
References:  
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Fig. 3: Polar plot of  integrated intensities 
of  (0 qM 0) as a function of the azimuth 
angle, recorded at the Dy-M5 resonance at 
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with respect to the scattering plane.  
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Experimental studies have shown that major Earth’s crust and mantle constituents, that by 
their formulae do not contain any hydrogen, are able to dissolve traces of hydrogen in form of 
hydroxyl groups (expressed as wt ppm H2O: 1 to 8000). Hydrogen is incorporated in the 
structures of these so-called nominally anhydrous minerals (NAMs) as point defect. Although 
the amount of water in these minerals is low, on a global scale, the water content that can be 
dissolved in the upper mantle may exceed the amount of water in the hydrosphere. Therefore, 
the presence of water in the Earth has enormous effects on geodynamical processes, because it 
changes the magnitude of physical mineral properties such as electrical conductivity and 
deformation strength. To understand those effects and their influence on crust and mantle 
processes, it is crucial to know the maximum solubility of water in NAMs as a function of 
pressure and temperature as well as the incorporation mechanisms of the hydroxyl groups.  
A suitable method to determine trace concentrations of OH in minerals is the Fourier-
transform infrared spectroscopy (FTIR). In combination with a microscope up to 30 µm small 
crystals can be studied. Using synchrotron IR radiation the local resolution can be even higher 
(10 x 10 µm). Besides quantification this technique further allows to characterize the 
hydrogen bond geometry, spatial OH dipol orientation and finally a proton localization is 
possible. However, this method is not self-calibrating – to quantify the water content we need 
to know an absorption coefficient (ε) for water in the specific mineral. The most frequently 
applied Infrared (IR) calibrations for quantitative water analyses in solids are primarily 
acquired on hydrous minerals and glasses with several wt% water (Paterson 1982; Libowitzky 
and Rossman 1997). They are based on a negative correlation between ε for water and the 
mean wavenumber of the corresponding OH pattern. However, numerous experimental 
studies show that these calibrations cannot be adopted for NAMs but mineral-specific 
calibrations are needed (Rossman 2006).  
In the present work we provide ε-values for olivine and SiO2 polymorphs. We were able to 
synthesize these minerals with specific isolated OH point defects, e.g., quartz with either 
B3++H+=Si4+ or Al3++H+=Si4+ substitutions. The IR spectra of, e.g., Al- or B-doped quartz 
display separated OH bands at different wavenumbers and hence allow to study the frequency 
dependence of ε. The total integrated absorbances of OH in these minerals were taken from 
polarized FTIR spectra in the region 4000 – 3000 cm-1  (Fig. 1). Water contents were 
determined using independent techniques as proton-proton-scattering (Reichart et al. 2004), 
confocal microRaman spectroscopy (Thomas et al. 2006) and secondary ion mass 
spectrometry. Obtained data provided the basis to calculate new mineral-specific IR 
absorption coefficients.  
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Fig. 1: Polarized FTIR spectra of olivine, taken parallel to the crystal axes a, b, and c to 
determine the total integrated absorbance Ai, tot. 

For olivine with the mean wavenumber of 3548 cm-1 (Fig 1) an ε-value of 47,000 ± 4,000 
lmol H2O

−1 cm-2 was determined. In case of the SiO2 system it turns out that the magnitude of ε 
for one structure is independent of the type of OH point defect and therewith the peak 
position, but varies as a function of structure. One single mean ε-value of 67,000 ± 8,000 
lmol H2O

−1 cm-2 was determined for a suite of quartz crystals with different OH point defects. For 
the high-pressure polymorph coesite a higher ε of 214,000 ± 14,000 lmol H2O

−1 cm-2 was 
calculated, that is in good agreement with earlier established data (Koch-Müller et al. 2001). 
For stishovite an even larger value of ε = 461,000 ± 68,000 lmol H2O

−1 cm-2 was derived, similar 
to that determined by Pawley et al. (1993).  

Evaluation of data from this study confirms that not using mineral-specific IR calibrations for 
the OH quantification in NAMs leads to inaccurate estimations of OH concentrations, that 
constitute the basis for modelling the earth’s deep water cycle. 
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Introduction 
Monazite is an accessory LREE Phosphate mineral which is rich in U (~5wt.%) and Th (3-15wt.%). The Pb 
concentration is assumed to be completely produced by radioactive decay. Thus, the Pb-content is directly 
proportional to the age of the crystal and the age can be determined chemically, because no correction for 
common Pb is needed. The use of chemical dating was always restricted either by high detection limits or low 
spatial resolution. The accuracy and precision of chemical age determination is mostly dependent on the Pb 
concentration. Therefore, chemical dating with the electron microprobe of particularly young monazite crystals 
(Alpine age, < 40Ma) was not possible due to the low Pb concentrations.  
Here we report on the use of the confocal micro-XRF set-up, which was developed by [1] at the µ-spot beamline. 
This confocal set-up restricts the excitation volume and prevents excitation of fluorescence radiation from 
adjacent parts of the sample. The confocal set-up was tested during two beamtime sessions. The measurements 
were performed on well-characterized reference samples ranging in age from 18 Ma to 1821 Ma. In addition, 
unknown monazites from HT rocks (sapphirine-bearing granulites) were measured, which are supposed to have 
alpine age (< 30 Ma).  
The aim of the second beamtime was to show the consistency of the experimental set-up during different 
analytical sessions. In addition, improvements in the sample preparation were tested. The calibrated parameters 
gained from the reference samples were applied on unknowns. We used the method to constrain the time for the 
high temperature (granulite-facies) event on monazite grains of samples collected from the Gruf complex 
(Switzerland). This event was already dated and reported by [2] who dated zircons from the same type of rocks 
with isotopic SHRIMP method and determined ages 32.7 Ma. 
 
Methods 
Experimental set-up 
The set-up is installed at the 7T WLS µ-spot beamline at BESSY (Berlin, Germany). It consists of two 
polycapillary half lenses with coinciding foci: the first X-ray optic is located in the excitation channel to focus the 
quasi – parallel beam onto the sample after passing through an ionization chamber. The spot size is defined by 
the energy of the incident beam, which is 18 keV and therefore the spot is focused to approximately 20µm. The 
second half lens is located in the detection channel in front of an energy dispersive Si(Li) detector to collect the 
fluorescence radiation of the sampling volume. The spot size of the second optic differs between the energies of 
the fluorescence radiation lines, e.g. for Pb Lα (at 10.5keV) the spot size (FWHM) is 21.1µm whereas for Ca Kα 
the FWHM is 31µm. The second optic reduces the volume of the sample from which the detector collects 
information and the peak-to-background ratio is improved by restriction of the detectors field of view and shielding 
from scattered radiation. The monochromatic beam was produced by a Si(111) fixed-exit double-crystal 
monochromator. 
 
Analytical conditions 
The measurements were carried out at 18 keV beam energy and a working distance of the capillaries of less than 
10 mm. To prevent excitation of fluorescence from deeper parts of the sample or even the sample holder only 
approx. half of the sampling volume was inside the sample. This was achieved by putting the sample at the 
position where the fluorescence intensity is half of the maximum incoming counts (IC50%). Acquisition times of 500 
or 1000 s were used depending on the expected Pb concentration and age of the monazites. The six reference 
samples were measured for 500-1000 s and the unknown Gruf monazites for 1000 s (including 10 % dead time). 
The acquisition times are selected to yield an adequate statistical error based on counting rate (N1/2) of max 5% 
of the counts for Pb (mean 1.4%). The errors for U (max 1.3%, mean 0.6%) and Th (max 0.3%) are lower due to 
higher concentrations. 
Data evaluation is based on the method of [3] using the intensities of the Pb Lα (10.55 keV), Th Ll (11.12 keV) 
and U Ll (11.62 keV) lines. 
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For correlation within the Ranchin formula [4], the Ranchin parameters (kx) were determined iteratively by using 
the intensities for the above mentioned X-ray fluorescence lines and the well known ages for the standards. 
 

Age = kPb x APb / (kU x AU +  0.36 x kTh x ATh). 
Sample preparation 
The standards 3345, F6, GM3 and JUNCA are mounted in epoxy and polished to approximately half thickness of 
the grains / fragments. The internal standards Baceno2 and Bi9801 are put on adhesive tape and used as whole 
grains. The unknown monazites from the Gruf complex were prepared in 3 ways: (i) in thin sections on top of a 
soda-lime glass slide for visualization of textural context, (ii) drilled out from this thin section and embedded in 
epoxy for SRXRF measurements, and (iii) in thin sections on top of a SiO2 glass slide. The last step was 
performed due to the fact that considerable amounts Pb were detected in the soda-lime glass slide during the first 
analytical session. Thus, all data of the first session on the Gruf samples were potentially influenced by the Pb 
from the glass, although all measurements were performed half-way outside the thin section. In the second 
analytical session, the same monazites were drilled out and embedded in epoxy. Additional thin sections were 
prepared with Pb-free glass (SiO2 glass). 
 
Results & Discussion 

To characterize the excitation volume of the set-up, a fluorescence scan was performed with a 3µm thick 
tungsten foil. The FWHM of the spot can be determined to a horizontal and a vertical size of 24 x 17µm. The 
depth resolution can be approximated to 24 µm, which is important for the in situ analysis of the Gruf monazites. 

The detection limits (DL) of this set-up were 
calculated on the international reference glass NIST 
612 [5] for the analytical conditions given above. 
Comparing the two different measuring positions 
(IC100%, IC50%), the DL is slightly better for the position 
of IC100% (Fig.1, left). In general, the relative DL for 
elements between Fe and Bi is < 10ppm, including the 
DL of Pb ~ 5ppm (for Th and U it is slightly higher). 
The DL for U, Th and Pb were also investigated for the 
monazite standard F6. Depending on the acquisition 
time, the DL for Pb are 9ppm (500s) and 6.5 ppm 
(1000s), respectively. This is about 10-20 times better 
than for electron microprobe, which is usually used for 
chemical dating.  

 
Reproducibility of the ages 

1. Standards 
The age reproducibility for the standards is listed in table 1. It is obvious that the reference ages can be 

reproduced within their errors (Fig. 2). The standards F6, GM3 and 3345 were measured during two analytical 
sessions and the results reveal that the determined Ranchin parameters of both sessions are consistent with 
each other. The confocal set-up was stable in between the two analytical sessions, for the same mineral group 
and the same beamline conditions (e.g. energy, capillaries). The calibration parameters were applied on the other 
standards JUNCA, Baceno2 and Bi9801. The age of the JUNCA reference sample can be confirmed within errors. 
For Bi9081, there is quite a spread observed, but the youngest age is consistent with the age reference. The 
spread of ages is consistent with former results, as part of the monazite grains of this sample may have older 
cores. For Baceno2 also a spread is observed and the youngest age is ca. 3 Ma older than the reference value. 
This difference may either be attributed to (partial) analysis of older parts of the grain or may reflect the 
uncertainty of the method for such young ages. 
 

2. Application on the Gruf monazites 
During the first session all measurements of these monazites were influenced by the Pb signal of the glass 

holder. The age data scatter between 41-86 Ma. These grains were drilled out for the second session and reveal 
ages between 26.3-50.4 Ma with a mean value of 37.9 ± 4.7 Ma. The data are lower than those of the first 
session, but the variance is still high, which might be due to remaining glass underneath the grains and therefore 
a still existing Pb contamination. 
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Table 1: Comparison of ages obtained by the SYXRF method in this study on monazite reference material to dates 
obtained by isotope methods. 
a SHRIMP, b ID-TIMS, c LA-PIMMS 
# [6] Stern & Berman (2000), * Möller, A. (unpubl.),  ~ [7] Engi et al. (2001), ^ [3] Engi et al. (2002) 

 
 
 
 
 
 
 
 

 
For the monazites from the Gruf complex that were prepared on the SiO2 glass slide, ages were determined 

to 29-36 Ma (mean: 33 ± 2.2 Ma). This is in good agreement with some ID-TIMS measurements performed on 
monazites from these samples, which gave an age of 32 ± 4 Ma. This result emphasizes the importance of a 
sample preparation routine that minimizes any lead contamination. Zircons from the same rock unit were already 
dated by [2] using isotopic methods (SHRIMP). They obtained an age of 32.7 ± 0.5 Ma at the rims of the grains 
and interpreted this as the time of the granulite-facies event where partial recrystallization of the zircons appeared. 

 
 

Conclusion 
The spatial resolution of the µ-SRXRF is better than for 

conventional µ-XRF and proton microprobe, and is comparable to 
Laser-ICP MS and ion microprobe (SIMS, SHRIMP). Age 
determination with 3D µ-SRXRF has distinct advantages 
compared to other methods: The most striking feature of the µ-
XRF method is its non-destructive character: no material is 
consumed by the analytical procedure and therefore any XRF 
analysis can be verified afterwards by isotopic techniques (e.g. 
SHRIMP, SIMS, TIMS) as had been done in this study. A general 
disadvantage of chemical dating is the lack of an isotopic 
correction for non-radiogenic (common) Pb. For grains of alpine 
age, thorogenic Pb is most relevant for the calculation as has 
already been shown by [7].  
Low DL especially for Pb compared to EMPA is a big advantage 
concerning chemical age determination. The low DL for Pb 
(<10ppm) allows detection of lower amounts of Pb and thus much 
younger ages, making the technique useful for studies of recent 
mountain belts, such as the Alps, Andes and Himalaya. 
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Sample Age reference (Ma) SRXRF mean age ± 1s  (Ma) Δ  
3345 1821 ± 0.6  a, # 1834 ± 76 13 
F6 560 ±1 b, * 570 ± 16 10 
GM3 483.2 ± 1.5 b, * 471± 23 12 
JUNCA 101 ± 0.3 c, + 104 ± 6 3 
Bi9081 32-33 ± 1  c, ~ 32 (37) ± 0.1 - 
Baceno2 18.69 ± 0.3  b, ^ 22 (28) ± 1 3.3 

Figure 2: Comparison of determined (mean) 
SRXRF age with reference age obtained by 
isotopic methods. The figure shows, that the 
ages overlap within their errors, which is 1 
stdev for the XRF ages. Only Baceno2 shows 
no overlap between both ages which can be 
due to inhomogeneities inside the grain, 
which could not be resolved with the confocal 
set-up. 
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Introduction 
For the analysis of the chemical composition of thin film systems, methods with 
various information depths are available: standard photoemission spectroscopy /a 
few monolayers, high kinetic energy photoemission spectroscopy (e.g. HIKE at 
BESSY) /about 25 nm, and soft X-ray emission spectroscopy (XES) /up to one µm 
(strongly dependent on the element under consideration). However, in particular, for 
a depth profiling of gradient or multilayer structures it is highly desirable to tune this 
information depth between that of HIKE and the full XES range. We developed 
AXES, angle resolved XES, for a controlled reduction of the standard information 
depth. In contrast to the well known alternative of varying the excitation energy [1], 
the angle variation has the advantage of constant x-ray absorption cross sections. In 
other words, a comparison of signal intensities stemming from different elements is 
much easier and more straight forward.  
 
 
Results 
 
In the set-up of the CISSY chamber the 
geometry between beam and detector is fixed 
at 90° (Fig.1). Geometric considerations lead to 
the following correlation between the 
differential emission intensity dIE from a volume 
element with the thickness dx and the exit 
angle β.  
 
 
 
 
 
 
 
 
 
 
The exponential term in Eq. (1) considers the attenuation of the incident and the 
emitted radiation, whereas the terms x/cos β and x/sin β take into account the 
different path lengths of the radiation. For the extreme case β  0 (grazing exit 
geometry), the emitted radiation from a certain depth is strongly attenuated due to 
the long path length it has to penetrate in the sample to reach the detector. Radiation 
emitted from deeper layers is almost completely absorbed, which leads to a reduction 
of the information depth. The case β  ∞ (grazing incident geometry) results in a 
lowering of the information depth due to the limited penetration of the exciting beam 
normal to the sample surface. Note that this approach can easily be transferred to 
other geometries. 
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Fig. 1. General description of x-ray 
emission intensity under the 90° 
geometry between beam and detector as 
in the CISSY chamber. [1] 
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The goal of the study is to verify if Transylvanian gold was used to manufacture Romanian 
archaeological objects. This is realized by using information related to trace elements: Sb, Te, 
Pb – recognized fingerprints for Carpathian Mountains mines and Sn characteristic for the 
panned river-bed (alluvional) gold. To solve these issues, samples (grains, nuggets,fine gold 
"sand") from various Transylvanian mines and rivers and some very small (few milligrams) 
fragments of archaeological objects are measured. Another outcome of this SR-XRF 
experiment is to obtain the elemental characterization (Au, Ag and Cu content) of 
representative Transylvanian gold mines, subject of interest for the assignement of any other 
archaeological artifacts to one of the Central European gold sources. During the experiment, 
point spectra for 22 natural gold samples from Transylvania and 18 "micronic" samples from 
archaeological objects were acquired at 34 keV excitation SR energy, using a spatially 
resolved SR-XRF set-up mounted for analyses at the hard X-ray beam line – BAMline . The 
beam was focused to a beam size of 100×100 μm2. The gold samples were mounted in air in a 
special frame for passe-partouts on a motorized xyz stage at an angle of 45◦ to the X-ray 
beam. Fluorescence signals were collected for 300 s each by a Si(Li) detector covered with a 
with respect to the incident beam. Data are performed by means of AXIL software. Relative 
concentrations of minor components are determined using a procedure based on different 
metallic standards.   
A summary for the characterization of Transylvanian native gold is the following:  

• high (8 - 30%) Ag amounts and low (0.2 - 1%) Cu amounts; 
•  placer deposits (Valea Oltului, Stanija, Valea Pianului) contain as fingerprint Sn (150-

300 ppm) – most probably from river bed cassiterite; 
•  primary deposits present as fingerprints Te (200-2000 ppm), Sb (150-300 ppm) - 

however, the samples are very inhomogeneous; 
•  primary deposit Sacaramb contains Te = 0,25%, Sb (500 ppm), but also Sn ( 200 

ppm); 
•  primary deposit Fizesti presents a big amount of Pb = 1%, Sb (350 ppm), 
•  traces of Te and also Sn. 

As concerning the "koson" dacian coins, the type "with monogram" is made from refined 
(more than 97%) gold with no Sb, Te or Sn traces (remelted gold) and the type "without 
monogram" is clearly made from alluvial gold, partially combined with primary 
Transylvanian gold (Sn and Sb traces detected). The greek "pseudolysimachus" type staters 
(contemporary with "kosons") are made from refined remelted gold (no Sn, Sb, Te presence).  
 
A spectacular application of the micro-SR-XRF studies on native gold was the one of 
authentication of some recovered heritage artifacts: five Dacian gold bracelets exhibited at the 
National Museum of Romania’s History, Bucharest. The Dacian multi-spiraled bracelets were 
made of gold (see attached figure); they belong to the classical period of the Dacian 
civilization (2nd century B.C. - 1st century A.D.). The bracelets were recovered from the 
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international market of antiquities through a common effort undertaken by the Romanian 
authorities in collaboration with the German authorities. The bracelets are spiraled (5 – 7 
spirals), weighting 800 to 1200 g each. They are 10 to 12 cm diameter, being adorned with 
stylized palm leafs and with zoomorphic protomes at both ends. To confirm the authenticity 
of the bracelets, the analysis of the gold alloy from which they were made was strongly 
requested. The conditions imposed by the Romanian authorities were: internal (in Romania) 
analyses, no sampling (even for LA-ICP-MS!), no nuclear activation. Therefore, in early 
spring 2007 the compositional analysis of the bracelets was performed by X-Ray 
Fluorescence (XRF) at “Horia Hulubei” National Institute of Nuclear Physics and 
Engineering, Bucharest, by using  241Am (30 mCi) and 238Pu (10 mCi) radioactive sources, 
and a HPGe detector. The compositional results are the following (average of three measuring 
points): 
• Bracelet No 1: Au 89.85%, Cu 0.65%, Ag 9.50% ; 
• Bracelet No 2: Au 78.20%, Cu 1.50%, Ag 20.30%; 
• Bracelet No 3: Au 82.40%, Cu 1.40%, Ag 16.20%; 
• Bracelet No 4: Au 91.50%, Cu 0.40%, Ag 8.10%; 
• Bracelet No 5: Au 92.80%, Cu 0.30%, Ag 6.90%; 
• Traces of tin – from cassiterite – fingerprint for placer/panned gold; 
• Traces of antimony – from jamesonite (Pb4FeSb6S14), stephanite (Ag5SbS4); 
• Ca-rich soil traces in cracks - probably due to the fact that the bracelets were buried 
for a long period of time ; 
• Relatively inhomogeneous composition of each bracelet. 
 
Comparing the XRF results on bracelets with the micro SR-XRF results on Transylvanian 
gold samples, the conclusion was that the bracelets were made from native Carpathian 
(Transylvanian) gold (panned mixed with primary) and realized using a primitive metallurgy 
(no intention to refine the native gold). In this way, our results strongly support the stylistic 
arguments regarding the authenticity of the bracelets. 
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Introduction 
The investigation of diffusion processes can give insights into the ageing mechanisms of glass arti-
facts. One such prominent example of historical glass objects are reverse-glass paintings.  
The art of applying colors to the reverse side of a piece of glass originated from antiquity [1]. This 
technique implying the intention to view the work from the opposite, that is the front glass side, be-
came famous from the 15th to the 19th century. Glass plates were directly painted with oil- or resin-
containing colors. The objects are in acute danger since the low adhesion of this material-specific 
combination leads to damage phenomena - reinforced by glass corrosion - such as bubble-shaped 
withdrawals and delaminations, resulting in the total loss of the decoration. 
It is well known that acidic materials cause glass corrosion. Due to the fact that also acidic binding 
media endangers glass-containing pigments such as smalt [2] it is assumed that binding media used 
in reverse glass painting may initiate corrosion processes beginning at the interface glass/binding 
material. All previous investigations of reverse glass paintings reveal that acidic containing materials 
such as linseed oil or stand oil were used for painting [3]. As a consequence this corrosion process 
leads to “loss of adhesion” due to different surface properties inside of reverse-glass paintings, even-
tually destroying completely the decoration of the glass objects.  
To elucidate the mechanism of these corrosion processes taking place in the glass object depth pro-
files of mobile elements, like potassium and calcium, are of interest. In order to obtain depth profiles 
of such kind of fragile objects the method of choice should be non-destructive. 3D Micro X-ray fluo-
rescence analysis (3D Micro-XRF) is a well suited analytical tool to measure non-destructively depth 
profiles in the micrometer regime. 
 
Experiment                        
First measurements with 3D Micro-XRF were carried out on a reverse-glass painting from the 19th 
century. The painting shows strong corrosion at several sites. In order to characterize the dissemina-
tion of the corrosion process we studied the composition of the glass material depending on the dis-
tance to the interface glass/binding material within the glass.  
The experiment was carried out at the new µSpot-beamline at BESSY where a permanent confocal 
arrangement for 3D Micro-XRF was installed by us in 2006. The beamline is located at a 7 T wave-
length shifter providing X-ray energies up to 30 keV. The radiation is prefocused by a mirror situated 
close to the X-ray source and monochromatised by a Si (111) double monochromator. The produced 
flux is monitored with a calibrated ionization chamber. The signal of the ionization chamber is used for 
the normalization of the detected spectra. 
The confocal arrangement consists of two polycapillary half lenses, having a spot size of 24 µm at 18 
keV for the one exciting the sample and 12 µm for the one in front of the detector. The overlap of the 
foci of the two X-ray optics defines a probing volume, which is characteristic for the set-up. By moving 
this probing volume into the depth of the sample fluorescence intensity depth profiles of the elements 
of interest may be obtained. The depth profiles are derived from the fluorescence net peak areas of 
fluorescence spectra taken stepwise into the depth of the sample. The radiation coming from the 
sample is detected by a seven element detector, of which each element consists of a 30 mm² Si(Li) 
semiconductor. The elements are arranged on a half sphere, so that they are all looking at the same 
point on the sample. In front of one element the second X-ray optic is aligned. The other six elements 
are recording a Micro-XRF spectrum during the measurements. The sample is moved by high precision 
linear stages in all three directions. The depth profiling studies were conducted by moving the surface 
of the sample perpendicular to the probing volume with a precision of 0.5 µm. The location of the 
probing volume on the sample is defined with a precision of about 20 µm by the depth-of field of a 
long foal distance, high resolution optical microscope.   
 
Calibration and Quantification  
The well-known quantification schemes for conventional X-ray fluorescence analysis can not be used 
for 3D Micro-XRF. In a previous paper we described the modeling of the probing volume, an adequate 
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calibration procedure, and an expression for the primary X-ray fluorescence intensity as a function of 
probing depth for stratified material [4]. Based on the expression for the primary X-ray fluorescence 
intensity for stratified material a reconstruction algorithm was established which makes the determina-
tion of the chemical composition and the thickness of layers possible. It is applied here for the investi-
gation of the reverse-glass painting. The validation of this reconstruction algorithm is reported in [5].  
The confocal setup is characterized by two parameters per chemical element, the integral sensitivity 
and the width of the probing volume in the scanning direction. Both depend on the fluorescence en-
ergy of the detected chemical element. These instrumental parameters were obtained by means of a 
calibration procedure with thick glass reference material (Breitländer GmbH, universal glass set for 
XRF (BR A4, B2, F3)). Each reference sample contains 20 to 30 elements in the concentration range of 
0.1 ppm to 10 %.  
 
3D Micro-XRF analysis of a Reverse-glass painting measurements 
All measurements were performed at excitation energy of 19 keV. Four depth scans were carried out 
on the glass without any paint layer with a step width of 5 µm and a real time of 600 s at each point 
in the depth. Three depth scans were carried out at locations where a paint layer is present on top of 
the bulk glass. Here the step width was 4 µm and the real time 600 s. Figure 1 (left) shows the inten-
sity depth profiles of elements in the glass without any paint layer. The fit to the measured values is 
the result of the reconstruction algorithm. The best fit to the data was obtained by assuming a diffu-
sion layer on the surface of the glass of around 5 µm followed by the bulk glass. Figure 1 (right) 
shows the intensity depth profiles of elements obtained at a location where a blue colored paint is on 
top of the glass. For the sake of clarity of the presentation six elements (Mn, Fe, Rb, Zr, Hg, and Pb) 
are depicted in the graph, only. These are the most important elements for the interpretation of the 
corrosion process. For this measurement the best fit to the measured values of all elements was ob-
tained by assuming three layers: a paint layer of around 7 µm, a diffusion layer of around 50 µm, and 
the “pure” glass bulk. The weight percent distribution of the six elements depicted in figure 1 (right) is 
presented in figure 2. The presentation as a bar graph gives an impression of the principal weight 
percent distribution in the three assumed layers, but it does not reflect eventual variations inside 
these layers.  

Figure 1: Intensity depth profiles of the elements in the glass without any paint layer (left) and of the elements in 
a blue paint layer and in the glass (right). The solid lines represent the corresponding fits as outcomes of the 
reconstruction algorithm. 
 
Discussion  
It can be derived from the analysis of the intensity depth profiles of the six elements shown in figure 1 
that the paint layer contains lead white, Berlin blue and cinnabar, where the ratio of Berlin blue to 
lead white is about 1:5. Further on, a comparison to the intensity profiles obtained from the “pure” 
glass (figure 1) shows that Pb and Hg must have migrated into the glass. The glass bulk contains only 
a small amount of Pb and no Hg at all. This is supported by the weight percent distribution of the two 
elements in figure 2. Their weight percent in the corrosion layer is significantly different to the one in 
the glass bulk. On the other hand, the weight percent distribution of Mn, Rb, and Zr clearly shows that 
depletion in the diffusion layer has taken place. Also for Fe, enrichment in the corrosion seems to 
have taken place. However, the evaluation for Fe is more complicated as it occurs in both layers, in 
the paint layer as well as in the bulk glass. Therefore, a reliable conclusion for the corrosion layer can 
not be drawn in this case. 
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Figure 2: Weight percent distribution of the elements Mn, Fe, Rb, Zr, Hg, and Pb whose intensity depth profiles are depicted in 
figure 1. 
 
Conclusions 
It is the first time that a reverse-glass painting is investigated to elucidate corrosion mechanisms. Due 
to different ageing processes at the edges and at the front side of the reverse-glass paintings it is not 
possible to take any samples from surface layers to study the corrosion phenomena with other meth-
ods. Only 3D Micro-XRF using synchrotron radiation is sensitive enough for the non-destructive depth 
profiling investigation of glass corrosion.  
The analysis of the element profiles of Rb and Sr in the diffusion layer provides inferences on the 
chemical behavior of K and Ca. Hence, one may conclude that K and Ca were subject to a diffusion 
process as well, even if they could not be measured directly. Assuming that an acidic material was 
used as binding media in this object as well, we suppose that a corrosion process beginning at the 
glass/binding media was initiated. The changes in element concentration confirm our assumption. An 
alkali-depletion within the glass matrix, usually correlated with a formation of „gel layers“ is due to 
action of acid hydrolysis. 
We could demonstrate that lead and mercury ions that migrated into the glass matrix originate from 
the paint layer (lead white and cinnabar dispersed in oil) whereas lighter elements such as manganese 
decrease in the corrosion zone. The depth profile of lead and mercury concentration within the glass 
reflects the dissemination of the corrosion process. Here, the dissemination of mercury is more re-
markable than the one of lead, because of the insolubility of the cinnabar pigment.  
The results imply a meaningful step forward to the understanding of the phenomena of the “loss of 
adhesion” inside of these art objects. The change of the chemical composition of the glass matrix 
leads to different physico-chemical properties. The clarification of this process will provide essential 
proficiency for further restoration concepts to find appropriate restoration and conservation treat-
ments. A full report on the experiment and the results can be found in [6].  
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The Dead Sea scrolls are discovered between 1947 and 1956 in eleven caves in and around 
the Wadi Qumran in the West Bank. The texts are of great religious and historical signifi-
cance, as they are practically the only known surviving Biblical documents written before AD 
100.  

Parchment is the constituent of most of valuable objects of our cultural heritage. The first evi-
dence of use of skin as support for writing date back to Egypt, but it is probably in Asia Minor 
that the procedure of manufacturing developed creating parchment. It is for its qualities, as re-
sistance, durability, flexibility and clarity, that parchments became an excellent support of 
writing, common in all the European society since the beginning of its history until the XVI 
century, when it was replaced by paper.  

Atmospheric pollution can cooperate to enhance parchment progressive deterioration, so 
many studies have been carried out to better understand interaction between pollutants and 
collagen, the main component of parchment [1-3]. For example, recent European projects had 
the aim of understanding the degradation causes of collagen in parchments or in leather to 
improve the state of conservation, like IDAP project or STEP project. Parchment is prepared 
from animal skin. Skin is formed by several layers: epidermal, dermal and hypodermal, after 
skin preparation only dermal layer remains, which peculiarity is to be rich in collagen, a fi-
brous protein that we can consider the main component of parchment structure, about the 95% 
[4]. Natural deterioration of parchment causes chemical changes due to oxidation, hydrolysis 
and gelatinisation of collagen chains, promoted by several factors that we can summarized as 
biological and microbiological factors (bacteria, fungi), heat, light, humidity and pollutants 
[5-9].  

In the present study a special attention has been paid on the physical characterisation of 
parchment surface by mean of external reflection spectroscopy. Characteristic equipment 
called Seagull developed by Bruker Optics and adapted at BESSY allows measurements at 
different angle of incidence of polarised infrared light. Infrared external reflection spectros-
copy (IR-ERS) is a powerful tool for probing molecular structure and modes of bonding at 
surface (thin film on a metal substrate, molecular monolayer of water, surface-treated bulk 
sample etc.) [10]. The principals of the measurements are simple: light is incident on a sample 
surface at a specific angle and the specular reflected light is monitored. The spectrum ob-
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tained gives measure of the interaction of light with the molecular vibrational structure of the 
material.  

However, there are a number of interactions that relate both to the fundamental physics, and 
from a practical point, the surface topography and structure of the sample material. The output 
reflectance data contain a combination of all interactions of reflection, refraction and absorp-
tion. To evaluate a spectroscopic methodology based on non-invasive IR-ERS we conducted 
simulations experiments that imitate the post discovery history of the Dead Sea Scrolls. We 
treated samples from modern parchment (MOD) with materials applied to the Dead Sea 
Scrolls previously either for contrast enhancement (CAS - castor oil and GLY – Glycerine) or 
for conservation purposes (PSX - Polymethyl methacrylate (PMMA), BMD - British museum 
leather dressing (BMD contains anhydrous lanolin, cedar-wood oil and beeswax in propor-
tion: 40:6:3). 

Results obtained on the flesh (more rough) side are shown in Fig. 1. To enhance the differ-
ences in spectral features the ratio of reflectance spectrum of treated sample and reference 
parchment spectrum has been done (with the same polarization and angle of incidence). The 
resulting curves show clearly the differences in the CH stretching (ca. 3000 cm-1) and C=O  
stretching (around 1700 cm-1) regions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: FTIR-spectra of different treated parchment samples 
 
To confirm the possibility of detecting foreign organic substances applied to historical parch-
ment samples dating to 19th century and medieval ages have been treated and analyzed. In 
Fig. 2 are shown some of the results. The method of reflectance ratio seems to be a reliable 
manner to confirm presence of any single substance added to the parchment. Some further 
measurements are required to check the possibility of detection of treatment made by mix-
tures of mentioned materials. 
The measurements have a main goal in developing of a non-invasive method based on IR-
ERS easily applicable also with portable instruments that can be implemented starting from 
the mini spectrometers already in commerce.   
 

MOD_BMD2_f_ 60deg_Spol

MOD_CAS_f_60deg_Spol
MOD_GLY_f_ 60deg_Spol

MOD_PSX_f_ 60deg_Spol
MOD_PSX_f_ 60deg_Spol

MOD_BMD_f_ 60deg_Spol

1500 2000 2500 3000 

Wavenumber cm-1 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

R
ef

le
ct

an
ce

 ra
tio

 

MOD treated 

  

258



 

 
Fig.2: FTIR-spectra of XIX century and medieval parchment samples 
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Abstract 

A pn-CDD detector was used in diffraction experiments with synchrotron radiation. This type 

of detector is able to detect a three dimensional data-set in an X-ray diffraction experiment 

with white beam and with fixed experimental set-up. This type of detector and a further 

developed new detector generation with enhanced performance which is under development 

are good candidates for the development new experimental techniques in X-ray science.  

 

Detector 

The pn-CCD was developed for X-ray astronomy applications and first successfully used in 

the XMM Newton satellite mission. It gave pioneering results in X-ray imaging and 

spectroscopy of stellar objects [1]. The advantage of this detector against other/conventional 

CCD detectors is in the fast read out and low noise combined with high quantum efficiency 

for X-ray photons due to a thick sensitive detector volume and last but not least an excellent 

energy resolution. Every individual pixel of all together 256 x 256 pixel
2
 can be operated as 

an energy dispersive detector which allows to perform spatially resolved X-ray spectroscopy 

at energy resolution of typically 150 eV at 8 keV which is comparable with up-to-date energy 

dispersive point detectors. During the experiment we could operate the device at a read out 

rate of 200 image frames per second. In order to enable a good energy resolution for every 

incoming photon one has to ensure that the incident photon number is not more than one 

photon per pixel between two readouts. Depending on the incoming photon flux a single data-

set is obtained after recording of 10
3 

to 10
5 

frames which is in the order of some minutes. For 

next detector generation which is under development the read-out speed will be increased to a 

frame rate of more than 10 kHz. 

 

Experiment 

A multilayer sample of cadmium-arachidat was investigated in reflectometry geometry at the 

EDR-beamline. The sample consist of eleven layers of 5.46 nm thickness each. The white 

synchrotron beam of 2 x 0.1 mm
2 

(h.x v.) hits the sample at an incidence angle of αi = 0.8°. 

and is reflected to the detector in 98 cm distance. Since the intensity of the measured signal 

was very high we had to insert 3 mm of aluminum absorbers into the incident beam in order 

to ensure the operation of the detector in single photon counting mode. In the data analysis we 

considered the photons observed in the reflection plane. We finally used the detector as an 

energy dispersive line detector. It records the scattered intensity distribution simultaneously 

for different exit angles αf and different photon energies. The experimental data can be 

evaluated in a similar way as a reflectometry experiment in energy dispersive mode [2]. 
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Fig.: 1 Set-up of the X-ray reflectometry experiment    
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Results 

The figure 2a shows the 3D data-set I( y, z, E) recorded with the pn-CCD in GISAXS set-up. 

For better visualization the measured intensity distribution is projected perpendicularly onto 

each of the three visible interfaces of the “data-volume”. The front plane corresponds to the 

spatial dimension of the active detector area which is 19 x 19 mm². The angular resolution is 

given by a detector distance L = 0.98 m and a pixel size of 75 x 75 µm². The specular 

reflected beam of 2 x 0.1 mm
2
 (hor. x vert.) is seen as the small horizontal stripe in the middle 

of the y-z–plane. The vertical band is caused by the diffusely scattered intensity summed up 

over all energies. The third dimension of the image is the photon energy ranging in between  

6 keV < E < 35 keV. The top plane represents the sum over all y-E planes of the data-set. It 

contains several multilayer Bragg peaks at energies fulfilling the Bragg condition at that 

particular angle of incidence. The width in y is given by the horizontal beam extension. The 

side plane of the box is the z-E plane containing the multilayer Bragg peaks and the sheets of 

diffuse scattering of the multilayer. In energy space these diffuse sheets are curved. Finally 

one can observe additional diffraction spots of small size. These spots correspond to Bragg 

scattering (diffraction) whose origin could not jet identified. 

A clearer information is obtained after transformation of the data into reciprocal space 

coordinats shown in figure 2b. We use qx = 2π/λ (cos αf cos φ − cos αi ) ; qy = 2π/λ  cos αf 

sin; qz = 2π/λ (sin αf  + sin αI) with λ[Å] = 12.398 / E [keV]. 

Here the front area of the 3D data volume is spanned by qx, qy and the 3
rd

 dimension is qz. It 

becomes clear that the diffuse sheets are centred at the equidistant qz positions of multilayer 

Bragg peaks and extended into the qx-qy plane. On the other hand iron fluorescence line which 

is seen as nearly homogeneously illuminated plane in the energy space figure appears as 

bended line in reciprocal space. Also the line artefact in the front plane is bended now.  

A more detailed discussion is given in a forthcoming paper [3]. 

a)       b)    

Fig 2a) Presentation of the 3D data set I(y=αf, z=φ, E) recorded with the pn-CCD in on-axis setting. For better 

visualization the measured intensity distribution is projected perpendicularly onto each of the three visible 

interfaces of the “data-volume” limited by  -0.52° < αf < 0.58° in y-axis; -0.48° < φ < 0.62° in x-axis and 6 keV < 

E < 35 keV. b) Data after transformation into reciprocal space I( qx, qy, qz). 

 

Conclusion 

We have shown the application of a pnCCD for an X-ray diffraction experiment with white 

synchrotron radiation. Compared to a mono-energetic experiment with a point detector our 

detector replaces many scans where each of them requires at least scanning one of the angles. 

The pn-CCD combines 256x256 independent energy-dispersive detectors which give clear 

advantage for white-beam applications. From technological point of view this detector and its 

improved follower requires an advanced data handling strategy. Already at present state a 

pack of data of typically 2 Gbit/s has to be processed. This rate will increase by two orders of 

magnitude for next generation detector. Last but not least we should mention the application 
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of a pnCCD for non energy resolving applications i.e. its use as high speed imaging detector. 

For this application the properties as low noise and high dynamic range and frame rates of 

several kHz are of greate interest for applications. 
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During the last decade, several attempts were undertaken to study the origin of defects and impurities in semiconductors 

using synchrotron radiation. The sensitivity of a conventional x-ray absorption fine structure (XAFS) measurement is not 
good enough to detect defect-related signal unless the concentration of the defect is at least 1018 cm-3 [1]. Nevertheless, Ishii 
at al. [2] have measured XAFS spectra of diluted defects by monitoring the capacitance of a barrier structure and achieved an 
extraordinary site selectivity of the capacitance response with respect to the excited chemical element and its core level. The 
probability of site-selective processes resulting in a change of capacitance was postulated to be significantly larger than that 
of processes routinely used for XAFS such as photoelectron or x-ray emission. Experimental evidences of differences 
between the XAFS spectra measured using the capacitance signal and conventional XAFS were presented. However, Soh et 
al. [3] did not observe any difference either in transient  photoconductivity or in thermally stimulated photoconductivity 
behavior at a change of the excitation. Bollmann et al. [4] have not observed any difference between the conventional and the 
capacitance XAFS. Moreover, they doubted the site selectivity of capacitance XAFS also from the theoretical point of view.  
Bollmann et al. have found that if filling of a defect state happens only in the case that an atom in the defect position absorbs 
an x-ray photon, then the average change of the filling state of the defect states throughout a crystal is negligible at typical 
experimental conditions, because of a small photoionization cross section of each defect atom. The change of the capacitance, 
which was observed, is related to generation of thousands electron-hole pairs in the bands by impact ionization during the 
relaxation of an each single core hole. The defect states are then filled mostly by free thermalized carriers, and this filling 
process is certainly not site selective with respect to the excited core level. 

Meanwhile, Fujioka et al. [5] have successfully used monochromatic synchrotron excitation for site selective deep level 
transient spectroscopy (DLTS) measurements. Fujioka et al. observed the ratio of magnitude between two trap states in the 
gap change with x-ray excitation energy. The DLTS response of a trap changed significantly at an excitation energy which 
corresponded to the binding energy of core electrons of a certain atom sort present in the sample. The authors concluded from 
this observation about the origin of these trap states. In our previous work inspired by the findings of Fujioka et al. we also 
observed both time and temperature dependent electrical  conductivity signals, which depend on the core level excited [6]. 
We measured high frequency modulated photoconductivity (MPC) and modeled the results regarding only fast processes [7]. 
However, the glow effect must be taken into account when modeling an MPC measurement with scanning over a wide 
temperature range. Also the glow effect itself can be used to study defect states in semiconductors by thermally stimulated 
current (TSC) [8,2]. In the current work we utilize the glow effect to trace the changes of the filling state of well-known deep 
levels (Fe,Cr) in silicon with the excitation energy.  

Contrary to other groups studying XAFS and DLTS at absorption K-edges, we study absorption L-edges using a smaller 
photon energy and taking advantage of a larger ionization cross section. It is difficult to illuminate a buried p-n or Schottky 
barrier using an excitation energy below 1500 eV. Therefore, we measure photoconductivity in homogeneous samples with 
contacts. Also the conductivity of a defect free semiconductor is expected to change under x-ray illumination due to impact 
ionization and formation of electron hole pairs. The last effect is utilized in energy dispersive x-ray spectroscopy. The trap-
related conductivity signal differs from the impact ionization signal by its long in time transient after a variation of the 
illumination. Such a transient, being a consequence of a non-equilibrium filling of the traps under illumination, may also be 
caused by free non-equilibrium electrons and holes. In order to filter out the signal caused by direct filling from the core level, 
we study its energy dependence. The number of free electron-hole pairs generated in the bulk of the sample is proportional to 
the energy of the primary photon. Therefore, only conductivity signals which are  simultaneously temperature and time 
dependent, and show peculiarities around x-ray absorption edges may originate from site selective excitation of trap states.  

The MPC measurement is applied when the time constant for the thermal emission from the defect state into the band is 
small. In the single bunch mode of the synchrotron (BESSY, beamline U41PGM) the sample was illuminated by short 
periodic x-ray pulses with a repetition frequency of roughly 1.25 MHz. A constant bias of 9V is applied to the sample through 
a series resistor and the alternating component of the voltage on the sample is measured using a resonant MOSFET amplifier 
with low input capacitance (about 4 pF) and a bandwidth of about 100 kHz. The signal is then lock-in detected and the in-
phase and the 90° phase component signals are digitized. The time necessary for reemission of the carriers from the trap state 
into the band where they can contribute to the conductivity causes a phase shift of the defect-related conductivity signal with 
respect to the excitation. More detail about the MPC technique may be found in our previous publications [6,7]. Although the 
MPC measurement results were qualitatively reproducible, variations of the magnitude of MPC signals were observed 
meaning degradation of the sample presumably due to the influence of the synchrotron radiation.   

Another technique is x-ray induced thermally stimulated current for studying trap states showing a slow thermal emission 
in the given temperature range. It is similar to the conventional TSC method, but uses a site selective excitation synchrotron 
radiation. The bias voltage is applied the same way as described above, but the averaged (dc) component of the voltage across 
the sample is measured. The sample is cooled down to approx. 86K in the dark and exposed to monochromatic x-rays at this 
temperature for 10 seconds. After the exposure, the sample is heated in the dark at a roughly constant rate but in a well 
reproducible manner. The influence of the exposure on the sample voltage vs. time or temperature is evaluated. When the 
temperature becomes just high enough for the emission of the trapped electrons into the band, additional conductivity is 
detected with respect to the conductivity without previous exposure. When the temperature becomes still higher, the traps are 
exhausted and the conductivity returns to its reference. Due to the short exposition, the degradation of the sample is 
significantly reduced. However, the interaction time between the x-ray photon flux and the defect atoms with small cross-
sections is also reduced. Being technically simpler compared to MPC, the method is more time consuming.  

We elaborated a strategy of detection trap states consisting of three steps. 1) The sample should be aligned with the 
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Figure 1. MPC amplitude measurements on CuAlO2. 

synchrotron beam. If the synchrotron beam hits the sample contact, the temperature-independent current of photoelectrons 
can be easily measured. 2) the trap states are filled by a not site-selective method by excitation of electron-hole pairs and the 
characteristic temperatures of the trap states are determined.  It may be achieved in TSC by excitation using visible light. 3) 
The measurements are repeated versus excitation energy at each of these characteristic temperatures.For optimal utilization of 
x-ray flux, the sample volume which determines the resistance should be identical with the illuminated volume. Therefore, 
the optimal sample shape is thin film of semiconductor on an insulating substrate, while the film is structured to form a short 
and narrow current bottleneck [6,7]. CuAlO2 samples were prepared by reaction between a single crystalline r-sapphire 
substrate and 300nm Cu film in air. The Cu film was oxidized at 900 °C during 1 min. and then reacted with Al2O3 at 1200 
°C during 5 min. The needle-shaped electrically conductive crystals of CuAlO2 on the surface of sapphire were up to 1 mm 
long. Their phase composition was confirmed by electron backscattering diffraction method. Often it is very difficult to 
deposit a thin semiconductor film on a foreign substrate without unintentional defects and their electronic states in the gap. 
Here, we report trap-related x-ray photoconductivity measurements on bulk silicon. The silicon wafers had a nominal 
conductivity of 4 Ω·cm (boron-doped) and 80-100 Ω·cm (phosphor-doped). The additional doping with chromium of the 
boron-doped sample and with iron of the phosphor-doped one was performed according to the literature [9]. The metals were 
evaporated in vacuum, the samples were heated in a tube furnace under N2 to about 1000 °C and quenched in silicone oil. 
Both the faces of each sample were polished to remove the rests of the metals from the surface. According to the literature, 
metal concentrations of the order 10-15 cm-3 can be 
expected. Silicon rods with dimensions 7x0.3x0.5 mm3 
were fabricated by cleavage. The ends of the rods were 
rubbed with metallic gallium at about its melting point 
using a glass fiber pencil. The distance between the 
contacts was about 0.5 mm in order to approach the 
dimensions of the synchrotron beam of typically 
0.05x0.1mm2. The rods were mounted on the cold finger of 
a cryostat and electrically insulated by sapphire.  

Figure 1 shows measurements of MPC amplitude of the 
CuAlO2 at various excitation energies around Cu2p3 and 
O1s absorption edges measured cold-to-hot. Two 
characteristic temperatures around 140 K and 200 K can be 
identified. As the excitation energy approached the binding 
enegy of Cu2p (931 eV), a distinct deviation of the signal 
at 140 K was observed: the shape of the curve changes 
from convex until the energy of 932 eV, after which it is 
concave. Above this temperature the curves become simply 
scaled. In the measurement at energies around O1s line 
(binding energy 543 eV) it is the maximum at 200 K which 
is sensitive to the excitation energy. Therefore, the trap 
state at 140 K can be site-selectively excited from Cu2p 
core levels, whereas the trap state at 200 K is coupled to 1s 
core levels of oxygen.  

Due to a non-optimal shape of the Si samples, the 
signal which could be attributed to site selective filling of 
the defect states could not be reliably detected in most of 
our measurements with bulk crystals so far. After we 
consequently eliminated the pathways of electrical 
interference penetrating our system from the noisy 
environment of the experimental hall of the synchrotron 
facility results presented in the following, were obtained. 
Figure 2a shows a conventional x-ray absorption spectrum 
by total electron yield in the energy region of Fe2p doublet 
(706eV and 720eV) of the iron-doped sample. The  doublet 
is barely visible due to a strong dilution of the impurity. 
The same spectrum measured using the amplitude of the MPC signal is shown in Fig. 2b. The Fe2p doublet is clearly visible, 
but we did not observe its any significant temperature dependence in the region 200-280 K. Therefore, this signal is likely to 
result from the impact ionization by photoelectrons and it is site related but not defect-related. Figure 2c shows MPC 
amplitude spectrum in the region where Fe2s line was expected from the binding energy (845 eV). The Fe2s line is clearly 
visible and was readily reproducible. In the literature we found no report of Fe2s observation by conventional XAFS. This 
can be explained by small excitation cross section of s- core levels. If the shown absorption edge at 845 eV indeed originates 
from Fe2s, then there should be a reason why its magnitude is comparable with Fe2p. A possible interpretation is that it is due 
to a larger transition probability of the local site selective transition allowed by the symmetry selection rules. Further 
peculiarity of the Fe2s signal is its opposite polarity. Obviously, the difference in the signal polarity between Fe2p3 and Fe2s 
cannot be explained by impact ionization resulting in free electrons and holes. It can be explained if the site-selective 
transitions result in excessive capturing the carriers on the defect states and depopulation of the bands. Unfortunately, no 
measurements of the temperature dependence of the Fe2s were undertaken in this experiment. Also the slope of the 
background remains unexplained. 
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TSC results on Si:(B,Cr) are presented in Figure 3. The main 
figure shows the difference between the voltage across the 
sample after exposure and the voltage  without previous 
exposure. The difference signal is strongly temperature-
dependent at lower temperatures and originates from a trap state. 
The magnitude of the difference depends on the excitation 
energy. The inset shows the TSC signal at 100K vs. excitation 
energy. It shows two edges close to the binding energy of Cr2p 
doublet (574 and 584 eV). Since the signal is both energy and 
temperature-time dependent, site-selective excitation was 
successful in this measurement. The temperature of the TSC 
response agrees with the literature data concerning Cr-B defect 
complex [10]. 

We consider four mechanisms of site-selective excitation of 
defect states: 1) direct filling of the core hole from the defect 
state [2] 2) direct filling of an empty donor state from the filled 
core level 3) filling of an empty donor from the core level via 
the partial density of conduction band states and 4) filling the 
core hole from the filled partial density of the valence band 
states with immediate filling of the hole by an electron from the 
acceptor state with the same localisation. The first and the 
second mechanisms suffer from the problem with small 
photoemission cross section, but the last two may not. If for 
example the filling happens in a two-step way from the core 
level into the delocalized partial density of conduction band 
states and then into the defect state without relaxation in the 
band, both the transitions must take place at equivalent positions in the lattice, but not necessarily at the same atom. The high 
probability of local allowed transitions (site and symmetry selectivity) does not appear surprising since it is routinely used for 

exploration of the local partial density of states in 
the bands [11]. The density of  native defect states 
may be considered as a part of the density of the 
band state spit-off into the gap due to different 
interaction. If excitation probability of diluted 
defects is large enough, the local partial density of 
states can principally be studied in the gap just as 
it can be studied in the band.  

The presented MPC and TSC results in CuAlO2 
and intentionally doped Si can not be explained by 
formation of free carriers through impact 
ionization alone, but they can be qualitatively 
explained if site and symmetry selective excitation 
is additionally assumed. The measurement of the 
MPC-amplitude is a very sensitive method to 
detect low defect concentrations in thin films by 
element specific absorption of synchrotron 
radiation at core levels. 

Authors thank A. K. Ariffin (Humboldt 
University) for assistance during the 
measurements.  
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First simultaneous scanning SAXS/WAXS/XRF 
measurements of bone sections at the μ-Spot beamline  
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Small angle X-ray scattering (SAXS) is a powerful tool for the nanostructure 

investigation of bone, and has been applied for instance to characterize structural changes 
induced by osteoporosis and its treatment [1,2]. A considerable progress in this technique was 
obtained by investigating the nanostructure locally using a small X-ray beam, allowing to map 
nanostructural parameters as a function of position [3,4]. In addition to the nanostructure 
measured by SAXS, changes in the mineral lattice structure and texture, as well as the 
chemical composition of the mineral phase in bone may also expected to change with disease 
and treatment, and are therefore of great interest. These parameters can be obtained from 
wide-angle X-ray scattering (WAXS) and X-ray fluorescence (XRF), respectively.  

We have developed an experimental station at the microfocus beamline (μ-Spot) at 
BESSY II that allows us to measure the SAXS, WAXS and XRF signals simultaneously, 
combined with scanning thin sample sections across a beam of 10 μm size [5]. Fig. 1 shows a 
sketch of the experimental setup used for the bone scanning experiments. A large, on-axis 
area detector (MarMosaic-225, MarUSA) at a short distance is used for simultaneous 
SAXS/WAXS and an energy dispersive detector (ASAS-SDD, Ketek) in side-looking 
geometry at an angle of about 70° detects the fluorescence signal. A long distance microscope 
is used for sample positioning and calibration. The microbeam is provided by focusing the 
beam with a torroidal mirror and a beam-defining pinhole (usually 10 μm) about 20 mm apart 
from the sample. A guard pinhole is mounted directly on the outlet of a miniaturized 
ionization chamber very close to the sample, optimizing the background for SAXS and 
avoiding excessive air scattering. The typical energy used is in the range 15-18 keV, selected 
either by a Si(111) crystal  (about 108 ph/s/10μm) or a multilayer (>109 ph/s/10μm). If 
detailed lattice parameter evaluation in the wide angle region is attempted, the use of the 
Si(111) monochromator is obligatory because of strong peak broadening due to wavelength 
spread of the multilayer.  
.   
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

(a) 

(b) 
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Fig. 1 Experimental setup for simultaneous microbeam SAXS/WAXS/XRF at the BESSY μ-
Spot beamline. (a) Side-view with on-axis microscope and (b) top-view with MarMosaic and 
XRF detector in their measuring position and off-axis microscope. 
 

Several thin sections (ca 20 μm thickness) of embedded human bone associated with 
different medical and/or pharmaceutical scientific questions were investigated. 2D scans 
covering typically 300 μm x 300 μm from selected regions of interest were scanned with a 
position resolution of 10 μm or 20 μm. The samples were coated with a thin Au film to 
provide an internal standard for lattice parameter determination, allowing a d-spacing with an 
accuracy better than Δd/d=10-3 to be determined. Fig. 2a shows a typical 2D SAXS/WAXS 
pattern with a data collection time of 60 s. The corresponding XRF spectrum is displayed in 
Fig. 2b, showing a clear signal from Ca, and even the P signal at ≈ 2keV (from the calcium-
phosphate crystals in bone) is visible.  

From the 2D SAXS/WAXS patterns, structural parameters are derived by a semi-
automated data evaluation program, which will be implemented into an online data analysis 
procedure in the near future. By now, only the XRF-signal from certain regions of interest 
(e.g. calcium, see Fig. 3b) as well as the specimen transmission can be mapped online. After 
analysis of the SAXS data, maps of the T-parameter (mean thickness of mineral platelets) and 
ρ-parameter (degree of orientation of mineral platelets) can be obtained [4] (see Fig. 3 (c) and 
3(d), respectively). The lattice parameter in c-direction of the (hexagonal) mineral crystals is 
obtained from the position of the 002 Bragg-reflection in the WAXS pattern (Fig. 3(f)). From 
the width of this reflection, the average length of crystallites can also be determined using the 
Scherrer Equation [5] (see Fig. 3(e)). The instrumental resolution is taken properly into 
account by measuring the powder diffraction pattern of synthetic HAP with 1μm grain size. 
For the given example, the T-parameter and the lattice constant show a distinct dependence on 
position, while the two other parameters shown in Fig. 3 do not change strongly and/or 
systematically 

In conclusion, we have shown the feasibility of simultaneous SAXS/WAXS/XRF 
mapping of bone with a position resolution down to 10 μm at the BESSY μ-Spot beamline. 
This resolution is just sufficient to resolve the so called bone packets, allowing to study 
changes in bone nanostructure and composition in diseased bone and eventually newly 
formed bone after treatment. 
 

 
 
 
Fig. 2, (a) 2D SAXS/WAXS image and (b) XRF spectrum of bone section 
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Fig. 3, Different images from a thin bone section: (a) Light microscopy of specimen, the 
green square indicates the measured area, (b) online (relative) XRF mapping of calcium 
concentration, offline mapping of plate thickness (c), degree of orientation (d), plate length (e) 
and lattice parameter (f). 
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Static Speckle Experiments Using White X-ray Beam at EDR beamline at BESSYII 
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Coherent X-ray radiation provided at third generation synchrotron source BESSYII is very useful in 
performing static speckle experiments. Continuing our work on coherent X-ray scattering static 
speckle experiments were performed using white X-ray beam at EDR beamline [1-4] at BESSYII . 
Energy range between 5 and 20 keV is used exploiting the exponentially decaying part of bending 
magnet emission spectrum at BESSYII. In our earlier experiments we measured static speckle 
patterns from semiconductor surfaces. Technologically flat as well as patterned surface profiles are 
investigated. Measurements are performed at grazing incident angles over wide energy range 
simultaneously. Attempts have been made to find theoretical explanation for the observed speckle 
patterns. Different approaches are used to calculate the scattering pattern from model surfaces. This 
year (2007) experiments were performed on finite sized sample. The prior information about the size 
of the sample was expected to help in explaining the measured speckle pattern. 
 
Fig.1A shows the measured reciprocal space map from GaAs flat surface at incidence angle αi=0.1°. 
The map shows series of lines parallel to qz. This pattern is supposed to be resulted from the 
illumination function modified by surface undulations. Although the surface is supposed to be 
atomically smooth the distribution of the lines is not regular. To introduce some regularity patterned 
surface in the form of grating is used. The lateral period of grating is D0=500 nm and depth is 100 nm. 
Fig.1B shows the recorded reciprocal space map for GaAs grating at 0.1° of angle of incidence [5]. 
The grating peaks at expected at Δqx=2π/D, with D=D0/cosω, ω being the azimuth angle of rotation of 
grating lines with respect to incoming beam direction. For αi=0.1° the critical value of qz is qzc=0.046 
Å-1. All the scattering below qzc results from the total external reflection from the sample. Thus at the 
small incidence angle of 0.1° the first order grating peaks at qx=0.17µm-1 are hardly visible.  
 

 Fig.1. Recorded reciprocal space maps of (A) GaAs smooth sample (B) GaAs grating with period 
500 nm and depth of 100nm at angle of incidence of 0.1°. 
 
The commonly used inversion procedure [6] considers that the sample is illuminated by beam with 
Gaussian distribution. Whereas experiments performed at our set up [5] prove that the illumination 
function at the sample follows Fresnel diffraction pattern due to incident pinhole. Considering this 
correct illumination function B(r,φ) the phase retrieval procedure discussed in Ref. 6 has less chances 
of success.  This is discussed in detail in recent PhD thesis from our group [7]. 
 
 

(B)(A) 
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Therefore the direct calculation of scattering amplitude is attempted using the following relation 
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Fig.2. Scattering amplitude at qz =0.04 Å-1 (A) Fraunhofer approach (B) Fresnel approach. Black – 
Calculated, Red – Measured 
 
As can be seen in Fig. 2 this calculated scattering amplitude resembles a delta function at qx=0 
representing the specular beam. Thus the Fraunhofer approach in equation (1) cannot explain the 
rapidly oscillating behaviour of measured scattering amplitude. The important parameter of sample to 
detector distance (L2) is missing in this Fraunhofer approach using equation (1). To take into account 
this distance L2 the so called Fresnel density approach is used [8,9]. The scattering amplitude is given 
by 
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 Here the electron density ρ(r) is modified to Fresnel electron density ρF(r) which is a function of both 
source to sample distance (L1) and sample to detector distance (L2). ρF(r) also involves the 
illumination function B(x,φ) through the first term containing L1. The calculated amplitude again is 
like a delta function at qx=0 representing the specular beam. This approach also fails to explain the 
oscillations in the measured scattering amplitude as can be seen in Fig. 2B. 
 
The oscillations in measured scattering amplitude correspond to some length scales in real space on 
the sample. To investigate the right length scales which are involved scattering experiments are 
performed with a triangular shaped sample. The sample is illuminated with the footprint larger than 
the actual sample size in the beam. Then successively the size of the sample in the beam is increased 
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by illuminating the broader side of the triangular shaped sample. Fig. 3 shows measurements for three 
different cases. For the case with effective sample size l = 0.8 mm, the scattering is calculated from a 
slit with size l. Most of the calculated oscillations match with the measured ones. This indicates that  

 
 
the effective sample size l is largely responsible for the major oscillations in scattering amplitude. 
Apart from that there are many small features which do not correspond to the length scale l. Thus 
there are many such length scales involved. A model with scattering from slits of different length 
scales interfering with each other seems to explain the other two cases in Fig. 3. Work is in progress 
to develop such a model. 
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Introduction 

With regard to an extended lifetime of steel structures fatigue 
improvement methods like shot peening or different hammer 
peening procedures have been developed and improved for their 
application at welded steel structures. The evaluation of such 
applications requires an exact knowledge about the effects on the 
microstructure and their properties. Fatigue strength 
approximations which allow to calculate particular improvement 
amounts necessarily require a good knowledge about the surface 
residual stresses as well as their depth distributions. It is assumed 
that high intensity procedures like different high frequency 
hammer peening methods produce a relatively high penetration 
depth of the beneficial compressive residual stresses. Such 
residual stress profiles can hardly be determined with classical 
methods like hole drilling or X-ray diffraction. Figure 1 
demonstrates the measurement problem. The hammer peening 
procedure produces a smooth weld toe profile with a radius 
which depends on the tip radius of the applied tool. The problem 
is, that depth measurements of the residual stresses cannot be 
performed easily with help of X-ray diffraction due to the surface 
topography which disables a certain surface removal by 
electrochemical polishing. Even a hole drilling measurement is not possible at the weld toe due to 
the notch geometry. Nevertheless the residual stress profile is required for the evaluation of the 
procedure. 

Figure 1: Shape of the weld toe 
after local hammer peening. 
Figure 1: Shape of the weld toe 
after local hammer peening. 

 
Experimental procedure 

MAG-welded specimen of the structural steel S355J2G5 have been used in the as-welded state 
and after different mechanical surface treatments (e.g. shot peening and high frequency hammer 
peening) in order to examine residual stress depth distributions in the transition zone between 
the weld metal and the adjacent base material. The measurements were concentrated directly on 
the zone at the weld toe where usually the fatigue cracks can be expected. Surface residual 
stresses were determined with help of X-ray diffraction using CrKα-radiation. The subsurface 
residual stresses where measured with synchrotron radiation using the EDDI-beamline of the 
HMI. The residual stresses were calculated with help of the sin²ψ-method from the diffraction 
lines measured up to ψ-angles of approximately 80°. Additional measurements in deeper layers 
where performed at BENSC  using the diffractometer E3. 
 
Experimental results 

Figure 2 shows the distributions of the transverse and the longitudinal residual stresses in the as-
welded state. For these experiments TIG-welded samples with a rather flat weld seam were used. 
The target of these experiments was to clarify, if the residual stress measurements with the 
EDDI-setup could produce reliable results in both measurement directions. As the comparison 
with the XRD-measurements reveals the transverse residual stresses show a rather good 
agreement of both measurement techniques. Especially  in the weld toe region the synchrotron 
experiments are more sensitive with regard to the different depth position of the measured 
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residual stresses. The results of the XRD-measurements are representing an average distribution. 
However the longitudinal residual stresses are characterised by strong scattering residual stresses 
with exceptional high single values which are not consistent with the properties of the base 
material. The  reason for this disagreement is, that the quality of the residual stress measurements 
depends obviously strong on the shape of the focal spot of the incident beam (slit size 1x1 mm²). 
Due to the flat  angle of the incident beam the focal spot is strongly asymmetric. The focal spot is 
enlarged in  the beam direction. This means, that the measurement of the longitudinal residual  
stresses is performed under conditions, where the comprehensive zone includes a rather wide 
range and that is to say, that a measurement at the weld toe is influenced by the base material as 
well as of the weld seam. Furthermore the geometry of the weld seam complicates the correct 
adjustment of the specimen and the reflecting beam is covered by the weld seam. On the other 
hand this problem is not evident in transverse direction because the position of the focal spot 
related to the weld toe is not depending on the size of the primary slit. It is a very useful 
cognition that the more interesting transverse residual stresses in a weld can be measured very 
well with this setup whereas the determination of the longitudinal residual stresses obviously 
requires improved measurement conditions. 

Figure 2: Residual stress distributions from energy dispersive measurements in a TIG-welded sample of the 
structural steel S355J2G3. Calculations from different lattice planes in comparison to measurements with help 
of X-ray diffraction. Left hand side: transverse residual stresses, right hand side: longitudinal residual stresses 

 
The residual stresses measured at the weld toe of mechanically treated samples are summarized in 
Figure 3. The samples where shot peened and high frequency hammer peened at the weld toe 

(HiFit: air driven excita-
tion; UIT: ultrasonic exci-
tation of the tool tip). 
Figure 3 (right hand side) 
offers the possibility to 
compare the described 
residual stresses with 
those determined in 
deeper layers measured 
with help of neutron 
diffraction. As Figure 3 
reveals the synchrotron 
experiments enable to fill 
the gap in the knowledge 
between the deeper zones 
where the neutron 
experiment start and the 
surface information given 

 
Figure 3: Residual stress distributions in the subsurface region of the weld toe of 
mechanically treated welds (left hand side: results from synchrotron experiments) 
and in deeper zones (measurements with help of neutron diffraction at BENSC). 
HiFit:air driven tool excitation; UIT: ultrasonic excitation of the tool tip. 
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by the measurements performed with XRD. These residual stress informations can hardly be 
provided with help of alternative techniques. Hole drilling method is not applicable direct at the 
weld toe due to the surface topography and on the other side XRD measurements are very 
difficult in this region because the electrochemical surface removal requires much effort and is 
rather uncertain. 
 
The results given in Figure 3 provide two different conclusions with regard to the main target of 
the investigation and that is to say to evaluate the mechanical treatments. In comparison to the 
residual stress profile after shot peening, which shows the not  really surprising characteristic 
feature of a small penetration depth and a maximum of the compressive residual stresses not 
much below the surface, the subsurface residual stress profiles of the high frequency hammer 
peening techniques show a strong scattering.  The compressive residual stresses in the near-
surface region are lower than after shot peening and strongly scattering. In deeper zones the high 
intensity  of the treatment leads to high tensile residual stresses. This result is of great importance 
because it shows that obviously a maximization of the peening intensity with regard to a higher 
penetration depth not necessarily leads to the best residual stress condition and that is to say to 
the best performance of the weld. 
 
Another important result of the investigations can be demonstrated with Figure 4.  Here the d-
sin²ψ-distributions of the {211}- and of the {321}- lattice planes  measured at the weld toe are 
given. Due to the  geometry of the treated zone the measurements could not be performed up to 
the highest ψ-angles in all specimens. On the other side the distribution show a tendency of a 
stronger scattering with increasing intensity. The UIT-specimen even shows a tendency of a 
lightly texture after the treatment. 

 

 
Figure 4: d - sin²ψ-distributions of mechanically  treated samples 

Conclusions 

The presented investigations have shown, that the combination of different measurement 
techniques enable a reliable description of the residual stress conditions of welded joints with and 
without mechanical post weld treatments. A problem is the measurement of longitudinal residual 
stresses with synchrotron radiation in the weld toe region. Here further investigations should be 
performed using a smaller focal size. However it can be expected, that the welds seam itself is 
covering the reflecting beam at flat diffraction angles. Hence the used setup is more favourable to 
be used for the determination of the residual stress component transverse to the weld 
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Photonenergy calibration for the 10m-NIM beamline by establishing an atlas of H2 
absorption lines between 85 – 72 nm (14.5 – 17.3 eV). 

 

M. Glass-Maujean, S. Klumpp*, A. Knie*, W. Kielich*, A. Ehresmann*, and H. Schmoranzer**  
Laboratoire de Physique Moléculaire pour l’Atmosphère et l’Astrophysique, Université P. et M. 
Curie /CNRS, 4, pl Jussieu, F-75252 Paris Cedex 05, France  
*Institut für Physik, Universität Kassel,  D-34132 Kassel, Germany 
** Fachbereich Physik, Technische  Universität Kaiserslautern, D-67653 Kaiserslautern, Germany 
 

The U125/2-10m-NIM beamline at BESSY is probably the beamline with the highest 
resolution world wide in the VUV spectral range. In any case, there is no comparable instrument at the 
other synchrotron facilities in terms of spectral resolution and light intensity. However, in order to 
fully use its capabilities, it is necessary to characterize precisely its apparatus function and ultimate 
resolution and, particularly, to calibrate the energy of the delivered photons in the relevant energy 
range. 

The molecular hydrogen absorption spectrum was used for that purpose as it presents hundreds 
of lines at these energies. The levels excited at these energies may decay via various channels: 
ionization, dissociation or molecular fluorescence. All these processes can be detected simultaneously 
with the absorption by the setup used here. In the 81-76 nm spectral range, the absorption spectrum 
has been recorded already thirty years ago, on photographic plates, at low temperature and with a 
resolution of 300 000, simultaneously with Ritz standards1. The absolute values of the energy 
positions , corrected for pressure shift, are precise within 0.1 cm-1. The comparison of a few of these 
values with more recent laser measurements confirms them2.  

The 10m-normal-incidence monochromator was equipped with a 1200-lines/mm grating used at 
third order with 45µm-wide slits. The translation of the grating had been adjusted to obtain the best 
resolution at the third order. The H2 absorption spectrum was recorded at a pressure of 5 or 20 mTorr, 
at room temperature, in the 81-72 nm spectral range 

The apparatus function and the resolution were tested on the lines yielding molecular 
fluorescence; for these lines, the natural linewidth is much smaller than the Doppler width which 
amounts to 0.00035nm (HWHM). In this case, the measured profile was found nearly symmetrical 
with an expected triangular shape of 0.0010±0.0003 nm width (HWHM) (see fig.1). The resolution 
can then be estimated to be around 60000, not too far from the theoretical value of 67000. Whereas the 
line profile measured at the third order is symmetrical, this is not the case at the zero order. Figure 2 
shows the variations of the current from the refocusing mirror located between the monochromator 
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Fig.1: line profile measured at the third order
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and the experiment cell around the zero order value. 
In order to obtain the real profiles, we commanded a scan of the monochromator with 0.0002nm 

steps. However, the wavelength values read out by means of the grating angle encoder were not 
equidistant. The effective steps varied between zero and more than 10 times the demanded value. Due 

to this, the line profiles may be defined in 
some cases by much less points than desired.  

The recent improvement in the 10m-
NIM grating drive control loop (Heidemann 
correction) increased the reproducibility of the 
wavelength measurement: two spectra taken at 
two different days superimpose exactly 
without any readjustment. This is a great 
improvement over the past. In order to decide 
if the nonlinearity problem was solved, too, 
(these nonlinearities have been one of the 
major obstacles in using this beamline at 
highest resolution in the past) we compared 
the wavelength values as given by the 
beamline control software with the known 
“real” wavelengths of these resonances for 
more than 200 lines. The full atlas will be 
elaborated later. The wavelength differences 

(λmeas - λreal) are displayed in figure3; they have mean values around -0.004nm at 80nm and -0.0055nm 
at 76nm, with standard deviations of ±0.0013nm at 81nm and of ±0.0019nm at 76nm. The differences 
are obviously far more important than one could have expected from the excellent reproducibility of 
the measurements. No simple correlations could be found between 
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Fig 3: Wavelength differences between the measured values and the real ones

the wavelength differences and the angle encoder values.  
We also tested the calibration at higher energy, on the He I absorption spectrum, and we found 

an even more important general shift: -0.010nm at 50nm, with a standard deviation of ±0.0020nm. 
Thus there is a systematic error in the calibration, increasing with the grating angle, which is easy to 
correct and a nonlinearity added to it which is far more difficult to control. 

 
 
 
 
 
                                                 
1 G. Herzberg and Ch. Jungen, J. Mol. Spectrosc. 41, 425 (1972) 
2 M. Sommavilla, Diss. ETH Zürich nr 15688 (2004) 
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First Step Towards a Femtosecond VUV Microscope: Zone Plate

Optics as Monochromator for High-order Harmonics.

J. Gaudin, S. Rehbein, P. Guttmann, S. Godé, G. Schneider, Ph. Wernet, W. Eberhardt

BESSY, Albert Einstein Strasse 15, 12489 Berlin, Germany

E-mail:gaudin@bessy.de

1 Introduction

Since the pioneering work done at BESSY [1], microscopy using soft X-Rays has became a routine

method for high-resolution imaging. Thanks to progress in the nanolithography processes, diffractive

optics used in the microscope, namely zone plates (ZPs), allow to reach unprecedented spatial resolution

in the range of a few ten nanometers [2]. Hence by combining this technique with a light source delivering

ultrashort pulses one would be able to perform time-resolved imaging experiments with both, high-spatial

and high-temporal, resolution.

Such a light source in the VUV domain is now available: High-order Harmonics (HH) of femtosecond

laser. This type of source is now well characterized and can be optimized to routinely deliver high

photon flux and ultrashort pulses. All these features make them suitable for imaging experiments and

first results have been recently published [3, 4]. But so far the use of ZPs, the basic optical component in

a microscope, with HH-based sources has been limited to objective lenses with HHs of around 100 eV.

The main limitation is that the transmission of the standard material for the zone plate substrate, silicon

nitride, is very low for energies below about 90 eV. Hence in order to develop a full field microscope in

the VUV range one has to show that ZP can be used in the typical photon energy range of a few ten eV.

We report the first step towards this goal by testing a condenser ZP as a monochromator for HHs. To

overcome the transmission problem we used a Si foil as substrate. In fact, for a 180 nm thick foil the

transmission is better than 50% in the energy range of 30 to 70 eV [5]. We show that ZP optics provide

a sufficient monochromaticity to select only a particular harmonic and that the transmission properties

enable to record CCD images in a comparably short acquisition time for photon-energies of a few ten eV.

2 Experimental set-up

The planned microscope is shown in figure 1. The results presented in this article concern only the

condenser ZP (elements numbered in red in fig. 1). HH generation is driven by an infra-red laser (1.57

eV photon energy, 1.5 mJ, 40 fs per pulse at 1 kHz repetition rate) which is focused inside a glass capillary

(2 cm long, 300 µm inner diameter). The IR beam is then blocked by two 150 nm thick aluminum filters

(not shown in fig.1). At a distance of 1455 mm from the capillary, the condenser ZP is mounted on

a two-axis motorized stage. Our ZP consists of 2500 zones with a diameter D = 2 mm diameter on a

180 nm thick silicon foil. This leads to a temporal broadening of nearly 100 fs for the 33rd harmonic

at 51 eV. The pulse duration is obviously stretched but the duration is still in the femtosecond range.

The outermost zone width of our ZP is drn = 200 nm. An order sorting aperture (OSA), consisting of a

1
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2

3
4

5

6

Fig. 1. The full field VUV microscope, only elements num-

bered in red have been yet implemented. Top left insert:

Image of the 4 main harmonics in Argon. Numbers in the

corners indicate the corresponding harmonic order.

1: focusing lens

2: glass capillary for HH generation

3: condenser ZP

4: Order Sorting aperture

5: micro-zoneplate

6: X-Ray CCD
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pinhole of d=10 µm diameter, firstly blocks useless diffraction orders (i.e. different than +1) and secondly

monochromatizes the HHs. The OSA is mounted on a 3-axis linear stage allowing for a variation of the

distance to the ZP with an accuracy of 1 µm. All the measurements are performed with a back illuminated

soft X-Ray CCD camera (2048 x 2048 pixels, 13.5 µm pixel size).

3 Results

In order to select one harmonic we take advantage of the fact that ZPs are chromatic optics. Hence the

different harmonics are focused at different points. Since f increases with decreasing wavelength (i.e.

increasing harmonic order) the diameter of the corresponding circle on the CCD is smaller the higher the

harmonic order. Adding an OSA allows us to block the -1 order. Moreover, if it is placed exactly at the

focus of one harmonic only this harmonic is transmitted. This provides the monochromatization and we

obtain CCD images showing only one circle. Images taken for the 4 most intense harmonics as generated

in Argon are presented in figure 1. If one now varies the distance between the ZP and the pinhole, and

records an image for each step one obtains a full emission spectrum. Spectra measured for the generation

gases Argon and Neon are shown in figure 2. This allowed us to test the ZP in the photon energy range

from 30 to 70 eV. Using the zone plate formula relating f and λ together with the thin lens formula we

convert the ZP/OSA distance to photon energy. The graph also shows the centre energies as calculated

according to the fundamental laser energy of 1.57 eV. The calculated values are in a good agreement with

experimental peak maxima for low harmonics. The mismatch for the highest harmonics can be explained

by the blue shift of the fundamental laser while propagating in an ionized medium [6]. This effect is

more important in Neon as we focused the IR beam more tightly by using a shorter focal lens, enhancing

HHG efficiency but also enhancing ionization. The short acquisition time of 10 s (60 s) for Argon (Neon)

should be noted. The current measured by GaAs diode in front of the condenser ZP gives an estimate of

1010 (107) photons/s per harmonic for Argon (Neon). Thus, even with this comparably low photon flux

the acquisition time is still short enough for future imaging applications.
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Fig. 2. Emission spectrum measured for Neon (left) and Argon (right).

4 Conclusion

In conclusion, we have demonstrated that ZPs can be used as monochromating optics for high-order har-

monics of a femtosecond Ti:Saph laser with photon energies of a few ten eV. It also leads to femtosecond

VUV microscopy. Such a table-top microscope would not be competitive with synchrotron based ones

in terms of spatial resolution, which is mainly given by the wavelength, but it would be competitive in

terms of temporal resolution. The final goal would be to perform time-resolved studies by coupling VUV

microscopy and pump-probe techniques. Moreover this first successful step opens the way to unprece-

dented insight into the HHG process itself. In fact, imaging the source will provide insight into the phase

matching conditions that can be correlated to theory.
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First Commissioning Results of the 5m-NIM
Beamline BEST

Thorsten Zandt, Christoph Janowitz, and Recardo Manzke

Institut für Physik, Humboldt-Universität zu Berlin, Newtonstraße 15, 12489 Berlin, Germany

The most common monochromator in the vacuum ultraviolet (VUV) range at syn-
chrotron radiation sources is the normal incidence monochromator (NIM). A NIM beam-
line is generally qualified for high-flux and high-energy resolution in the VUV range from
aproximately 5 eV to 40 eV, making it well suited as excitation source for experiments with
photoionization of atoms and molecules and high resolution angle-resolved photoelectron
spectroscopy (ARPES).

In this report we describe the performance of the 5m-NIM beamline at BESSY II at
the bending magnet DIP 03-1B. On this beamline students and young scientists will be
introduced and continuously qualified into the fascinating possibilities of synchrotron ra-
diation research. So we call it: “Beamline for Education and Scientific Training” (BEST).
The layout of the beamline was described in [1]. The grating unit of the monochromator
provides space for three gratings which are interchangeable in vacuum. At the moment
we only use a 1200 l/mm grating with a tungsten coating (λopt = 80 nm).
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Fig. 1: Resolution test by an auto-ionization spectrum of neon in the region of the two s’
and d’ Rydberg series. In (a) a spectrum using the first order of the grating is shown, in
(b) a spectrum using the third order. In the insets the 16 s’ and 15 d’ spectra (at an exit
slit width of 10 µm) are shown.

After beamline alignment on air, the beamline was pumped down to p < 10−9 mbar. In
order to maximize the photon flux and to optimize the beam shape at the beamline focus,
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Tab. 1: Published energy positions ELit,
measured energy positions EExp, relative
deviation to published energy positions
δE/ELit=(ELit-EExp)/ELit for the 1200 l/mm
grating at different energies.

Published Measured
Lines ELit (eV) EExp (eV) δE/ELit

Ne 12d’ 21.5666[2] 21.5696 0.00014
Ar 13s’ 15.7615[3] 15.7643 0.00018
Xe 15s’ 13.3236[4] 13.3249 0.00010

Tab. 2: Experimental halfwidth
of measured autoionizing lines and
resulting resolving power for the
1200 l/mm grating at different ener-
gies.

FWHM Resolving
Lines (eV) power

Ne 12d’ 0.0021 10223
Ar 13s’ 0.0011 14597
Xe 15s’ 0.0006 22208

the optical elements ( 3 mirrors and 1 grating) of the beamline were properly adjusted by
using precision X-Y-Z and tilt motion mechanisms.

The spin-orbit autoionization spectra of different rare gases in between the np5(2P3/2)
and np5(2P3/2) thresholds were measured for the determination of the resolving power
of the monochromator. The linewidth of the peaks represents directly the energy res-
olution of the monochromator, because the natural linewidth of the resonance and the
Doppler broadening are negligibly small. A differentially pumped ionisation chamber with
a 10 mm long and 1 mm diameter entrance aperture was used to record the total ion yield
spectra. The ionisation current was measured with a Keithley 6517 electrometer in the
high accuracy mode. The collection voltage was set to 50 V. Several measurements have
been carried out on neon, argon, and xenon gases to test the energy resolution at different
photon energies.

In Tab. 1 the δE/ELit values are summarized, corresponding to the energy difference
between our raw measurements and the best literature values at different energies. The
approximately constant δE/ELit is nearly independent of the energy, suggesting that the
scanning motion runs without an important offset between the optical and mechanical
zero order positions. We did not find any dependence on scanning directions. Some
experimental halfwidths measured with different gases are shown in Tab. 2.

In Fig. 1(a) and 1(b) we show the auto-ionization spectra of the two s’ and d’ Rydberg
series of neon measured with 10 µm exit slit width at 10−3 mbar. In Fig. 1(a) the first
order of the grating is shown. In the inset the 16 s’ and 15 d’ peaks are shown amplified.
The corresponding FWHM of 1.4 meV leads to a resolving power of 15400 at 21.6 eV. The
obtained resolution for different slit sizes is given in Fig. 2. In Fig. 1(b) a spectrum using
the third order of the grating is depicted. The corresponding FWHM of 0.6 meV leads
here to a resolving power of 36000. The result of the third order shows that there will not
appear mechanical problems when using a grating with 3600 l/mm in the near future.

The photon flux of the 5m-NIM beamline BEST is shown in Fig. 3. The photon
intensity at the sample position was measured by a windowless photodiode (GaAsP,
Hamamatsu model 1127–04), which was included in the ionisation chamber. The flux
was normalized to the ring current of 100 mA and corrected by the absolute quantum
efficiency of the diode.

The beamline flux has been also calculated by taking into account the output of the
bending magnet, the efficiency of the grating, and the reflectivity of all optical components.
The flux for the bending magnet radiation at 100 mA ring current was calculated with
the software SPECTRA [5]. The total transmission of the optical elements was obtained
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Fig. 2: Resolution of the BEST beamline
in dependence of the exit slit width. One
line of the neon spectrum was used which
was sufficiently separated from other lines.

Fig. 3: Normalized photon flux of BEST
measured at the sample position in com-
parison to the calculated curve.

by the product of reflectivity of the mirrors, diffraction efficiency of the grating, and the
fraction of the rays that pass through the entrance and exit slits for 0.1% bandwidth.
The reflectivity of the mirrors was calculated from the Fresnel equations, using tabulated
values of n and k [6]. The result of the calculation is incended in Fig. 3.

The comparison of the measured and calculated flux revals overall good the shape,
and the absolute intensity which is coincides within a factor of two. This is an excellent
result if one considers that the calculations were performed without taking the mirror
roughness (slope error) or degradation into account. The mirrors M1 and M3 are “old”
mirrors which have been taken from an old 3m-NIM beamline. Moreover, the tungsten
coating of the grading is known to have a high oxidation rate. Other possible explanations
may lie in an attenuation of the flux due to the capillary of the ionisation chamber and
parts of the beamline.

The authors would like to thank the German Federal Ministry of Education and Re-
search (BMBF), Project 05KS1KH11, for their financial help. The authors acknowledge
the support from the staff of BESSY, especially Dr. G. Reichardt.
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The new Photoemission Endstation at the
Beamline for Education and Scientific

Training (BEST)

Thorsten Zandt, Lenart Dudy, Christoph Janowitz, and Recardo Manzke

Institut für Physik, Humboldt-Universität zu Berlin, Newtonstraße 15, 12489 Berlin, Germany

On the new 5m-NIM beamline [1] students and young scientists will be introduced
and continuously qualified into the fascinating possibilities of synchrotron radiation re-
search. That is why we call the 5m-NIM beamline: “Beamline for Education and Scientific
Training” (BEST). It is intended to offer practical training complemented by theoretical
courses, both at the synchrotron and at the university. Beyond training and courses the
beamline will be open to young scientists for their master and doctoral thesis. The Hum-
boldt University has commissioned in close collaboration with BESSY this new beamline.
Parallel to the commissioning we installed a new photoemission chamber as endstation
for the beamline.

Figure 1: The photoemission chamber for BEST.

This endstation (Fig. 1) is equipped with the high resolution electron energy analyzer
Scienta SES-2002 from Gamma Data. This analyzer consists of a 200 mm hemispherical
analyzer designed for very-high resolution photoelectron spectroscopy. It provides an
energy resolution of better than 2 meV and an angular resolution of 0.2 ◦ over a large
kinetic energy range.

The analyzer is mounted in the main chamber together with a high precision manip-
ulator equipped with a close cycle He cryostat. The sample manipulator has five degrees
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Figure 2: Analyzer resolution obtained by measuring the Fermi level width of an evapo-
rated gold film with a He discharge lamp (left: angle channels versus energy ; right: Fermi
edge from summing over all angular channels). After subtraction of the line width of the
discharge lamp the analyzer resolution was 2.7 meV.

of freedom: x, y, z and two rotations. The manipulator is motorized by stepper motors in
these five degrees of freedom, which enables angle-resolved measurements over 2π stera-
dian below 10K. The system is optimized for reducing the possibilities of damage due to
improper handling. For example, a sophisticated interlock system prevents of accidentally
venting the system.

The main chamber is of µ metal. It is pumped with a cryo pump, a turbo pump, and
a Ti sublimator. The base pressure in this chamber is in the medium 10−11 mbar range.
For sample storage and transferation as also for multiple preparation purposes a highly
precise sample rotation chamber (UFO) is attached to the main chamber. On it a sample
load lock system is mounted. The experimental station has been delivered and installed
at BESSY in spring 2007 by PREVAC Ltd., Poland.

End of 2007 we started with the final installation and tests of the endstation on the
5m-NIM beamline. First the analyzer resolution was tested by a gas cell with xenon. An
analyzer resolution down to 1.4 meV was achieved. Resolution measurements on a solid
sample were performed by measuring the width of the Fermi edge of evaporated gold
films at cryogenic temperatures. The results obtained with a commercial He discharge
lamp (UVS 300 by SPECS) are shown in Fig. 2. After subtraction of the temperature
broadening and the line width of the discharge lamp the analyzer resolution of 2.7 meV
is obtained. The achieved resolution on a solid sample with radiation from the 5m-NIM
beamline is shown in Fig. 3 at standard conditions. This means that usually measurments
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Figure 3: Analyzer resolution obtained by measuring the Fermi level width of an evapo-
rated gold film irradiated with synchrotron light of the 5m NIM beamline (left: angular
channels versus energy; right: Fermi edge from summing over all angular channels).

at resolutions of ∆E < 10 meV and ∆ϑ < 0.2◦ can be conducted with sufficient statistics.
Since the analyzer possesses besides parallel detection of the energy also parallel detection
of an angle regime of up to 14◦, an optimum adjustment of the sample is necessary to
get the same Fermi energy position for all angles. For this reason we show in Fig. 2 and
Fig. 3 also the intensity plots as obtained form the channel plate, i. e. a plot of angular
channels versus energy. It is important to note that also the resulting Fermi edges are the
sum over all angles (14◦). Therefore the total energy resolution is shown a convolution of
the energy resolution of electron analyzer, the line width of photon source, the temper-
ature broadening, and the accuracy of angle adjustment described above. This is only a
preliminary result which can be improved by reducing the temperature, the exit slit, and
the spectral broadening by utilizing lower photon energies.

The authors would like to thank the German Federal Ministry of Education and Re-
search (BMBF), Project 05KS1KH11, for their financial help.
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Magnetic clusters and nanostructures are promising candidates for many applications

as in, e.g., sensors and magnetic mass storage devices [1]. Thus, strong efforts have been

undertaken in the past in order to prepare and study the properties of nanosized magnets.

In particular much attention has been paid to the magnetic anisotropy energy (MAE) of

structures of interest since it determines the stability of their magnetization as well as their

switching behavior. Powerful tools for studying nanomagnets are given by techniques relying

on magneto-optical effects that occurr when polarized radiation is scattered by a magnetic

structures. Using visible light allows one to record magnetic hysteresis loops e.g. by means

of the magneto-optical Kerr-effect [2]. The magnetization curves reveal information on the

macroscopic behavior of a sample. However, resonant excitation of core level electrons

with synchrotron radiation provides not just element-specifity being in particular important

when studying complex nanostructures, but also strongly enhanced magneto-optical signal-

to-noise ratio [3]. Moreover, sum rules enable for the determination of magnetic spin and

orbital moments from absorption spectra and thus give inside into the microscopic origin of

macroscopic properties [4].

Measuring the MAE of magnetic nanostructures usually requires probing the specimen

with the magnetic field applied along certain directions (e.g. crystal axes). This is achieved

by rotating the sample and applying a magnetic field with a fixed orientation or by fixing

the sample position and varying the direction of the magnetic field. The latter approach

is advantageous in many experiments since it avoids any motion of the sample and any

change of experimental geometry, respectivly. In this contribution we report on our first

test measurements with a new soft x-ray scattering end station being equipped with a

magnetic octupole providing a variable and rotatable magnetic field of up to 1 Tesla [5].

The setup is similar to that reported in Ref. [6], but additionally provides full access to

the scattering plane. Fig. 1 a) shows the magnetic octupole vacuum chamber with a base

pressure of ∼ 1 ·10−10 mbar. Eight resistive magnets equidistantly spaced about the surface

yield an omnidirectinal and homogenous field (±1%) in the sample space. The latter is

given by a sphere with a diameter of about 28 mm [cf. Fig. 1 b)] being sufficient for most

common sample sizes. The magnet geometry provides a free scattering plane of > 2 mm

width. The scattered light is detected by means of a photodiode being mounted on a ring-

shaped rail inside the vacuum chamber. Rotating the sample and adjusting the photodiode

position thus enables for investigations at arbitrary angles of incidence. A second chamber

equipped with low energy electron diffraction, sputter-gun, heating station, electron beam

evaporators, and transfer devices allow for full in situ preparation of samples.

First measurements with the new device have been carried out at the PM3 dipole beamline
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a) b)

Figure 1: (a) The magnetic octupole vacuum chamber. (b) The available sample space

between the magnet poles is a sphere with a diameter of about 28 mm.

at BESSY. Thin iron films grown by molecular beam epitaxy onto SiNi membranes served

as test samples. As an example Fig. 2 shows transmission spectra recorded at perpendicular

incidence using circularly polarized radiation with the photon energy tuned to the iron L

edges. A magnetic field of ±900 mT has been applied parallel to the incident beam. The

magnetization direction has been switched at each photon energy. Sum rule anaysis of the

absorption spectra derived from the transmission data reveals a projected magnetic moment

of about 1.1 µB along the field axis. This value is in good agreement with the respective

magnetization expected for a thin film with the magnetic properties being governed by shape

anisotropy. Moreover, electron yield and reflectivity spectra (not shown here) revealed the

promising capabilities of the new device. However, technical difficulties occurring in the

MOSFET-based polarity switching cards limited further tests during this first beamtime.

The cards are currently under revision.
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Figure 2: Transmission spectra of an iron film grown on a SiNi membrane measured with cir-

cularly polarized light and the magnetization perpendicular to the sample surface.

Red and black lines correspond to opposite magnetziation.
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Surface Description for "Diaboloid Mirrors"
Thomas Zeschke1

BESSY, Berlin

Abstract. For special aspherical mirrors that can substitute for the two mirrors of Kirkpatrick-Baez optics, the term
"diaboloid" is introduced in some synchrotron radiation facilities. The advantage of such mirrors compared with
Kirkpatrick-Baez optics is beam shaping by single reflection instead of two. Thus, a higher flux density at the same
spot size is achievable. An easy way to manage description of diaboloidal surfaces for a potential synchrotron application
example is described. Although this description is not an exact solution of the optical problem the surface can be defined
with sufficient accuracy for such examples. The parameters of these surfaces were found by using numerical methods for
parameter searching in association with geometrical optic raytracing.

Keywords: synchrotron radiation, Kirkpatrick-Baez optic, single reflection, asphere, diaboloid, high flux density

INTRODUCTION

The spectrum of x-ray radiation emitted by syn-
chrotron sources covers a broad range of wavelengths.
For most of the experiments with synchrotron radia-
tion monochromatic x-rays are used which require a
monochromator between source and experiment. Each
monochromator contains a dispersing optical device -
a grating or crystal - to separate the wavelengths into
different angles with the side effect of changing the
divergence in the direction of dispersion. This results
in a separation of the dispersive virtual source distance
from the unchanged source distance perpendicular to
the dispersion direction.
Refocusing optics, mostly used down stream the
monochromators to create a small spot at the exper-
iment, then have to deal with two different source
distances. From the position of this refocusing optic
one can describe such a source as astigmatic.
In general a toroidal mirror with its two different
radia could cope with this problem, but for a strong
demagnification, large aberrations of toroidal mirrors
blow up the spot size. For this reason two plane
elliptical mirrors in Kirkpatrick-Baez-configuration
are generally used for a separated focussing in the
horizontal and vertical directions. The disadvantage
is a loss in transmission due to the absorption at the
additional optical element. A single ellipsoidal mirror
(rotary ellipse) would create an astigmatic spot in this
case, but already relatively small changes made for
an intermediate ellipsoidal mirror will shrink the spot
size considerably. The description of the shape of this
so-called diaboloid-mirror as well as some raytrace
investigations are the subjects of this report.
The manufacturing of such mirrors in the needed
high quality becomes a realistic goal since advanced
manufacturing technologies for optics [1] and recent
developments in optical metrology [2] were estab-
lished. This progress allow more and more for optical
designs using aspherical mirrors [3] as well for syn-
chrotron beamlines.

1 email: zeschke@bessy.de, phone: +49 30 6392 4745

A FORMULA FOR A DIABOLOID

Figure 1 illustrates the problem. From the viewpoint of
the diaboloid there are two different source lines at the
distances rmeridional and rsagittal . In order to define an
astigmatic source with existing raytracing software in
a simple manner the introduction of a point source and
a plane-elliptical mirror was suggested.

FIGURE 1. Scheme of an astigmatic source (side view)
and a simple solution how to setup this kind of source with
raytrace software. Essential parameters for the following dis-
cussions are shown.

Based on initial empirical searchs using the raytrace
code RAY [4] equation (1) is proposed for describing
a diaboloidal surface. A part of equation (1) - terms
containing a11 . . . a44 - is sufficient to describe an
ellipsoid of rotation in the coordinate system shown in
figure 2. The key for deforming an initial ellipsoid of
rotation to a surface with better focussing properties
is the introduction of one additional term b13x2z in
equation (1).

F(x,y,z) = 0 = a11x2 +a22y2 +a33z2 + (1)
2a23yz+2a24y+2a34z+
a44 +b12x2y+b13x2z

The method to find the surface coefficients for a
given astigmatic source is the following:

1. defining [a11 . . .a44] for an ideal ellipsoid of rota-
tion based on [rmeridional or rsagittal ,rimage,α],

2. shifting the central beam intersection point with
this surface in the coordinate system origin by
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FIGURE 2. Coordinate system definition with reflected
central beam in the origin and coincidence of surface normal
and y-axis in the point of origin; mirror middle traces marked
(red - meridional, blue - sagittal)

coordinate transformation of equation (1), note:
no rotation around x-axis is needed here,

3. optimizing in a raytrace environment the current
parameters [a11,b13] in equation (1) by minimiz-
ing the spot size in the image plane; well known
computer aided minimization algorithms are suit-
able,

4. if desired, rotating of the surface around x-axis by
coordinate transformation, so that the surface nor-
mal and y-axis in the point of origin are coinci-
dent; therefore the indroduction of a further term
b12x2y in equation (1) was nessecary.

In order to realize this method an IDL2 code
was written. The multidimensional minimization
AMOEBA function (component of IDL) was used
for parameter searching. Moreover the raytrace code
RAY [4] was extended for this kind of surface descrip-
tion.

ONE EXAMPLE

To investigate the above described method and the per-
formance of the proposed diaboloid formula an exam-
ple with strong demagnification was selected. In table 1
the conditions, parameters and results for this example,
which could be a possible synchrotron application are
summarized. Figure 3 gives an impression of the shape
of the final example surface related to an initial ellip-
soid of rotation.

FIGURE 3. Height differences d between an initial ellip-
soid of rotation and the example surface with optimized fo-
cussing properties; d < 15µm

2 Interactive Data Language by ITT Corporation

The illumination of the example surface is shown
in figure 4. Figure 5 show spots in the image plane
without and with slope errors applied on the exam-
ple surface. Gaussian distributed surface slope errors
of 0.5 µrad (rms) sagittal and 0.2 µrad (rms) merid-
ional, which are very small errors for such optics, were
assumed. The raytrace results demonstrate that realis-
tic slope errors limit the minimization of the spot size.
Hence, in practice, the accuracy of the proposed for-
mula and method of surface retrieval is not the limiting
factor of further spot minimization.

TABLE 1. Diabolid surface example; ∗surface slope er-
rors: 0.5 µrad (rms) sagittal, 0.2 µrad (rms) meridional;
calculated with ideal point source

rmeridional 10 m
rsagittal 33 m
α 87.5 ◦

rimage 180 mm
mirror size 200 x 10 mm2

a11 9.87669E-01 mm−2

a22 9.98229E-01 mm−2

a33 1.90265E-03 mm−2

a23 4.20368E-02 mm−2

a24 -1.54253E+01 mm−1

a34 2.88657E-14 mm−1

a44 -1.04591E-11
b12 -2.90349E-06 mm−3

b13 6.89388E-05 mm−3

radius of meridional
middle trace (mean) ≈ 7.1 m

radius of sagittal
middle trace (mean) ≈ 14.79 mm

spot size (fwhm) 0.028 x 0.005 µm x µm
spot size (fwhm)

with slope errors∗ 0.037 x 0.162 µm x µm

FIGURE 4. Illumination of example surface

FIGURE 5. Spots in the image plane
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SOME CHECKS

Because of the reversibility of light propagation back-
ward raytracing was performed using the same ex-
ample. A point source was defined at the distance
rimage with respect to the surface and two image planes
were set at the corresponding distances rmeridional and
rsagittal . Simulations show the expected results (see fig-
ure 6).

FIGURE 6. Backward raytracing via the example surface;
At corresponding image distances appear 2 lines. A third
image plane (23 m) illustrates the ray positions in-between.

Another check was performed with the geomet-
rical optics part of the wavefront propagation tool
PHASE [5], which accepted the 5th order Taylor se-
ries expansion of the example surface. It confirmed the
excellent focussing property of this surface compared
with a toroidal mirror.

Finally a mathematical approach applying the FER-
MAT principle on this ’astigmatic source’-problem
leads to approximately the same surface. Differences in
height between the FERMAT method and the method
mentioned above are less than 60 nm (peak-to-valley).

RAYTRACE INVESTIGATIONS

A setup similar to figure 1 was used for the follow-
ing investigations with the raytracing code RAY [4]. It
was appropriate for the surface search method to ray-
trace with an ideal point source with no expansion. To
simulate a more realistic case, the raytracing calcula-
tions were performed with an expanded point source of
10 x 10 µm2 (σ of gaussian distribution). Surface slope
errors of 0.5 µrad (rms) were assumed for the example
surface. The above mentioned example was used for
these investigations.

The effects of misalignments of the diaboloid mir-
ror on the spot flux density were calculated (see Ta-
ble 2). Compared with 2 Kirkpatrick-Baez-mirrors
(KB-mirrors) one obtains similar requirements for the
diaboloid mirror alignment.
TABLE 2. Misalignments of the example surface, which
leads to roughly half of flux density in the image plane

X translation 70 µm X rotation 2 µrad
Y translation 20 µm Y rotation 2 µrad
Z translation 10 µm Z rotation 50 µrad

In order to estimate how precisely the shape of such
a mirror has to be manufactured the surface shape was
varied by changing the surface coefficient with the

strongest influence on the spot size. The flux density
decreases to ≈50%, if height deviations become larger
than 85 nm (peak-to-valley) for the whole optical sur-
face (200 mm x 10 mm) or if they become larger than
17 nm (peak-to-valley) for the central quarter of the
surface (50 mm x 2.5 mm).

A comparison between the diaboloid mirror and a
comparable KB-mirrors setup shows a notably higher
flux density (factor of ≈10) in the image plane for the
diaboloid mirror.

CONCLUSION

An approach to describe and a method to find special
surfaces, that can replace 2 plane elliptical KB-mirrors
for synchrotron applications, was presented. A higher
flux density at experiments is possible due to single
reflection. Alignment and stability requirements for
these mirrors are comparable with KB-mirrors.

The next challenge is to manufacture such mirror
with high quality and to prove its advantage in a real
synchrotron beamline environment. Slope errors of less
than ≈0.5 µrad (rms) and shape errors of clearly less
than ≈100 nm (peak-to-valley) are required for areas
of 200 mm x 10 mm.

Note: The diaboloid surface determined with the
presented method is a sufficient approximation to man-
age the astigmatic source problem for the defined ex-
ample and does not exactly fullfill FERMAT’s princi-
ple. Assuming in simulations no slope errors and an
ideal point source a higher flux density can be obtained
with the KB-mirror setup due to their ideal elliptical
shapes, which allows for an ideal point-to-point imag-
ing.
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1 Introduction 
In the late 1980th Hentschel et al. [1, 2] established the X-ray refraction topography 
technique for the characterization of modern composite materials. In 1997 Chap-
man et al. [3] introduced a novel X-ray modality which expanded the performance 
of X-ray absorption imaging by additionally utilizing the refraction and scatter rejec-
tion (extinction) properties of the object being irradiated. This high contrast imaging 
modality was henceforth known as “diffraction enhanced imaging (DEI)”, a modality 
capable of revealing morphological details of internal and surface structures invisi-
ble to conventional absorption-based X-ray techniques. In the last decade numer-
ous studies have been performed showing the benefit of DEI in various fields [4-
17]. Especially for the field of cartilage and osteoarthritis research the  DEI tech-
nique promises to be a powerful alternative to currently available conventional ra-
diography or magnetic resonance imaging. Due to the low X-ray absorption proper-
ties of cartilage conventional radiography and computed tomography (CT) fails to 
visualize cartilage directly. Cartilage pathologies can therefore only be identified 
indirectly through joint space narrowing or subchondral bone sclerosis. With the 
DEI technique a modality is now given at hand with which the possibilities for the 
research on cartilage and its pathologies have extended broadly. Using an in-situ 
animal model Muehleman et al. [16] were able to differentiate different stages of 
cartilage lesions (from normal through erosion down to the bone surface) within 
anatomical intact canine knee joints. In the effort to take imaging one step further 
based on Benninghoff’s model [18], which states that the collagen fibres in carti-
lage bundle in arcades (resembling gothic columns) and divide the cartilage into 
four zones, the so-called calcified, deep, transitional and superficial zones (see 
figure 2) Muehleman et al. [13] were able to depict structural orientation and visual-
ized vertical striations and arcade resembling variations within human tali and 
femoral head specimens. The disadvantage of these cited  cartilage studies though 
is the use of a DEI radiography technique. In principle all radiographic imaging 
techniques merge the data of a whole object volume into a single two-dimensional 
image, generating an overall superimposed image. Internal and external structural 
variations can therefore not be differentiated. In order to generate an image that 
gives a true account of the three-dimensional structure of the object being scanned 
tomographic techniques need to be used. A multitude of studies on DEI computed 
tomography (DEI-CT) have been performed [19-21] and Hashimoto et al. [22] have 
at first performed a 3-dimensional reconstruction of a mouse hand observing ar-
ticular cartilage as well as bony structures such as trabeculae and marrow. But to 
the best of our knowledge no DEI-CT study has yet focused on solely depicting 
cartilage and its substructures. The aim of our study was to implement and intro-
duce DEI-CT for cartilage imaging as an alternative – and in principle non-
destructive – technical approach to visualize substructural variations within the car-
tilagenous matrix. 

292



2 Material and Methods 

2.1 Specimen 
Using a standard bone biopsy needle an unfixed cartilage specimen (2.6 mm di-
ameter, fig. 1, bottom) was obtained from a fresh human cadaver tibial plateau of a 
body donor to the Institute of Anatomy, Campus Mitte, Charité Universitaets-
medizin Berlin, Germany. Prior to death the donor had given a personally signed 
consent to dedicate his body to research. For storage purposes the specimen was 
refrigerated (8°C) in a saline solution before the scanning, whereas during the 
scanning a custom-build holder, with a duroplastic plastic cover to prevent the 
specimen from drying out, was used. A stable and fixed holding of the specimen 
using wax for fixation was assured after several testings.    

2.2 Diffraction enhanced computed tomography : 
A CT technique for the characterization of modern composite materials is estab-
lished at the BAMline since 2002 [23]. It is closely related to the above mentioned 
DEI technique and was applied the first time to examine articular cartilage. The 
usable photon energy range of the BAMline extends from 5 keV up to 60 keV for 
monochromatic radiation. Although not dependent on the usage of synchrotron 
radiation, there are several advantages of using it for DEI such as the high photon 
flux, the continuous energy range and the highly collimated and parallel photon 
beam. A parallel and monochromatic beam (30 mm horizontal and 5 mm vertical 
width) set to a photon beam energy of 20 keV was delivered by a Double-Crystal-
Monochromator (DCM). The beam from the DCM was then reflected by two 
Si(111) single crystals in a symmetric configuration (fig. 1, right). They were set to 
their Bragg condition for the chosen energy. An X-ray sensitive CCD-camera was 
placed behind the second crystal, detecting the photons reflected by the second 
crystal with a lateral resolution of about 3.6 x 3.6 µm2. 

 
Figure 1: Experimental setup for DEI-CT measurements. 

The specimen was placed into the X-ray beam between the two crystals. The 
Rocking curve width of the second crystal against the first crystal was 
FWHM=1.4·10-4 Degree (fig. 1, left). The highly collimated and monochromatized 
beam from the first crystal was transmitted through the specimen and according to 
the absorption properties of the specimen the beam was then attenuated. Addi-
tionally, the beam was deflected due to the refraction effect at all interfaces in the 
specimen as explained elsewhere [23]. This lead to a broadening of the Rocking 
curve as shown in fig. 1 to FWHM=1.8·10-4 Degree. The scan was performed with 
the second crystal set to the maximum of the Rocking curve leading to a maximum 
rejection of all refracted and scattered x-rays (indicated by red lines in Fig. 1) 
caused by the interfaces inside the specimen. During the measurement the speci-
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men was rotated around its cylinder axis for 180 degrees in steps of 0.3 degree 
and with exposure times of 7 sec. The data sets were then analyzed by filtered 
back projection for parallel beam conditions as known from data post processing in 
conventional absorption CT.  

2.3 Histology: 
After the DEI-CT scan histological sections of the specimen were prepared and 
stained with haematoxylin & eosin solution. 

3 Results 
Representative images and sections of the DEI computed tomography results are 
presented in figure 2. Here a heterogeneous texture of the cartilage is revealed 
with hypodense areas ubiquitously distributed in the main matrix. Please take no-
tice of the more vertical alignment of the hypodensities present in about two thirds 
of the cartilage on the sagittal reconstruction. Upon histological sectioning of the 
specimen one can identify a multitude of chondrocytes within the main cartilage 
matrix as shown in an enlarged section in fig. 2.  

 
 

Figure 2: DEI computed tomography images of the cartilage specimen. In the bottom left 
and middle axial sections in different heights of the specimen are shown. Note the lines in 
the sagittal reconstruction (in the top middle). Hypodense areas within the homogenous 
main cartilage matrix are clearly depicted (bottom middle and right). Whereas sub-
chondral bone, trabecular bone and bone marrow vacuoles can be identified (bottom left). 
Please take notice of the more vertical alignment of the hypodensities in about two thirds 
of the cartilage upon sagittal reconstruction (top middle). On the bottom right enlarged 
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sections from the histology and DEI computed tomography of the scanned cartilage 
specimen is shown. On the histological section the chondorcyte lacunes are marked with 
black arrows. On the DE computed tomography reconstruction the overall depicted hypo-
dense areas are marked with red arrows.   

4 Discussion 
To the best of our knowledge this is the first study to visualize structural variations 
within cartilage using diffraction enhanced computed tomography. Although our 
experimental setup lacks adequate section registrations in order to compare one 
on one our DEI-CT images with the histological images the idea suggests itself and 
therefore we hypothesize strongly that the hypodensities we have depicted repre-
sent chondrocyte lacunes. Undeniably comparative studies on this matter need to 
be undertaken in the future. In addition it needs to be proven whether or not the 
more vertical orientation of the hypodensities can be understood as the DEI 
equivalent of the deep cartilage zone known from Benninghoff’s model as de-
scribed above. Even though at this point in time DEI computed tomography is a 
modality used in only a limited number of facilities we believe that for the under-
standing of cartilage pathologies such as osteoarthritis it holds a strong potential in 
imaging substructural changes invisible to alternative techniques. With our current 
study we aimed to introduce and focus on the benefits of diffraction enhanced 
computed tomography for cartilage imaging, and in long term hope to evaluate a 
model describing the substructural changes that occur in the pathogenesis of os-
teoarthritis. 
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Introduction 
 

The BESSY x-ray microscopy group has developed a new full-field transmission x-ray 
microscope (optical setup shown in Fig. 1) which was tested at two BESSY PGM (plane 
grating monochromator) beam lines [1]. The new system is based on a tilt stage originally 
developed for electron tomography which supports automated data collection of cryogenic 
and heated samples. The stage is able to tilt samples in the x-ray microscope up to ± 80°. Such 
a large tilt of flat sample holders is impossible on existing x-ray microscopes with bending 
magnet sources because these require a monochromator pinhole to be positioned close to the 
specimen. This new optical setup of the TXM supports high resolution tomography of 
cryogenic or heated samples as it requires no pinhole close to the object plane. A 
monochromator beam line is used upstream of the condenser. The required hollow cone 
illumination of the object is generated by an elliptically shaped glass capillary condenser 
which focuses the x-rays with high reflectivity onto the sample. Therefore, the TXM can be 
operated with high energy resolution and is well suited for spectromicroscopy studies. In 
comparison with other full-field x-ray microscopes, the features of the new BESSY TXM are 
unique. Therefore, it was decided to reconstruct the old U41-x-ray microscopy beam line [2] 
by inserting a focusing spherical grating monochromator (FSGM) instead of the existing 
rotating condenser mirror system [3]. Additionally, this new monochromator is a significant 
improvement for the scanning transmission x-ray microscope (STXM) with respect to the 
better monochromaticity which can be achieved.   
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Focus

Zone Plate
Objective

Central
Stop

 
 

FIGURE 1. X-ray optical setup of the new BESSY full-field TXM with glass capillary 
condenser and tomography stage for flat sample holders. 
 
 

The new U41-FSGM beam line 
 

The optical setup of the new monochromator beam line is shown in Fig. 2. It was decided to 
build up a FSGM beam line because all optical elements were available at BESSY. Therefore, 
the beam line could build up in a short time scale. First commissioning results were obtained 
in summer 2007. Figure 3 shows the measured flux through a 10 µm slit in the energy range 
0.2 – 1.5 keV, as well as two spectra obtained with Nitrogen resp. Neon filled in the 
ionization chamber to demonstrate the spectral resolution.  

FSGM 
focus 
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FIGURE 2. Optical design of the U41-FSGM beam line. 
 
 

 
 
FIGURE 3.  First commissioning results of the new U41-FSGM beam line. 
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The new full field x-ray microscope 
 
A Siemens star test pattern was imaged (Fig. 4) with the new full-field x-ray microscope setup 
using an elliptically shaped capillary as condenser. The aperture of the condenser was 54 nm 
and the micro zone plate used as x-ray objective has an outer most zone width of 25 nm. The 
power spectra [4] obtained from this image results in a cut-off frequency which corresponds 
to  
20 nm spatial resolution.  
 
 

 
 
 
FIGURE 4. A lateral resolution of better than 25 nm has been demonstrated by using a 
capillary condenser with 54 nm aperture (made by IfG, Berlin-Adlershof) and a micro zone 
plate with drn = 25 nm (made at BESSY).  
 
To demonstrate the tomography possibilities of the new microscope liquid ethane plunge 
frozen algae Chlamydomonas reinhardtii were imaged under different tilt angles at cryogenic 
temperature. Two images from a series are shown in Fig. 5. X-ray dense nanoparticles were 
added to the sample to use them as markers for 3-D reconstruction. 
 
 

 
 
 
FIGURE 5. Liqiud ethane plunge frozen algae Chlamydomonas reinhardtii imaged at  
-170°C. The difference in tilt angle is 20° between both images. The black dots are added 
nanoparticles used as markers for 3-D reconstruction. 
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Conclusions 
 

The first results presented in this report demonstrate that the new beam line setup together 
with the new full field microscope will allow automated tomography of e.g. biological 
samples at cryogenic temperature within the water window energy range.  
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Splicing of pre-mRNAs following the transcription process is a major step in nuclear mRNA maturation. 
This process is catalysed by a huge multi-protein-RNA complex, which is known as the spliceosome. It is 
composed of different UsnRNPs, termed U1, U2, U4, U5 and U6. While the U6snRNP is permanently 
localised in the nucleus, the other UsnRNPs, namely U1, U2, U4 and U5, initially assemble in the cytosol 
and subsequently need to be transported back into the nucleus, where the active spliceosome is finally 
formed. These UsnRNPs are specifically recognised and transported by an import receptor complex of 
importin-beta (Impβ) and snurportin-1 (SPN1). During UsnRNP import SPN1 recognises specifically the 
m3G-cap structure of UsnRNPs (Strasser et al., 2005) and acts as adapter for Impβ, while Impβ is the 
actual import receptor. Surprisingly, the UsnRNP import complex Impβ/SPN1/UsnRNP displays a 
feature, which renders it unique in terms of nuclear import: In contrast to any other characterised Impβ-
dependent nuclear import the Impβ/SPN1/UsnRNP complex does not require RanGTP for the terminal 
release from the nuclear basket of NPC (Huber et al., 2002). Since this feature is conferred by the importin-
beta-binding-domain of SPN1 (IBBSPN1), the structure determination of Impβ in complex with IBBSPN1 was 
of high interest in order to elucidate the remarkable RanGTP-independence of UsnRNP-import complex 
release from the NPC. 
The synchrotron source at BESSY was successfully used to aquire a high resolution data set, which finally 
allowed the structure determination of the Impβ/IBBSPN1 complex. The crystal structure of Impβ_127-876 
in complex with IBBSPN1 (Wohlwend et al., 2007) reveals that Impβ adopts a widely opened conformation, 
which is unique for a functional Impβ/cargo complex and surprisingly it rather resembles the conformation 
of the Impβ/RanGTP complex. As binding of RanGTP to Impβ usually triggers the release of import 
complexes from the NPC, we propose that the free dissociation of Impβ/SPN1 from the nuclear basket is 
allowed by the mimicry of the RanGTP-bound state. 
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Fig. 1: Crystal structure of Impβ_127-876 in complex with IBBSPN1. 
(A) Overall structure with sight into C-terminal cavity of Impβ. IBBSPN1 is depicted in red, the C-terminal arch of 
Impβ, binding to IBBSPN1, is green, the N-terminal arch, excluded from interaction with IBBSPN1, is shown in blue. 
Impβ forms a superhelical structure composed of iterative helix-turn-helix motifs termed HEAT-repeats. (B) 
Structure rotated by 90°, with sight from the C-terminus toward the N-terminus. Colouring as in (A), with the 
exception of HEAT 13B (yellow). This helix protrudes from the concave inner surface, which is formed by the B-
helices, and is kinked toward IBBSPN1. The outer and inner surface of Impβ, being formed by the A- and B-helices, 
is highlighted by ellipsoids. 
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Synchrotron-based spectromicroscopy is a powerful tool to obtain both structural and 
electronic information from mesoscopic systems, rapidly developing with the continuous 
increase in the availability of tunable high brilliance radiation from third generation light 
sources and improvements in instrumentation. It can achieve spatial resolution down to a few 
nanometers [1] and allows for the extraction of intrinsic properties through the X-ray 
absorption near edge structure as the chemical contrast mechanism.   
Here, we demonstrate X-ray transmission photoemission electron microscopy [2] for the 
laterally resolved chemical analysis of a liquid biological sample. In our study, we investigate 
the respiratory copper protein hemocyanin KLH1, found in the hemolymph of multiple 
arthropods and molluscs [3]. Its biological function is related to the reversible binding of 
molecular oxygen to a dinuclear copper active site. In early XAS studies, various details of 
the active-site geometry were correctly determined (e. g. a Cu-Cu distance of ~3.5 Å in oxy 
Hc; [4]), but overall the picture still remains fuzzy, e. g., with respect to the O2 binding mode. 
To perform XANES spectromicroscopy, X-ray photon energies are scanned across the L-edge 
of copper. Thereby, the XANES fingerprint is closely connected to the different copper 
bonding states. 
 

Fig. 1. Different views and illustrations of the 
T-PEEM setup. (a) Electron optical system of 
the PEEM combined with the transmission 
sample stage; (b) detection scheme of the delay 
line detector (DLD); (c) and (d): transmission 
sample stage with parts of the PEEM objective 
lens.
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Fig.1a illustrates the schematic setup of the T-PEEM, consisting of a transmission sample 
stage, an IS-PEEM (Focus GmbH) and a novel type of delayline detector (DLD; Surface 
Concept GmbH, Mainz) for data acquisition. The DLD includes a Chevron-type microchannel 
plate (MCP) configuration for high secondary electron gain and two sequentially arranged flat 
solenoids (Fig. 1b). In brief, the delayline detector measures the coincidence of electronic 
impulses each secondary electron avalanche induces in the pair of perpendicularly oriented 
flat solenoids. Electron localisation and subsequent image processing is realised from the 
electronic runtime differences recorded at the ends of the solenoids. Since only electronic 
coincidences are recorded with the DLD, signal-to-noise is strongly enhanced in comparison 
to conventional imaging tools, such as MCP combined with a phosphor screen. 
Figs. 1c and d shows the transmission sample stage with parts of the objective lens of the 
PEEM from two different views. Precise remote adjustment of the sample position is 
facilitated by a crossed pair of linear piezo motors. The liquid sample cell is exchangeable in 
the UHV by means of a load lock system (see arrow). 
 

Fig. 2. Liquid sample cell construction for T-
PEEM. The liquid protein sample is enclosed 
by two silicon nitride membranes on Si 
carriers. A TEM grid is mounted at the photon 
beam side to define a coordinate system in the 
PEEM image. 

 
The liquid sample cell (Fig. 2) is composed of two silicon nitride membranes (SPI Supplies), 
each with a 100nm thick Si3N4 window for transillumination. The sample droplet is 
transferred to one membrane which is subsequently encircled by a UHV compatible glue (3M 
Scotch-Weld, Epoxy adhesive DP-460), the membrane counterpart then being mounted from 
atop so that the windows face each other. In addition, a TEM grid is attached to the back side 
of the cell to produce a shadowgraph from the photon beam passing through thus defining a 
coordinate system for laterally resolved sample analysis. 
In Fig. 3a, a low magnification T-PEEM image of the KLH1 liquid cell is shown recorded at a 
photon energy of hν=930eV at the L3 edge of copper. The total transillumination time was 
300s. The grid pattern from a nickel TEM mask (Agar Scientific, G2730N, grid spacing 
~64µm) is clearly visible, indicating a field of view of ~700µm in diameter. The bright spot 
indicated by the label “C” originates from the residual X-ray beam which traversed the liquid 
cell and the whole microscope column slightly off the electron optical axis. Note that the size 
of this photon signal refers to the plane of the imaging unit at the end of the microscope 
column and not to the position of the liquid cell. In contrast to the electron beam, this residual 
X-ray beam is not magnified by the PEEM. 
For spectromicroscopy, a complete image set was recorded in the range from hν=920eV to 
hν=960eV with energy steps of ∆E=1eV. The photoelectron yield from selected areas 
(encircled regions “A” and “B”, ~40µm in diameter) was then extracted from the complete 
image stack and plotted against the photon energy. Fig. 3a shows the corresponding microarea 
XAS spectra in the photoemission. Two different copper species can be distinguished: 
spectrum “A” displays absorption peaks predominantly at hν=930eV (L3) and hν=949eV (L2)
which we attribute to Cu in the oxidation state +II (oxy state) [5]. Spectrum “B” exhibits two 
distinct absorption peaks predominantly around hν=933eV (L3) and hν=953eV (L2), which 
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we relate to copper in the oxidation state +I (deoxy state) [5]. In the case of Hc, this includes 
the presence of peroxidic oxygen bound in a side on coordination [6]. 
It is interesting to note that a copper XAS spectrum is also obtained from the microarea “C”, 
i.e. from the direct X-ray beam attenuation, which shows a superposition of Cu(I) and Cu(II), 
see Fig. 3c. As mentioned, this is not a local spectrum because it corresponds to the full 
photon beam, being larger than the field of view in Fig. 3a.  
In conclusion, we have presented first laterally resolved XAS measurements of a 
metalloprotein in solution using T-PEEM. Copper XAS structures are identified in various 
areas of interest. Different copper oxidation states can be distinguished, suggesting sensitivity 
to the copper bonding within the protein. In order to minimize protein denaturation from X-
ray exposure in the liquid cell, the proteins might be either adsorbed to functionalized surface 
membranes or studied in a modified circular flow cell.  This may provide a method for 
studying metals in proteins “at work”.  

Fig. 5. (a) T-PEEM image of the KLH liquid cell sample recorded at a photon energy of hν=930eV at 
the L3 edge of copper. Microareas A, B are used for extraction of X-ray absorption signatures in the 
photoemission; microarea C displays the residual X-ray beam traversing the liquid cell and impinging 
on the detector. The scale bar refers to the center part of the PEEM image. (b) and (c): Transmission 
spectra related to the X-ray absorption near the copper L-edge extracted from microareas A, B and C. 
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Human GART is a trifunctional enzyme, compositing glycinamide ribonucleotide synthetase 
(GARS), aminoimidazole ribonucleotide synthetase (AIRS) and glycinamide ribonucleotide 
transformylase (GART). This enzyme is carrying out three steps in the de novo synthesis of 
purines. The second domain, AIRS or PurM of the human GART is carrying out the fifth step in 
the de novo synthesis of purines. AIRS is catalysing the conversion of formylglycinamidine 
ribonucleotide (FGAM) and ATP to make aminoimidazole ribonucleotide (AIR), ADP and Pi. 
Being an enzyme in the core nucleotide metabolism makes GART a potential target for anti-
cancer therapeutic drugs (1).  
 

 
 
The structure of human AIRS domain was solved with molecular replacement using the E.coli 
structure (pdb-code:1cli) to a resolution of 2.1 Å (2). The AIRS structure forms a dimer similar to 
the E.coli AIRS structure. There are no substrates bound in the E.coli structure but a sulfate ion is 
suggested to bind to the FGAM binding domain. In the human AIRS structure there is a sulfate 
ion found in a similar position as for the E.coli structure (3).  
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Poly(ADP-ribose) polymerases (PARPs) are enzymes that use 
NAD+ as a substrate to add poly(ADP)ribose (PAR) to other 
proteins or themselves, leading to a changed three-dimensional 
and electrostatic surface of the modified proteins. The PARP 
family consists of 17 members that all contain a catalytic PARP 
domain and additional specificity domains (1). PARP has been 
shown to be linked to transcriptional regulation, genome 
organization and DNA-repair (2). The founding member, PARP-
1 is triggered by DNA breaks and its activation results in the 
recruitment of the DNA repair machinery thus initiating a 
cellular response to DNA-damage. Several PARP-specific 

inhibitors have been developed that target the NAD-binding site and inhibit the activity of PARP-
1 (and/or PARP-2) and are effective against inflammation, neurodegenerative and vascular 
diseases. More importantly, several PARP-inhibitors that are in clinical trials are shown to 
enhance the activity of anti-proliferative agents in cancer therapy and are specifically shown to be 
efficient in killing tumor cells that lack the tumor suppressor BRCA2. PARP-12 belongs to the 
CCCH-type zinc finger PARPs. Members of this subfamily have a similar domain organization 
comprising a zinc-finger domain, a WWE-domain and a PARP catalytic domain. Here, the crystal 
structure of the catalytic PARP-12 domain is presented in complex with the NAD-analogue 
inhibitor 3-aminobenzoic acid (3-ABA) at 2.2 Å resolution.  
 
In PARP-12 the catalytic domain is smaller than in other PARPs e.g. PARP-1-3 and thus an �-
helical regulatory domain is missing in the presented structure. Interaction between residues at the 
active site in PARP-12 and inhibitor is conserved. However, in PARP12 the catalytic glutamate 
has been replaced by an isoleucine. The presented structure will be important for development of 
specific/selective PARP inhibitors.  
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The ATP-dependent DECH-box RNA helicase 
MDA5 (Melanoma differentiation-associated 
protein 5 also known as IFIH1 - Interferon-
induced helicase C domain-containing protein 
1) belongs to the DExD/H RNA-binding 
helicase family of proteins that are involved in 
all aspects of cellular RNA-metabolism such as 
transcription, splicing, RNA transport, 
translation and ribosome biogenesis. All 
proteins in this family bind and hydrolyze 
trinucleotides, mainly ATP, and are believed to 
function as RNA chaperones that bind RNA and 
assist in unwinding of RNA secondary structure 
or folding of RNA complexes. Members of this 

family normally consist of two domains: an N-terminal domain with the conserved DExD/H 
motif and a C-terminal helicase domain (1).  

MDA5 was discovered as being involved in the regulation of the growth and differentiation of 
melanoma cells (2). More recently MDA5 has been identified as a sensor of double-stranded viral 
RNA resulting in activation of anti-viral responses (3). The full-length protein contains two N-
terminal CARD-domains (caspase recruitment domain) in addition to conserved domains 1 and 2 
of DExD/H-box helicases. MDA5 triggers activation of a number transcription factors including 
IRF3, IRF7 and B downstream in the signaling pathway (4).  

We have determined the three-dimensional structure of the conserved domain 1 (DECH-domain) 
of human MDA5 to a resolution of 1.6 Å. The structure was solved with SAD (single anomalous 
dispersion) method using selenomethione labeled protein. This is the first human structure of an 
RNA helicase with DExH-motif signature. The protein folds and resembles an �-� RecA-like 
domain. The N-terminal loop-helix seems important for packing in the crystal. No nucleotide is 
seen bound despite high concentrations of ADP and MgCl2 both in purification and during 
crystallization. Interestingly, the side chain from residue Arg337 is blocking access for binding of 
a nucleotide in the otherwise conserved binding pocket. The present structure will aid in the 
understanding of the human defense against viruses.  
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Crystal structure of Human Tankyrase 
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Tankyrase (TRF1-interacting ankyrin related ADP-ribose 
polymerase) was first identified in 1998 (1) and found to 
interact with TRF1 – a component of the shelterin complex, 
which binds to, and protects, telomeric DNA. After its 
discovery, tankyrase has been shown to interact with various 
proteins linking it to telomere homeostasis and mitosis (2).  

Tankyrase belongs to the 17 member family of PARP-enzymes 
(3), that use NAD+ as a substrate to add poly-ADP-ribose to 
other proteins or themselves. Poly ADP-ribosylation is a 
covalent modification that often modulates the affinity of the 
target molecule towards its binding partners (3). PARP-1 is an 
established drug target for cancer and several PARP-1 inhibitors 
are currently in clinical trials (4). Tankyrases are modular 

proteins that, in addition to the catalytic PARP domain, also contain: HPS-, ANK-, and SAM-
domains. The two human tankyrases, TNKS1 and 2 are very homologous in sequence, but 
TNKS2 lacks the N-terminal HSP-domain.  

In telomere length control TNKS1 binds and poly-ADP ribosylates the shelterin component 
TRF1. This modification disrupts the shelterin complex and exposes telomeres to telomerase, 
facilitating elongation of the telomeric DNA. Telomerase activity is increased in several cancer 
cells and inhibition of telomerase activity provides an opportunity to develop new cancer 
therapies (5). Tankyrase inhibition has been demonstrated as an attractive mechanism to augment 
the effect of direct telomerase inhibition (6). The present structure of the catalytic PARP domain 
of TNKS1 will enable structure based design of specific TNKS1 inhibitors, in particular, and will 
add to the structural knowledge that provides a framework for development of selective PARP 
inhibitors in general (7).  
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Structure of multiprotein transcription complexes (2) 

 

Our proposal aimed at determining crystal structures of different multiprotein 

complexes involved in eukaryotic mRNA transcription: a subcomplex of the RNA 

polymerase I, the transcription elongation factor Spt6 and a subcomplex of the 

Mediator coactivator. During the year 2007, crystals of these complexes have been 

measured at BESSY, some structures have already been solved and one of them has 

been published in Cell. The high-intensity and high-quality of the synchrotron 

radiation at BESSY was essential for the success of theses projects. 

  Synthesis of ribosomal RNA (rRNA) by RNA polymerase I is the first step in 

ribosome biogenesis and a regulatory switch in eukaryotic cell growth. With the help 

of synchrotron radiation at BESSY, we have solved the crystal structure of the 

subcomplex A14/43 from Pol I. We combined this structure with the 12 A cryo-

electron microscopic structure for the complete 14-subunit yeast Pol I and a 

homology model for the core enzyme. In the resulting hybrid structure of Pol I, 

A14/43, the clamp, and the dock domain contribute to a unique surface interacting 

with promoter-specific initiation factors. These results have been recently published 

in Cell. 

The transcription elongation factor Spt6 contains a SH2-domain which was 

recently found to bind the C-terminal domain of RNA polymerase II. We solved the 

apo-structure of Spt6 SH2 domain and structure solution in complex with its target 

peptide is ongoing. These results will allow for characterization of Spt6 recruitment to 

the transcription machinery. 

 The Mediator complex is the central coactivator responsible for transmitting 

signals to RNA polymerase II. Its structure remains largely unknown, except for six 

small subunit structures reported by our lab over the last two years. We solved the 

crystal structure of a new Mediator dimeric subcomplex. This structure guided in vivo 

and in vitro experiments to elucidate the function of this submodule inside the 

Mediator.  

Results for the two latter projects will hopefully be published soon. 

 

  

310



Vacuum Ultra-Violet Spectroscopic Ellipsometry of DNA Layers 
Covalently Attached onto Ultra-Nanocrystalline Diamond 
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Ultra-nanocrystalline diamond (UNCD) coatings on silicon form an interesting starting 
material for biosensors: the surface is highly biocompatible, and it is a more stable platform 
for DNA than other common substrate materials (silicon, glass, …) [1]. Moreover, we have 
developed a simple and efficient protocol for the covalent, end-grafting of DNA molecules on 
the diamond surface [2, 3]. 
 
Our main goal in this study, was to determine 
the average orientation of ensembles of DNA 
strands on the UNCD surface. Spectroscopic 
ellipsometry (SE) in the vacuum ultra-violet 
(VUV) range – requiring a synchrotron 
source for the excitation – provides a label-
free, non-destructive detection method for 
electronic transitions in the DNA molecules. 
The π-π* transition dipole moments, 
corresponding to a transition at 4.74 eV, 
originate from the individual bases. They are 
in a plane perpendicular to the DNA 
backbone with an associated n-π* transition 
at 4.47 eV. These transitions were already 
observed for non-surface-bound DNA in the 
early sixties [4, 5], and this technique has 
been used previously to determine the 
average tilt angle in single-base (guanine) 
films on silicon [6].  Now, from the analysis 
of the in- and out-of-plane contributions to 
these orientation-dependent features in the 
spectra of integral DNA-fragments 
covalently attached to UNCD, we have found 
an isotropic orientation for very flexible, 
long single stranded DNA of 250 bases (Fig. 
1), while for 8-36 bases of single- and double 
stranded DNA we have found average tilt 
angles ranging from 45° to 52° (Fig. 2). 

  
Figure 1: Covalently attached monolayer of 250 b 
ssDNA on diamond. a) Measured and calculated 

ellipsometric spectra tan(ψ) and Δ of this sample. b) 
Derived optical constants, refractive index (n) and 

extinction coefficient (k). The assignment of the main 
electronic transitions of DNA molecules is indicated 

by arrows. c) Schematic representation of the 
transitions at 4.47 and 4.74 eV in case of dsDNA. 
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Figure 2: Average tilt angles of DNA molecules on UNCD as calculated from UV SE: 

a) 8 b ssDNA, b) 36 b ssDNA, and c) 29 bp dsDNA (connected to an A7-ss-tail). 
(Not drawn to scale.) 

 
 
Thus, with VUV SE, the orientation of single as well as double stranded DNA can indeed be 
investigated directly, without restricting the strand length to the persistence length. As such, 
this technique has a wider range of applicability as compared to measurements based on the 
layer thickness alone: e.g. non-spectroscopic ellipsometry, or nano-shaving atomic force 
experiments [7]. However, the obtained values are close to the magic angle of 54.7°. Thus, 
this result has to be interpreted very carefully. The influence of the surface roughness of the 
UNCD, which is in the order of 16 nm (root-mean-square value, as obtained with tapping 
mode AFM), remains to be investigated more closely. To clarify the lateral variation on the 
values stated above, we have already performed mapping SE experiments, but the detailed 
analysis of these spectra will follow later. Moreover, we have planned additional reference 
measurements on atomically flat silicon surfaces. 
 
We conclude that combining the information from layer thicknesses with the orientational 
analysis based on electronic excitations can give us a richer understanding of biological layers 
on diamond. Further experiments will be aimed at elucidating the role of e.g. the density of 
the DNA layer and the linker layer composition on the DNA orientation. 
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The carbohydrate recognition domain of Langerin reveals high 
structural similarity with the one of DC-SIGN but an additional, 

calcium-independent sugar-binding site. 
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Langerin is a type II transmembrane oligosaccharide receptor on Langerhans cells 

(LCs), a prominent subclass of dendritic cells (DCs) that mediate immune responses in 

epithelia and play a role in HIV degradation. Its extracellular moiety comprises a neck 

region with several heptad repeats and an exposed carboxy-terminal calcium-type 

carbohydrate-recognition domain (CRD). The CRD of human Langerin, which was 

expressed as a soluble protein in the periplasm of E. coli, was crystallized both alone 

and in the presence of two sugars, followed by X-ray analyses to resolutions of 2.5 Å for 

apo-Langerin and to 1.6 Å and 2.1 Å for the complexes with mannose and maltose, 

respectively. The fold of the Langerin CRD (dubbed LangA) resembles that of other 

typical C-type lectins such as DC-SIGN. However, especially in the long loop region 

(LLR), which is responsible for carbohydrate-binding, two additional secondary structure 

elements are present: a 310 helix and a small β-sheet arising from the extended β-strand 

2, which enters into a hairpin and a new strand β2'. Unexpectedly, the crystal structures 

in the presence of maltose and mannose reveal two sugar-binding sites. One is calcium-

dependent and structurally conserved in the C-type lectin family whereas the second 

one represents a novel, calcium-independent type. Based on these data, a model for the 

binding of mannan, a component of many endogenous as well as viral glycoproteins, is 

proposed and the differences in binding behavior between Langerin and DC-SIGN with 

respect to the Lewis X carbohydrate antigen and its derivatives can be explained. 

Therefore, the crystal structure of LangA should be helpful for the development of new 

marker reagents selective for LCs and also of therapeutic compounds that may enhance 

the inhibitory role of Langerin towards HIV infection. 
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X-ray structure of the extracellular domain of the membrane-

bound nucleotidase NTPDase2 from Rattus norwegicus  
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Extracellular ATP and other nucleotides play an important role in paracrine cell 

signaling. They are known to act as transmitters not only in the nervous system, 

but also in physiological processes like thrombosis and inflammation. Cellular 

responses are induced through activation of G protein-coupled P2Y receptors or 

ligand-gated ion channels named P2X (1).  

The signaling effects are converted and terminated via successive 

dephosphorylation of the nucleotides by a cascade of membrane-bound 

enzymes. Nucleoside triphosphate diphosphohydrolases 1, -2, -3 and -8 

(NTPDases, EC 3.6.1.5) are the dominant ecto-nucleotidases relevant to P2 

receptor-mediated signaling. They catalyze the sequential hydrolysis of the 

terminal γ- and β-phosphates from nucleoside triphosphates. NTPDase1 is 

predominantly expressed in the vasculature. Because of its ability to hydrolyze 

both ATP and the platelet-activator ADP to AMP, it blocks platelet aggregation 

and supports blood flow. NTPDase2 has been implicated in the differentiation of 

stem cells in the nervous system and was recently shown to be responsible for 

initiation of embryonic eye development (2). 

For their activity NTPDases depend on divalent metal ions such as Ca2+ or Mg2+. 

NTPDase1-3 and -8 are bound to the cell membrane by two transmembrane 

helices close to the N- and C-terminus. The interjacent catalytic domain faces the 

extracellular space, is glycosylated and stabilized by five invariant disulfide 

bridges (3). 

We have established an E. coli expression system for insoluble production of the 

catalytic domains of NTPDase1-3 from Rattus norvegicus. After in vitro refolding 

from inclusion bodies the proteins were purified, biochemically characterized and 

subjected to crystallization trials (4).  

Only for the ectodomain of NTPDase2 suitable crystallization conditions could be 

found. Needles and rod-like orthorhombic crystals (space group P212121, one 

molecule per asymmetric unit) grew from 1 to 3 % PEG6000, 100 mM NaHEPES 

pH 7.0 to 7.4 with a protein concentration of 2 mg/mL. Despite their small size 

(35 × 35 × 200 µm) crystals diffracted to 1.8 Å using synchrotron radiation.  

314



The phase problem could be solved by SIRAS with a single site tungstate 

derivative. Diffraction data for complex structures with bound substrate analog 

and the metal ion cofactor Ca2+ as well as with the products AMP and phoshate 

were recorded at beamline 14.1 at BESSY in Berlin.  
 

Data collection and refinement statistics. The values in parentheses 

are for the highest-resolution shell. 

 Ca2+××××AMP×××× Pi Ca2+××××AMPPNP 
X-ray source BESSY/BL14.1 BESSY/BL14.1 
wavelength (Å) 0.918 0.918 
Space group P212121 P212121 
Cell Dimensions    
a, b, c (Å) 41.1, 69.2, 164.4 40.9, 68.9, 163.7 
Resolution (Å) 25.47-1.80 26.67-2.10 
 (1.90-1.80) (2.21-2.10) 
Rsym (%) 9.5 (45.7) 11.8 (42.6) 
<I/σI> 15.8 (2.8) 12.6 (3.0) 
Completeness (%) 99.9 (99.7) 96.3 (89.2) 
Multiplicity 7.0 (4.9) 4.7 (4.1) 

 

Analysis of the structures shows that only seven respectively one amino acid 

residue(s) are missing between the putative extracellular ends of the 

transmembrane helices and the first and last residue of the presented 

ectodomain structure. Hence, for the orientation given in Fig. 1, the membrane 

would be located below the protein. The ectodomain of NTPDase2 consists of two 

structural domains each with an extended RNase H fold as expected from the 

relationship to the bacterial exopolyphosphatases. 
 

 
Figure 1: Stereo-view of the NTPDase2 ectodomain in its Ca2+×AMPPNP-bound 
form.  
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The active site could be identified in the cleft between the two domains (Fig. 2). 

Based on the two complex structures a catalytic mechanism could be proposed, 

which allows for an understanding of the specificity of the nucleotidases for ATP 

and ADP, but not AMP. Because of some flexibility in the binding sites for the 

substrate’s phosphate tail the terminal phosphate of both, NTPs and NDPs, can 

occupy the same hydrolytic site. Hydrolysis proceeds by attack of a nucleophilic 

water on the terminal phosphate. The nucleophilic water is activated by the 

carboxylate group of glutamate 165. The divalent metal ion is necessary for 

activation of the substrate and stabilization of the negative charge that develops 

in the transition state. 

As a conclusion, the presented crystal structure of the NTPDase2 ectodomain is 

the first structure of the Gda1/Cd39 structural family of nucleoside 

phosphatases. It therefore serves as a prototype for a broad range of largely 

membrane-bound ecto-nucleotidases. The structure will help in rational drug 

design for these interesting pharmacological targets.  
 

 
Figure 2: Stereo-view of the active site. The omit electron density map 

(│Fo-Fc│�ϕc) of the bound ligands AMPPNP and Ca
2+, and active site waters is 

contoured at 3σ. 
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Several datasets of a number of human proteins with relevance to cancer (EEF1G, SHP2, NAT5), 
embryogenesis (UFD1L), cell signalling control (VCP, PTP1B, SHP2) as well of  proteins 
involved in nucleocytoplasmic transport (PDR6 - yeast) and maintainance of the cell wall 
integrity (A85C – M. Tuberculosis) were collected. 
The human Eukaryotic translation elongation factor 1 gamma (EEF1G) a subunit of the 
multimeric Elongation factor-1 and responsible for the delivery of aminoacyl tRNAs to the 
ribosome. EEF1G contains an N-terminal glutathione transferase domain, which may be involved 
in regulating the assembly of multisubunit complexes containing this elongation factor and 
aminoacyl-tRNA synthetases. It was found that EEF1G mRNA was expressed at higher levels in 
7 of 9 pancreatic tumors than in the corresponding normal tissues. We collected a 2.1Å dataset of 
the N-terminal glutathione transferase domain and solved the structure by Molecular replacement 
(MR) [Fig.1]. Further biochemical experiments are in progress. 

 
Fig.1: 2.1Å structure of the N-terminal hEEF1G domain. 
 
The human non-receptor Protein Tyrosine Phophatases 1B (PTP1B) is a member of large Protein 
Tyrosine Phophatases (PTPs) family. They play a very important role in cellular signaling within 
and between cells. PTPs work antagonistically with Protein Tyrosine Kinases (PTKs) to regulate 
signal transduction in a cell. PTKs phosphorylate tyrosine residues on a substrate protein and 
PTPs remove these phosphates from substrate tyrosines (dephosphorylation). Since the 
phosphorylation status of a protein can modulate its function, PTKs and PTPs work together to 
regulate protein function in response to a variety of signals, including hormones, mitogens, and 
oncogenes. Also the human SHP2 belongs to the PTP family and is often overexpressed in adult 
leukaemia patients and controls epithelial morphogenesis (breast cancer) as well as migration, 
invasion and metastasis. The structural known PTP1B and the initially unknown SHP2 were 
crystallized with a well characterized inhibitor (SHP2 also in APO-form). Datasets of 2.9A 
resolution were collected for PTP1B to characterize the inhibitor binding. No inhibitor could be 
found at active site. Further crystallization trials are in progress. The structure of SHP2 was 
released at PDB by a structural genomics consortium in november 2007. A first SHP2-Inhibitor 
complex data set could be collected at low resolution (3.7A) and has to be evaluated, but 
optimization of crystallization conditions is in progress to get better diffraction crystals. 
Ubiquitin fusion degradation 1-like protein (UFD1L) is the human homolog of the yeast ubiquitin 
fusion degradation 1 (UFD1) protein that is involved in the degradation of ubiquitin fusion 
proteins. The murine homolog (Ufd1l) showed it to be expressed during embryogenesis in the 
eyes and in the inner ear primordia. These findings suggested that the proteolytic pathway 
recognizing ubiquitin fusion proteins for degradation is conserved in vertebrates and that UFD1L 
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gene hemizygosity may be the cause of some of the CATCH22-associated developmental defects. 
The solution structure of Ufd1 residues 1-208 is known whereas no structural information is 
currently available for the C-terminal portion (residues 209-307), which encompasses binding 
sites for the cytosolic protein Np15A and the AAA ATPase p97 (VCP). Data set with poor 
quality could be collected for the C-terminal UFD1L. Structure solution by MR as well 
improvement of crystallization conditions is in work. 
 The AAA ATPase, p97 (VCP), achieves its versatility through binding to a wide range of 
cofactor proteins that adapt it to different cellular functions. Besides binding of VCP to 
UFD1L/NP15 heterodimer, the binding of VCP to an ataxin-3 peptide (ataxin-3 involved in 
neurodegenerative disorder) is under investigation and a 3.2Å dataset was collected recently for 
determination of ataxin peptide binding. 
Human NAT5 (hNAT5), also known as hNAT13 and hSan, is an acetyl coenzyme A-dependent 
N-terminal acetyltransferase. hNAT5 is a component of the hARD1–NATH complex, which has 
a proposed function in the progression of papillary thyroid carcinomas and plays a role in co-
translational Nα-acetylation. hNAT5 is also reported to mediate sister chromatid cohesion 
independent of the complex. We recently solved the structure of this enzyme in complex with 
AcCoA and CoA, respectively. Mass spectrometric analysis revealed that hNAT5 is slowly 
autoacetylated in presence of acetyl coenzyme A. Thus, we crystallized the autoacetylated form 
of hNAT5. Two data sets were collected at 2.2 and 2.6 A, respectively, and are currently 
investigated. 
The movement of most proteins across the nuclear enveleope is facilitated by the karyopherin 
(Kap)-ß family of soluble transport receptors, also known as importins or exportins, depending 
on the direction of transport. The Kap-ß proteins bind specific cargo proteins either directly or by 
means of interactions with adaptor proteins. We like to investigate the structure of the putative 
Kap ß homolog PDR6 (Kap122), which was previously classified as a member of a gene family 
that is involved in pleiotropic drug resistance. We could collect recently a low resolution data set 
(4.5Å) from the 122kDa protein. Structure solution by MR as well improvement of the 
crystallization condition is in work to get at least 3.5A data. 
The antigen 85 (ag85) complex, composed of three proteins ag85A, B and C), is a major protein 
component of the Mycobacterium tuberculosis cell wall. The structurally well known secreted 
protein antigen 85C of Mycobacterium tuberculosis posses a mycolyltransferase activity that is 
pivotal for the biosynthesis of the mycobacterial cell wall and for the survival of mycobacteria. 
The importance of the antigen 85 proteins to cell wall biosynthesis provides a basis for the 
development of novel antitubercular drugs. We collected several datasets of antigen 85C in 
presence of several inhibitors. The datasets are still under investigation. 
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Transcription factors as putative drug target against
Pseudomonas aeruginosa: the structure of Dissimilative Nitrate

respiration Regulator DNR
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1Department of Biochemical Sciences, “Sapienza” University of Rome, P.le A. Moro 5, 00185 Rome,
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Dissimilative Nitrate respiration Regulator (DNR) from Pseudomonas aeruginosa is an NO-
dependent regulator which activates the transcription of the enzymes involved in the
denitrification pathway. In order to gain insights into the molecular and structural basis of this
important regulation. We cloned the dnr gene in E. coli. The recombinant protein is produced
as an homodimer. It is constituted by a sensory domain (N-ter) a dimerization alpha-helix and
an Helix-Turn-Helix motif (C-ter).
Recently we solved the structure of a C-ter deletion mutant composed by the sensing domain
plus the dimerization helix. We are now aiming at the structure of the full-length protein. We
obtained the first crystals of wild type DNR and during the last shift we collected 2 native
data set at 4.5Å. Unfortunately the resolution is very low and the data could possibly be
twinned, therefore we are going back to improve the crystals.

DNR wt NATIVE

Space group H3
Unit cell dimensions a=b=144.4 c=177.3

Overall InnerShell OuterShell
Low resolution limit 30.57 30.57 4.22
High resolution limit 4.00 12.65 4.00
Rmerge 0.309 0.083 0.562
Total number unique 11329 329 1696
Multiplicity 2.8 2.4 2.9
Mean((I)/sd(I)) 4.2 15.2 1.6
Completeness (%) 99.8 93.0 100.0
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Structural investigation of components of
polyketide antibiotic biosynthetic machineries
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The research project focuses on the pathway for polyketide antibiotics synthesis in Streptomyces
bacteri. We are trying to understand the enzymes mechanism of action in order to modify them and
produce different kinds of antibiotics [1]. We have grown crystals of one tailoring enzyme, the
cytochrome P450 EryK, involved in the last steps of the synthesis of erythromicyn.

We collected one data set of native EryK soaked with a inhibitor (clotrimazole, CLT-EryK) at
resolutions of 2.6Å. It crystallized in P212121space group with the following cell dimensions a=38.57,
b=58,04, c=178.02. Given its long axis and the high mosaicity, we collected 360° with an oscillation
of 0.3°. We solved the structure of CLT-EryK by applying the molecular replacement method, since
we had already solved the structure of the enzyme without substrate. The initial electron density map,
calculated without including in the model CLT, is very clear and reveals its binding to the active site.
The structure was refined at 2.6Å resolution using REFMAC5, the values of the Rfactors and Rfee are
respectively 0.204 and 0.290. The geometry of the model is reasonably correct.

Figure 1: Active site of EryK with CLT inhibitor bound on the heme group.
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Treatment of schistosomiasis, a widespread human parasitic disease caused by the helminth parasites
of the genus Schistosoma, relies mainly on one chemotherapeutic agent, praziquantel, although several
other compounds exert anti-parasitic effects. One such compound is the immunosuppressant
cyclosporin A (CsA). which has been shown to significantly diminish worm burden in mice infected
with Schistosoma mansoni. Given the well established interaction between CsA and the cyclophilin
(Cyp) superfamily of peptidylprolyl cis-trans isomerases, we decided to study the A isoform of S.
mansoni to gain insight into the structure and role of SmCypA in the schistosome and to clarify its
interaction with CsA. Although the mechanisms of antiparasitic effects are as yet unknown, they have
been observed to be unrelated to the PPIase and T cell activation roles and, therefore, raise the
possibility of cyclophilins possessing alternative functions in parasites [1].

We successfully cloned, expressed, purified and crystallized SmCypA and recently solved its tertiary
structure by x-ray crystallography, using human CypE as template for molecular replacement. The
overall three-dimensional structure is that of a monomer comprising a β-barrel enclosed by an α-helix
at both ends and is similar, as expected, to that of all deposited Cyp structures. SmCypA remarkably
contains seven cysteines; two of these (Cys-122 and Cys-126), located on the ridge of the active site,
are not conserved in the Cyp superfamily as a doublet. We crystallized two oxidation states of the
enzyme: one presenting the reduced cysteine couple (1.5Å resolution), and the other containing a
disulfide bridge between these two residues never reported before in other Cyps (1.8Å resolution).
This is the first example of a cyclophilin containing this disulfide bridge.

In parallel, we carried out functional experiments demonstrating that these two diverse redox states
have different PPIase activities. In fact, whereas oxidized SmCypA is inactive, reduced SmCypA is an
efficient isomerase active at nanomolar levels with a kcat/Km of 1.1 x 107 M –1s–1, and it is inhibited by
CsA (IC50 of 14 nM). This suggests a mechanism for regulation of SmCypA activity via oxidation of
its thiol groups.

The lack of conservation of this cysteine couple within the CypA superfamily, their close proximity to
the active site, and the importance of thiol groups for peptidyl-prolyl cis-trans isomerase activity
render this structural feature a challenge for the development of alternative and more effective anti-
schistosomiasis inhibitors and may in addition imply an alternative function of SmCypA in the
schistosome [2].
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Figure 1: Magnified view of the active site loop of SmCypA. The structures of SmCypA reduced
(blue ribbon) and oxidized (magenta) are superimposed. Atomic interactions of a water molecule,

present only in the reduced form, with the sulfur atoms of Cys-122 and Cys-126 are shown together
with their distances from the carbonyl groups of the loop.
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N-Methyltryptophan oxidase (MTOX) is a flavoenzyme from Escherichia coli which catalyzes
the oxidative demethylation of secondary amino acids such as N-methyltryptophan or N-
methylglycine (sarcosine). MTOX is one of several flavin-dependent amine oxidases whose
chemical mechanism is still debated.
The X-ray structure of monomeric N-methyltryptophan oxidase from Escherichia coli (MTOX)
was solved at 3.2 Å resolution by the molecular replacement method using Bacillus sp. sarcosine
oxidase structure (MSOX, 43% sequence identity) as search model. The analysis of the substrate
binding site highlights the residues that permit the accommodation of the bulky N-
methyltryptophan residue in MTOX. The residues within the first contact shell of the FAD
moiety appear to be virtually superposable in MTOX and MSOX. The MTOX catalytic pocket
differs from that of MSOX only by the presence of a Thr residue in position 239 (Met245 in
MSOX) located at the entrance of the active site and that appears to play a key role for the
recognition of the amino acid substrate side chain. Accordingly, a 15 fold increase in k(cat) and
100 fold decrease in K(m) for sarcosine as substrate has been achieved in MTOX upon T239M
mutation, with a concomitant three-fold decrease in activity towards N-methyltryptophan. These
data provide clear evidence for the presence of a catalytic core, common to the members of the
methylamino acid oxidase subfamily, and of a side chain recognition pocket, located at the
entrance of the active site, that can be adjusted to host diverse amino acids in the different
enzyme species [1].

[1]. Ilari A, Bonamore A, Franceschini S, Fiorillo A, Boffi A, Colotti G. “The X-ray structure of N-methyltryptophan
oxidase reveals the structural determinants of substrate specificity”. Proteins. 2008 Jan 10; [Epub ahead of print]

Fig.1. Overall protein fold of MTOX in ribbon
representation. The catalytic domain is colored red, the
FAD-binding domain is colored blue, and the FAD
cofactor is shown in yellow stick.
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Peroxisomal disorders are linked to severe pathological conditions in humans and in plants. 
Malfunction of lipid metabolism is the main cause for the pathological conditions, and peroxisomes 
are indeed best known for their role in general lipid metabolism and in the detoxification of H2O2 (1). 
However, these organelles also play an active role in cell development. E.g. peroxisomal enzymes 
catalyze the last steps in the synthesis of the plant hormone jasmonate (2), which can modulate fruit 
ripening, root growth and plant resistance against wounding and elicitors (3) and they activate indole-
butyric acid (IBA) into the plant phytohormone indole-3-acetic acid (auxin, IAA)(4), which modulates 

rooting and root growth. Plants rely almost exclusively on peroxisomal β-oxidation of fatty acids for 
fatty acid catabolism, while the primary site for β-oxidation in most other eukaryotes is the 
mitochondria. 

The peroxisomal β-oxidation pathway consists of four reactions. First, the CoA-activated acyl chain is 
oxidized by the flavoenzyme acyl-CoA oxidase (ACX) and 2-trans-enoyl-CoA is formed. Then, the 
double bond is reduced by 2-trans-enoyl-hydratase forming L-3-hydroxyacyl-CoA, which is in turn 
oxidized by the NAD+-dependent L-3-hydroxyacyl-CoA dehydrogenase. The resultant 3-ketoacyl-
CoA is thiolytically cleaved by 3-ketoacyl-CoA thiolase (KAT) producing acetyl-CoA and a two 
carbon shortened acyl-CoA ready for further degradation. Several isoforms of each enzyme are 
present in the peroxisomes of higher plants. In Arabidopsis thaliana (At) six ACXs (4-8), two 
multifunctional enzymes (MFE) harboring the 2-trans-enoyl-CoA hydratase and the L-3-hydroxyacyl-
CoA reductase activities (MFE2 and AIM1 (9, 10)) and three KATs (5, 11, 12) localize to the 
peroxisomes.  

The structure of recombinant AtMFE2 have been sought to analyze the role of individual isozymes 
and of protein-protein interactions in overall plant fatty acid catabolism and phytohormone 
production. AtMFE2, a three domain 79kD protein, has been crystallized in space group P3221, a = b 
= 110.4 Å and c = 125.0 Å, with one molecule in the asymmetric unit. Data including MAD data 
have been collected from six crystals covering native crystals, Hg-soaked crystals and 
selenomethionine derivatives. Substructure determination has been achieved using the program 
phenix.hyss (13) and the structure of AtMFE2 has been solved and is being refined in refmac5 (14). 
The present model is 95% complete and has reached an R/Rfree of 0.21/0.26. This is the first report 
of a structure of a MFE from a eukaryote organism.  :;<;=;>?;@
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Decarboxylation in organic chemistry acts via a carbanion intermediate which does not permit 

stereoselectivity. Biocatalytic systems provide the possibilty to introduce synthetic substrates 

for the production of optically active carboxylic acids containing a chiral centre at their Cα 

position. The enzyme aryl malonate decarboxylase (AMDase)1 from the soil bacterium 

Bordetella bronchiseptica which is independent from any known cofactor specifically reacts 

on α-aryl-α-methylmalonate to produce (R)-α-arylpropionate and CO2 (Fig. 1). It has 240 

amino acids in length (24 kDa) and is present as a monomer. Cysteine 188 in the active site 

provides stereoselectivity. Homologous enzymes, e.g. glutamate racemase from Streptococcus 

fermenti, share up to 30 % sequence identity in the active site and have second catalytic 

cysteine residue. Corresponding residue 74 in AMDase is replaced by a glycine. While the 

C188A-G74C mutant exhibits reverted stereoselectivity2 the G74C variant is active as a 

racemase3. No three-dimensional structure of any AMDase or related decarboxylating enzyme 

is available. The structure determination will help to understand enzyme function and support 

rational enzyme design for biotechnological synthesis of fine chemicals. 

          Fig.1 AMDase catalyzed reaction 
 

AMDase was produced in Escherichia coli and purified via His6-tag affinity chromatography. 

It was crystallized at 19 °C using 1.4-1.8 M K/Na phosphate as precipitant at pH 5.8-6.44. 

Setups were only successful if the protein was stored for 4-5 

weeks at 4 °C prior to crystallization. Bipyramidal-shaped 

crystals of spacegroup P212121 (Fig. 2) with a maximum size 

of 0.25 x 0.17 x 0.08 mm had a diffraction limit of 1.92 Å at 

100 K (ethylene glycol as cryo protectant) using synchrotron 

radiation. Since molecular replacement failed for phasing, 

heavy-atom derivatives were prepared. Fifteen multiple 

anomalous-dispersion (MAD) or single anomalous-scattering (SAS) datasets were collected 

Fig. 2. AMDase crystals. 

200 µm 
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from eight crystals at BESSY-MX beamline 14.1. Subsequently, a MAD peak dataset of a 

K2[Pt(CN)4] soaked crystal with a maximum of 2.4 Å resolution (Table 1) was used in 'single 

isomorphous replacement with anomalous scattering'  phasing. The final model was refined 

with Rwork/Rfree factors of 17.8 / 20.7 %. 
 

      Table 1. Data collection statistics. 

Wavelength (Å) 1.07198 
Unit cell: a,b,c (Å) 82.6, 100.9, 138.9 

Completeness (%) 98.7 (90.4) 

Unique reflections 86562 

Multiplicity 3.8 (3.5) 

Rsym 5.4 (49.9) 

I/σ(I) 
SigAno 

13.7 (2.7) 
1.72 

     Values in brackets correspond to the highest resolution shell (2.5-2.4 Å).  
 

The three-dimensional structure of AMDase (Fig. 3) resembles the so-called aspartate 

transcarbamoylase (ATC)-fold which consists of two superimposeable domains with a four-

stranded parallel β-sheet covered by α-helices. The catalytic center is located between both 

domains while the solvent-accessible C188 in the C-terminal domain is pointing towards the 

domain interface. The closest structural relatives are the so-called ST0656 protein (PDB ID: 

2DGD) from Sulfolobus tokodaii and aspartate racemase (PDB ID: 1JFL) from Pyrococcus 

horikoshii with root mean-square deviations of their Cα-atom positions compared to AMDase 

of 1.9 Å (196 Cα pairs) and 2.8 Å (186 Cα pairs), respectively.  

The four protein chains in the asymmetric unit show tremendous differences of more than 10 

Å in loops surrounding the active site (Fig. 4) which may constitute different conformational 

states during catalytic action. In chains A and B, the active site residue (C188) is solvent 

accessible while in chain C and D it  is  buried  in  the  C-terminal  domain,  attributing  to  

active  or  non-active conformations.  

Fig. 3. Stereo cartoon plot of AMDase. C188 is shown as sticks. Termini are marked. 
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Cysteine residues 148 (Fig. 5) and 188 in all chains are modified by covalent linkage to the 

buffer molecule β-mercaptoethanol which could be confirmed by electron-spray mass 

spectrometry. Altered cysteine residues (C148 in chain A and D, C188 in chain A) are 

involved in crystal contacts, thereby explaining the necessity of protein storage time before 

crystallization. 

 
Fig. 4. Stereo ribbon plot of AMDase monomers. Chains A-black, B-blue, C-red, D-yellow. 
Residues of rmsd < 2 Å are shown in lighter colors. C188 is shown as sticks. 

 

 

Fig. 5. Modified C148 in chain D. (2mFo−DFc) electron 
density map (blue, 1σ contour level), (mFo−DFc) omit 
electron density map (green, 2 σ contour level), residues as 
sticks and waters as small spheres are shown. Hydrogen 
bonds (<3.5 Å) or van-der Waals (<4 Å) interactions to 
C148 are given as dotted lines. Symmetry related molecules 
have different carbon atom colors. 
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The nail is a modified type of epidermis that consists of compact layers of dead cells of 

epithelium formed by α – keratin, a structural insoluble protein, which is rich in cysteine. Keratins are 
large molecules that consist of amino acids bonded together with the peptide bonds, -C(=O)NH-. The 
amino acids found in highest amount in the nail are glutamic acid (13mg/g), cysteine (11 mg/g), serine 
(10 mg/g) although genetic factors affect the composition.1 Human nails also contain in small amounts 
metallic elements e.g. Ca, Fe, Cu, Zn and thus nails can be used in order to monitor the concentration 
of essential elements. In this report we present preliminary results on the spectroscopic 
characterization of human nails using conventional and micro XRF and XAFS techniques.  

The studied nail samples were collected from donors at the Pulmonary Clinic of the Aristotle 
University of Thessaloniki. The sample names, the gender, the age and the health condition of the 
donors are listed in Table I.  The XRF spectra and elemental maps as well as the XAFS spectra at the 
Fe and Zn K edges were recorded at the KMC II and μ - spot beamlines. For both techniques we used 
energy dispersive fluorescence detectors in order to resolve the energy of the emitted photons, for the 
XRF, and to set energy windows for EXAFS. The 
latter minimizes the background in the EXAFS 
spectra due to absorption of preceding edges. The use 
of a capillary of 5μm diameter in combination with 
step motors that move the sample with micrometric 
precision, permit the construction of compositional 
maps and the acquisition of μ - XAFS spectra at 
preselected spots of the sample. The C, N, and O K 
edge NEXAFS spectra were recorded at the PM3 
beamline under high vacuum conditions in the 
fluorescence yield mode using a high purity Ge 
detector cooled at 77K. In all cases the measurements 
were conducted at room temperature, the detector was 
positioned in the horizontal plane and the normal to 
the sample was forming 45o to the beam and to the 
detector.  

 
Table I: Sample names, gender of the donors in parenthesis, age and health condition of the donors.  The Zn 
nearest neighbor distances to N and S, Debye Waller factors, coordination number are designated as R, σ2 and 
N, respectively. The mass ratios Zn/S and Fe/S for the studied samples are also listed.  

RN(
Å) 

RS(
Å) 

 

σ2
N ×10-3 

(Å2) 
σ2

S×10-3 
(Å2) 

Sample 
name 

Ag
e 

(yr
s) 

Health
y 

±0.011 ±1.0 

NN±0.2 NS/NN Zn/S 
×10-3 

Fe/S 
×10-4 

PD (F) 52 yes 1.99 2.26 3.9 3.1 2.8 0.43 2.3 8.3 
TD (F) 70  2.00 2.28 6.0 4.8 2.2 0.81 3.3 8.9 

ZTH (F) 48 yes 1.99 2.26 5.8 4.6 2.8 0.42 3.3 7.6 
KAL (M) 66  2.00 2.26 5.0 3.9 2.7 0.48 5.4 6.3 
SOS (M) 67  2.01 2.27 5.8 4.6 2.9 0.38 6.2 17.1 
PT (M) 60  1.98 2.29 6.7 5.2 2.6 0.53 15.5 10.6 
KO (F) 28        4.1 3.8 
SA (M) 28          
FB (M) 70          
PF (F) 32 yes         
MA (F) 31 yes         
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Figure 1: Representative conventional XRF 
spectrum of a human nail. The excitation 
energy was 10.5keV.  

328



 
1. Conventional XRF  

A representative XRF spectrum of a human nail recorded without the capillary is shown in 
Fig. 1. Along with the emission lines that have intensity proportional to the concentration of the 
excited element, a “double” peak due to elastic and inelastic scattering also appears. According to the 
fundamental parameter method, which is a standardless method for quantitative analysis, the mass 
ratio (wi/wj) of the elements i and j contained in the same sample is given by the following equation:2  
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where R are the counts of the characteristic K 
emission line of each element, ω is the fluorescence 
yield, p is the transition probability, τ is the 
photoabsorption cross section, μ/ρ is the mass 
absorption coefficient, ρ is the density and t is the 
sample thickness. E0 is the excitation energy and Ei,j 
is the energy of the emitted photons The μ/ρ can be 
calculated using the effective atomic number which 
can be determined from the ratio of the areas under 
the inelastic and elastic scattering peaks and / or 
from the X-ray transmissivity.3 The mass ratios 
(Zn/S) and (Fe/S) for selected samples are listed in 
Table I. It is obvious that the concentration of Zn 
and Fe in the human nails is about 3 and 4 orders of 
magnitude, respectively, less than S, which is 
contained in relatively large amounts in the nail 
keratin.  

 
2. Conventional Fe K NEXAFS  

The Fe K edge NEXAFS spectra of representative nail samples are shown in Fig. 2. The pre – 
edge peak is characteristic of distorted centrosymmetric bonding environment of Fe.4  

 
3. XRF mapping and μ-NEXAFS  

The 2D maps of the distribution of Fe 
and S in the SOS sample are shown in Fig. 3. 
Contrary to S, which is homogeneously 
distributed, Fe tends to cluster. The μ - 
NEXAFS spectra recorded from different 
sample positions with high and low Fe 
concentration are different. More specifically, 
the absorption edge is shifted and the overall 
shape is different. This result indicates that Fe 
has at least two different bonding 
environments in the nail.  
 
4. Zn K edge EXAFS  

The Fourier transforms of the Zn K 
edge EXAFS spectra of six nail samples are 
shown in Fig. 4. The fitting was performed in 
the first nearest neighboring shell using N 
and S paths in tetrahedral coordination, which 
is the most common coordination of Zn.5 The 
fitting results listed in Table I show that on 
the average the 1st nn shell consists of 3 N 
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Figure 2: Fe K edge NEXAFS spectra recorded at 
the μ-spot beamline using a 9 – element detector 
(without the capillary).  The spectrum of a reference 
Fe foil is also shown for comparison. 
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Figure 3: XRF map of the distribution of Fe and S in the SOS 
sample. The Fe K edge μ - NEXAFS spectra shown in the right 
panel are recorded from regions with high and low Fe 
concentration. The conventional NEXAFS spectrum recorded 
without the capillary is also shown. The maps are normalized 
to the maximum concentration. 
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Figure 5: (a) Oxygen, (b) Nitrogen and (c) 
Carbon K edge NEXAFS spectra of the MA 
sample. The energy position of the NEXAFS 
peaks determined after fitting is also indicated.  

and 1 S atoms.  The Zn – N and Zn-S distances are 
found equal to 2.00Å and 2.28Å, respectively. 

 
5. C, N and O K edge NEXAFS  
 The NEXAFS spectra of the MA sample 
recorded at the C, N and O K edges are shown in Fig. 
5. The detected peaks are fingerprints of various 
bonds.6  More specifically, the peaks at 285.5eV, 
288.3 eV, 289.6 eV in the C K edge spectrum can be 
assigned to transitions from the C 1s atomic orbital 
to *

)(aromaticCC=π , *
amideπ , *

NC=π , respectively, 
molecular orbital final states. The first is 
characteristic of amino acids containing aromatic 
rings (phenylalanine, tyrosine and tryptophan), the 
second is a fingerprint of the peptide bond and the 
third is characteristic of unsaturated C=N bonds 
present in histidine, arginine and tryptophan. The 
peak at 401.5eV in the N K edge spectrum is 
characteristic of the peptide bond, the two preceding 
peaks correspond to transitions to final *

NC=π  states 
while the peaks that appear at higher energies 
correspond to σ* resonances of C-N and C=N bonds. 
The peptide bond’s signature is also present in the O 
K edge spectrum at 532.5eV. The broad peaks at 
540.2 and 543.2eV can be assigned to transitions 
to *

OC−σ and *
OC=σ  final states. 

In conclusion, is it demonstrated that XAFS 
and XRF spectroscopies using Synchrotron radiation 
are powerful techniques for the study of hard 
keratinized tissues e.g. nails. More specifically, XRF 
can be used for quantitative analysis while metal edge 
XAFS provides information on their bonding 
environment and their structural role in the keratin 
protein. Non – metal edge NEXAFS provides 
information on the amino acid content of the nail. 
Finally, XRF mapping in combination with μ - 
NEXAFS reveals the different bonding environments 
in the nail.  

 
The measurements at BESSY were supported by the IA – SFS 
program of the EC (Project Nr 07.1.60657 and 07.2.70358). 
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Figure 4: Fourier transforms of the Zn K edge 
EXAFS spectra of six nail samples. The 
experimental curve and the fitting are plotted in 
filled circles and solid line, respectively. The 
contribution of the N and S paths in the first 
coordination shell are shown in dashed lines. 
The fitting of the filtered contribution of the 
first shell (k: 1-2.5A-1) is shown in the inset. 
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Methylation  by  S-adenosyl-L-methionine-(AdoMet)dependent  O-methyltransferases 
(OMTs)  (EC  2.1.1)  is  a  common  modification  in  natural  product  biosynthesis  (1).  Site-
specific O-methylation modulates the physiological properties and the chemical reactivity of 
phenolic compounds and renders them more hydrophobic. Cation-dependent OMTs constitute 
a small group of low molecular weight (23 to 27 kDa) enzymes (2). In plants caffeoyl CoA O-
methyltransferases  (CCoAOMTs),  named  after  their  preferred  substrate,  together  with  a 
second  group  of  cation-independent  caffeic  acid  OMTs  are  crucial  in  determining  the 
structural integrity of lignin in plant vascular tissues (6, 7). Specific subtypes of CCoAOMT-
like proteins also methylate other phenylpropanoids, preferentially flavonoids, with vicinal 
dihydroxy groups besides caffeoyl-CoA (2). In mammals these enzymes play important roles 
in the modification of catechol neurotransmitters in the brain or may inactivate potentially 
mutagenic flavonoids like quercetin in the liver and kidney (3, 4). Therefore, they are referred 
to as catechol OMTs (COMT) and are investigated as potential targets to cure degenerate 
brain diseases (5). The methyl transfer mechanism proceeds via an SN2-like transition state, 
and a cation-facilitated deprotonation of one of the two hydroxyl groups promoting the exact 
positioning of one of the two (the meta-position) of the negatively charged vicinal dihydroxy 
system to the electron deficient methyl group in AdoMet. 

The structural information is available for both groups of CCoAOMTs from plants (8, 
12).  The  structure  of  another  prokaryotic  protein  from  the  human  pathogen  Leptospira 
interrogans was also described but neither the cation-dependence nor any functional data 
were mentioned (10). In all prokaryotes analyzed so far and deposited in the databases (with 
the exception of archaebacteria) at least one member of CCoAOMT-like proteins is present. 
In this  communication we report  x-ray structure elucidation of a CCoAOMT-like enzyme 
from  the  cyanobacterium  Synechocystis sp.  strain  PCC  6803.  In  contrast  to  all  known 
eukaryotic enzymes this OMT displays a promiscuous position specificity favoring the para-
hydroxy group of  polyhydroxylated  aromatic  phenolics  for  the  attachment  of  the  methyl 
moiety. 

Structure solution
Purified  recombinant  SynOMT was  set  up  for  crystallization  with  a  standard  set  of 

crystallization  buffers.  Crystals  were  obtained  from  0.2  M MgCl2 x  6  H2O,  0.1  M  Tris 
hydrochloride pH 8.5, 30 % polyethylene glycol 4000 (w/v) and diffracted to 2.0 Å  The 
diffraction experiment was performed on the MSC Rigaku Raxis IV++ diffractometer at the 
wavelength  of  1.5418  Å.  A P3121  space  group  with  the  cell  constants  of  a=57.622  Å, 
b=57.622 Å, and c=119.834 Å  was determined. The integration and scaling of the diffraction 
data was accomplished with the use of HKL2000 software package (11). The analysis of the 
diffraction data suggested merohedral twinning. The twinning fraction of 0.284 with –h, -k, l 
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twinning  operator  was  determined  by  the  CNS  software  (12)  and  confirmed  by The 
Merohedral Crystal Twinning Server (http://nihserver.mbi.ucla.edu/Twinning/)

 . The structure of SynOMT was solved by molecular replacement using the structure of 
M. crystallinum PFOMT (9). Automated search using the program PHASER (13) determined 
one  molecule  of  protein  per  asymmetric  unit.  The  structure  was  refined  by  CNS  using 
twinned refinement strategy. The manual rebuilding of the model was performed with the use 
of the programs O (14) and Coot (15). The higher resolution dataset was collected at BESSY 
synchrotron  facility  to  the  resolution  of  1.8  Å  using  beamline  14.2  equipped  with 
Mar-165CCD detector.  This  dataset  however  showed a higher  twinning  faction  of  0.381. 
Subsequent refinement using the higher resolution dataset did not improve the quality of the 
structure and resulted in high discrepancy between R and Rfree.   The high resolution dataset 
was rejected due to poor results of refinement. Finally the structure was refined using home 
source dataset and was considered satisfactory with  twinned R=0.1519 and twinned Rfree= 
0.2154. 

Table 1. Crystallographic data, phasing and refinement statistics for SynOMT

Dataset
Data Collection 
Wavelength Å (≈) 1.54 18
Resolution Å (≈) 30-2.0
Total reflections 140633
Unique reflections 16207
completeness (%) 100 (99.9)
I/δ 17.4 (2.7)
Linear R (%) 0.124 (0.703)
Redundancy 8.7 (6.9)

Figure 1. Overlayed structures of the monomeric units of prokaryotic SynOMT (green) and 
plant PFOMT (red). The N-terminal lysine of SynOMT is shown as blue sticks. The one of 
the substrates bound to the structure of SynOMT is shown in yellow sticks. The cations bound 
in the active sites of both proteins are represented by grey sphere.

Structural characterization of the cation-dependent SynOMT 
At the first  glance the overall  folds  of the three crystallized proteins  from plants, 
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bacteria and  cyanobacteria  are very similar. As described for the M. sativa CCoAOMT (10) 
all proteins show the expected α/β Rossmann fold which is highly conserved among AdoMet-
dependent OMTs. Electron density was observed for the formed and bound ferulic acid and 
simultaneously isoferulic acid at the active site of the enzyme. The AdoHcy was found bound 
to  the protein.  SynOMT just  like other  cation-dependent  OMTs requires  a  bivalent  metal 
cation for activity. The magnesium ion bound to the active site of SynOMT is coordinated by 
D144 and D169 as well as N170 and M42 which backbone carbonyl oxygen. The side chain 
amino function of K3 may act as an additional stabilizing factor for the active site.
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Phosphodiesterases (PDEs) catalyzing the hydrolysis of the 3´-5´ phosphodiester bond of 

cyclic nucleotides (cAMP, cGMP) comprise a family of enzymes that modulate the immune 

response, inflammation, cell growth and many other functions. Eleven families of PDEs have 

been described including multiple isoforms with varying selectivities for cAMP and / or 

cGMP [1]. As essential regulators of cyclic nucleotide signalling, PDEs are recognized as 

important drug targets for the treatment of diseases such as heart failure, asthma and erectile 

dysfunction. Phosphodiesterase 4 (PDE4), the major cAMP-specific PDE in inflammatory 

cells and immune cells, is an attractive target for the treatment of asthma and chronic 

obstructive pulmonary disease. 

We could synthesize the catalytic domain of PDE4A in E. coli in inclusion bodies, refold it in 

active form by fast dilution and purify the enzyme by ion exchange chromatography and size 

exclusion chromatography. Initial crystallisation conditions were found using sparse matrix 

screens. Best crystals of PDE4A were obtained in the presence of 21 % ethylene glycol by the 

sitting-drop vapour diffusion method at a protein concentration of 5 - 7 mg/ml after ~8 days at 

292 K. A complete dataset of an orthorhombic crystal of unliganded protein were collected in 

house at 100 K with a maximum resolution of 

1.9 Å. The structure was solved by molecular 

replacement using catalytic domain of PDE4B [2] 

as a search model and could be refined with 

Rwork/Rfree factors of 18.8 / 22.0 % (Figure 1).  

To determine the binding mode of new inhibitors 

(in collaboration with Curacyte AG, Leipzig) and a 

substrate analogue, the substances were soaked into 

the crystals at a concentration of 400 µM each for 

one hour up to three days.  

Data collection of pretested crystals was performed 

at BESSY-MX beamline 14.1 at a wavelength of 

0.9184 Å. Crystals diffract up to 1.8 Å resolution 

 

 

Figure 1: Model of PDE4A342-704 
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(Table 1). Data analysis was done by Mosflm, Scala and Refmac 5.0 of CCP4 program 

suite [3] where the unliganded structure was used as an initial refinement model.  

After diffraction data of inhibitor soaked crystals were refined against the coordinates of the 

unliganded protein, positive difference electron density indicated the presence of the bound 

inhibitors. Furthermore, a magnesium ion which was not found in the unliganded structure 

could be identified. The 

delocalized π-electron systems of 

the inhibitors are bound via face - 

face and face - edge hydrophobic 

interactions to the two 

phenylalanine sidechains. 

Additionally one hydrogen bridge 

from the inhibitors to a water 

molecule which coordinates the 

two metal ions could be 

determined in each complex 

structure (Figure. 2) 
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Table 1: Data collection statistics 
 Inhibitor 5 Inhibitor 4 Inhibitor 2 

Wavelength [Å] 0.9184  0.9184  0.9184 
Space group P21212  P21212  P21212 
resolution range [Å] 26.06-1.82 61.08-2.15 28.85-1.9 
completeness [%] 99.7 (99.3) 99.8 (99.8) 78.5 (72.2) 
multiplicity 7.2 (6.7) 7.6 (7.4) 5.1 (3.7) 
mosaicity [°] 0.54   0.64  0.76 
Rsym [%] 11.0 (51.5) 15.4 (50.0) 8.9 (48.0) 
I/s 15.1 (3.1) 13.2 (3.4) 14 (2.0) 

   Values in brackets correspond to the highest resolution shell. 

Figure 2: Model of PDE4A342-704 in complex with inhibitor 5. 
    Distances are given in Å. 
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Growth and differentiation factor 5 (GDF-5) belongs to the transforming growth factor-β 
(TGF-β) superfamily of cytokines and exhibits multiple functions in skeletal and neural 
development [1]. There are several reports suggesting a protective effect of GDF-5 on the 
survival of dopamineric neurones, thus GDF-5 could be used in the treatment of 
neurodegenerative disorders such as Parkinson’s disease [2]. Interestingly, no neurological 
implications have yet been reported for patients that carry mutations in the gdf5 gene and 
therefore suffer from malformations of the appendicular skeleton. The severity of the skeletal 
phenotype depends on the position of the mutations within the gdf5 gene. Mutations occurring 
in the pro-domain of GDF-5 or affecting cysteine residues in the mature protein cause more 
severe phenotypes known as acromesomelic chondrodysplasias while single missense 
mutations in the mature GDF-5 cause mild phenotypes such as brachydactyly or 
symphalangism [3-6].  
As a secreted growth factor GDF-5 signals by binding two types of single transmembrane 
serine/threonine kinase receptors, BMP type I receptors and BMP type II receptors [7]. The 
BMP type II receptors bind with low affinity and phosphorylate the kinase domain of the 
BMP type I receptors in a hexaheteromeric assembly consisting of the dimeric GDF-5 and 
two of each receptor type. The BMP type I receptor then activates intracellular Smad proteins 
that translocate to the nucleus where they regulate transcription of target genes. Two BMP 
type I (BMPR-IA, BMPR-IB) and three BMP type II receptors (BMPR-II, ActR-II, ActR-IIB) 
can be recruited by GDF-5 for signaling raising the question whether all receptors are 
similarly recruited into signaling complexes or whether preferences exist for a particular 
receptor combination to yield a specific response. GDF-5 binds BMPR-IA and BMPR-IB 
with only a 10fold difference in affinity. Investigations have shown that though BMPR-IB is 
the preferential binding partner for GDF-5 in signaling also other type I receptors such as 
BMPR-IA may be used in vivo [8, 9]. The molecular mechanisms leading to the 
discriminatory binding of GDF-5 to BMPR-IA and BMPR-IB are not completely understood; 
therefore crystallographic analyses of binary complexes between GDF-5 and BMPR-IA or 
BMPR-IB, respectively, were carried out. 
We have successfully purified and crystallized the complex of GDF-5 and the extracellular 
domain of BMPR-IB. For phasing, methionine residues in GDF-5 where replaced by their 
selenium-labeled counterparts. Analysis of the crystal’s diffraction data acquired at BESSY 
revealed that the asymmetric unit is composed of the GDF-5 monomer and one BMPR-IB 
corresponding to only half of the complete binary assembly. The full complex is then formed 
by a symmetry operation as illustrated in Fig.1.  
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A comparison of complex-bound GDF-5 with the structure of free GDF-5 [9] shows that most 
parts of the ligand do not rearrange upon receptor binding. Changes are restricted to the finger 
regions that carry a characteristic tryptophan motif and to the loops confining the central α-
helix. This is however interesting since in complex-bound GDF-5 the tryptophan motif 
considerably participates in the formation of a hydrophobic cavity that completely buries 
Phe66 of BMPR-IB, which corresponds to the knob-into-hole feature defined for the BMP-
2:BMPR-IA interaction [10]. Similarly, Phe54 of GDF-5 located in the loop preceding the α-
helix seems to rearrange upon receptor binding to fill a small hollow formed by hydrophobic 
residues of BMPR-IB (Fig.1). 

 
 

 
Fig. 1: Structure of the complex of GDF-5 (green) and BMPR-IB (gray) as cartoon model. 
The part of the complex generated by a symmetry operation is shown in blue. Free GDF-5 
(pdb 1WAQ, yellow cartoon) is superposed onto GDF-5 in the complex. The cell surface 
would be beneath the plan view. The β1β2-loop of BMPR-IB has two conformations (red and 
blue) that are different to the β1β2-loop conformation found in BMPR-IA (orange). 

 
Another main binding determinant already designated a hot-spot of binding for the 
structurally related BMP-2:BMPR-IA complex involves Leu56 of GDF-5 and Gln67 of 
BMPR-IB. Comparison of both BMP-2:BMPR-IA and GDF-5:BMPR-IB structures reveals 
that the geometry of this bidentate hydrogen bond is preserved showing that although BMPR-
IA and BMPR-IB only share 50% sequence similarity the same residues are used for high 
affinity binding. Therefore, the reason for discriminatory binding of BMPR-IA and BMPR-IB 
by GDF-5 must be found in the periphery of the binding epitope. One example is Arg57 of 
GDF-5. By mutation of Arg57 to alanine GDF-5 is converted into a high affinity binder of 
BMPR-IA and can no longer differentiate between BMPR-IA and BMPR-IB [9]. Superposing 
GDF-5 onto BMP-2 in the BMP-2:BMPR-IA complex shows that the β1β2-loop of BMPR-
IA must exhibit a different conformation in a potential GDF-5:BMPR-IA complex in order to 
prevent steric interference of a histidine side chain with the side chain of Arg57 of GDF-5. 
The crystal structure of the GDF-5:BMPR-IB complex now demonstrates that in BMPR-IB 
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the β1β2-loop is likely restricted to two conformations that both conform the steric 
requirements of Arg57 of GDF-5 (Fig. 1). In BMPR-IB the β1β2-loop is more rigid due to 
three consecutive histidines clamped by a cystine bridge whereas in BMPR-IA the β1β2-loop 
is more flexible due to a glycine residue in the middle of this five-membered bulge. 
Therefore, while the β1β2-loop of BMPR-IB inherently obeys the necessary conformational 
restraints, the respective loop of BMPR-IA needs to adapt, possibly into a conformation that 
not necessarily represents the most favorable interaction mode, which then could result in a 
less stable complex assembly. In summary, the first structure of GDF-5 with one of its high 
affinity BMP type I receptors shows that in this system the majority of binding affinity is 
generated by defined and highly conserved ligand-receptor interactions. Ligand-BMP type I 
receptor recognition is accomplished by conformational differences in peripheral structures. 
This would represent a mechanism which could also apply to the recognition of type II 
receptors by BMP ligands. 
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Structural analysis of SMY2-type GYF domains and their ligands 
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The GYF domain is a poly-proline binding domain, present in almost all eukaryotic 

species sequenced thus far.  Upon the basis of their primary sequences and ligand 

binding specificities, these domains can be divided into two subfamilies: CD2BP2- and 

SMY2-type GYF domains. Whilst the former selects for ligands with a PPGW binding 

motif,  SMY2-type GYF domains bind the target sequence PPGf, where f is any 

hydrophobic amino acid excepting tryptophan.  

 

For binding studies we chose a C-terminal fragment of the protein BBP/ScSF1, which 

has been identified as a potential binding partner of SMY2-GYF through yeast two-

hybrid analysis. We selected an 11 residue fragment SSIAPPPGLSG binding to the 

SMY2-GYF domain with a KD of 14 µM as measured by fluorescence titration 

respectively (Kofler et al. 2005a). 

 

To provide structural evidence to account for its ligand specificity, we have determined a 

1.8 Å crystal structure of the GYF domain of the S. Cerevisiae protein SMY2, and a 2.6 

Å structure of the domain in complex with a proline-rich fragment of BBP/ScSF1.  

 

Apo SMY2-GYF crystallised with two molecules in the asymmetric unit in spacegroup 

P6522 with unit cell dimensions a=b= 68.24 Å, c=111.14 Å, whilst the complex 

crystallised with five domain:ligand complexes in the asymmetric unit in spacegroup 

P42212 and unit cell dimensions a=b= 101.89 Å, c= 151.10 Å. Cryo-protection for both 

crystals was the relevant reservoir buffer plus 20% (v/v) glycerol. 

 

A native 1.77 Å data set of crystals containing the apo SMY2-GYF domain was collected 

at the Protein Structure Factory beamline BL2 at BESSY (Berlin, Germany) 

(completeness 98.8 %, Rsym 6.1 %). For the complex a MAD data set to resolution of 2.6 

Å was collected on crystals containing SeMet substituted protein at beamline BL14 at 

the ESRF, Grenoble (completeness 99.4 %, Rsym 10.6 %).  

After Refinement the R factors of the apo SMY2-GYF structure and the ligand bound 
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structure were R / Rfree 18.8 % / 20.4 % and 20.5 % / 23.8%. 

 

The apo SMY2-GYF domain crystallised as a domain swapped dimer, with one dimer in 

the asymmetric unit. The swap occurs in the loop region 78-82 so that the C-terminal 

helix (residues 83-96) is bound to the second molecule of the dimer. 

The halo form crystallised as both a domain swapped dimer and as a non-swapped 

monomer in a single crystal, with 5 copies of the domain:ligand complex in the 

asymmetric unit, see figure 1. 

 
Figure 1 Representation of five SMY2-GYF domains in complex with peptide fragment from BBP/ScSF1. 

GYF domains are drawn as line and peptides in space filling mode. Molecules B (dark blue) and C (red) 

as well as D (yellow) and E (light blue) form a swapped dimer whilst A (green) is presented as monomer. 

The C-terminal swapped helix (residues 83-96) is distal to the peptide binding site and therefore does not 

effect peptide binding 

 

Like the CD2BP2-GYF domain (Freund et al., 2002), the SMY2-GYF domain does not 

undergo a conformational change upon ligand binding. The backbone rms deviation is 

0.6 Å between the apo and halo forms of SMY2-GYF. 

 

With the exception of a 5 residue hinge region distal to the ligand binding site, the 

structure of the domain is fully preserved between the domain swapped and non 

swapped forms. Superposition of the halo domain swapped structure (residues 11-77 

and 83'-96') onto the halo monomer gives a backbone rms deviation of 0.22 Å. 
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Core residues A4-L9 of the peptide could be clearly visualised for all 5 bound ligands, 

whereas I3 is only present in one complex and S10 could be modelled for three 

complexes. The peptide binds in a polyproline type II helical conformation.  

Prolines P6 and P7 pack into a hydrophobic cavity created by the highly conserved 

residues Y20, F31, W39 and F45. Additional interactions are the stacking of Proline P5 

to Y44 of SMY2 GYF and the hydrophobic contact between L9 of the peptide and L49 of 

SMY2 GYF, see figure 2. 

 
Figure 2 Binding pocket of the SMY2-GYF domain. Calpha trace is shown as green line with secondary 

structure elements. Sidechains of the GYF domain contributing in binding (in red) as well as peptide 

residues (in blue) are drawn as sticks.  

 

Protein coordinates and structure factor amplitudes have been deposited in the Protein 

Data Bank under accession codes 3BJJ and 3BMU for apo and halo SMY2-GYF 

respectively. Publication is in progress. 

 

 

Reference: 
Freund, C., Kühne, R, Yang, H., Park, S., Reinherz, E.L., Wagner, G.(2002) Dynamic interaction of CD2 

with the GYF and SH3 domain of compartmentalized effector molecules. EMBO. 21:5985-5995. 

Kofler, M., Motzny, K., Freund, C. (2005) GYF domain proteomics reveals interaction sites in known and 

novel target proteins. Mol. Cell. Proteomics. 4:1797-1811. 
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Magnesium is especially suitable for a basic scientific study of internal strain development 
driven by plastic anisotropy. It is the unique hexagonal metals in that the single crystal elastic 
constant and coefficients of thermal expansion are nearly isotropic and residual strain is 
caused due to plastic deformation. After deformation, it was observed the development of 
residual strains (stress) which depends on the relative crystallographic orientation of each 
grain [1,2].  
The aim of this work is to measure the internal strains (stresses) developed in magnesium 
alloy and magnesium matrix composites during the extrusion process. Syncrotron Radiation 
Diffraction, SRD, have been used to evaluate the residual stress profiles along the diameter in 
hot-extruded bars. 
 
The study was carried out in three different materials: pure magnesium, the WE54 alloy and 
the WE54 reinforced with SiC particles. The three materials were produced by a powder 
metallurgy route. During hot-extrusion, grains rotate to place their basal plane parallel to the 
extrusion direction. However, in the case of the WE54 alloy or in the case of the WE54-SiC 
composite, the microstructure is characterized by magnesium grains with intermetallic or 
ceramic particle located at the grain boundaries. These particles inhibit the plastic deformation 
during extrusion and the decrease the fiber texture intensity. 
The SRD experiments were carried out on the beamline IDDI. The range of energy was from 
0 to 135 KeV The diffraction angle was θ = 10º.  
The sin2ψ was used to measure the residual stress. The sample was tilted within the scattering 
plane between ψ = 0º (axial direction) and ψ = 90º (radial or hoop direction), where the ψ 
angle is defined as the angle between the scattering vector and the extrusion axis. A 
cylindrical co-ordinate system (axial, radial and hoop axes) have been adopted, due to the 
symmetry of the extrusion process. The principal stress system coincides with the sample 
geometrical ones. In order to obtain the radial and hoop strain components, measurements 
were performed along radii in both Z and X directions. If the extrusion axis is parallel to the 
scattering vector q, the axial strain component is measured. When the extrusion axis is 
perpendicular to q, the radial component is measured in a scan along X, and hoop in a scan 
along Z. In both directions, diffraction measurements are carried out each 1mm starting from 
the sample centre. Therefore, 9 points are measured in the extruded bar.  
The use of a white beam allows collecting the entire diffraction patter in each sample point 
and for each ψ angle. From this information the values of the lattice spacing, d, were obtained 
using the Bragg law: 

2sin
hcd

Eθ
=           (1) 

where h is the Planck constant, c is the light velocity, θ is the diffraction angle and E the peak 
energy. The elastic residual strain in the principal direction i can be calculated by the shift on 
the position of the diffraction peak 

0 0

0 2sin
i i

i
i

d d E Ehc
d E

ε
θ
⎛ ⎞− −

= = ⎜ ⎟
⎝ ⎠

       (2) 
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where d0 is the lattice spacing of the stress free value and di is the lattice spacing measured 
when the diffraction vector is parallel to the principal direction i(axial, radial and hoop). The 
stress free value was measured using the same magnesium powders, which are undergone the 
same heat treatment (400 ºC for 1 h) as the extruded bar. 
In the case of the pure magnesium which presents a strong fiber texture, there is not a linear 
dependence of the residual stress with the sin2ψ. However, in the case of the WE54 alloy and 
in the case of the composite the relation between the RS and the sin2ψ is linear. It is important 
to point out that each diffraction peak behaves independently. 
The total stress, T

iσ , was calculated using the Hooke´s law: 

( )( ) ( ) ( )1
1 1

T hkl
i hkl i hkl j k

hkl hkl

Eσ ν ε ν ε ε
ν ν

⎡ ⎤= − + +⎣ ⎦+ −
     (3) 

where i,j and k are the principal direction (axial, radial and hoop upon permutation of 
indices), Ehkl is the Young modulus of the hkl plane and νhkl is the Poisson´s ration of the 
hkl plane.  
Normally, the strain shows a linear dependence with the sin2ψ. Therefore, the strain values in 
the principal directions were obtained by a linear fit of the ε vs sin2ψ. However, the ε vs sin2ψ 
plots do not show a linear dependence. The non-linearity (oscillations) of the ε vs sin2ψ plots 
is commonly related with the effect of texture. The presence of texture essencialy introduces a 
variation of the diffraction elastic constants (DEC) as a function of the tilt angle ψ, since 
different families of grains are sampled. However, magnesium is elastically isotropic. 
Plasticity gradients can also lead to deviations from linearity of the ε vs sin2ψ plots. In fact, it 
has been observed that homogeneous plastic deformations introduce residual stresses in 
magnesium alloys because deformation is different between soft and hard orientation [2]. 
Even, the texture intensity varies along the bar radius.  
In order to obtain the strain in the principal direction, a linear fit have been carried out in the 
vicinity of sin2ψ = 0 (axial direction) and sin2ψ = 1 (radial or hoop direction). From these 
data, the total stress can be calculated from equation (3). Figure 1 shows the evolution of the 
residual stress for each diffraction peak as a function of the radius for both unreinforced 
materials: magnesium and WE54 extruded bars. Some considerations can be done in this 
figure.  
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Figure 1. Axial stress of the extruded (a) magnesium and (b) WE54 alloys as a function of the 
radius. 
 
- The RS in the magnesium extruded bars shows a compression behaviour in the case of the 
peaks and tension in the case of the (1013) . It is not possible to calculate the residuals stress 
for the diffraction peak (1013)  and (1013)  because these peak were only observed for values 
of sin2ψ >0.4, i.e. essentially no signal could be detected around the axial direction.  

b) a) 

344



- For the WE54 alloy, the RS, calculated from each diffraction peak, shows also different 
behaviour. However, al the diffraction peaks are next to 0. This behaviour is expected in the 
case of a random alloy because there is no texture influence 
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Figure 2 Axial stress of the extruded composite for the (a,b) magnesium matrix and for the 
(c,d) SiC particles as a function of the radius. 
 
In the case of the composite, the behaviour is completely different with respect to the 
unreinforced alloy. Figure 2 shows the axial stresses for each diffraction peak as a function of 
the radius of the extruded bar. The RS shows tensile behaviour in the matrix and compression 
behaviour in the SiC particles. The different between the CTE coefficient (αMg>αSiC) results 
in the formation of RS during the cooling after the extrusion. 
 
The general conclusion of this study was that during deformation of magnesium alloy, the 
formation a strong texture results in the development of RS. This anisotropy behaviour 
disappears when small intermetallic particles are generated in the alloy. However, if these 
particles present a lower values of the CTE (for example ceramic particles), RS are again 
developed. 
 
References. 
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(2003) 1003-1008 
2. G. Garces, G. Bruno, Comp. Sci. Tech. 66,(2006) 2664-2670  

7%SiC (2µm) 15%SiC (2µm) 

a) b) 

c)
)

d) 

345



Surface modifications of CuInS2 thin film solar cell absorbers studied by 
photoelectron spectroscopy 
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Chalcopyrite thin film solar cells yield efficiencies close to 20 %1 if low-gap (Eg ≤ 1.35 eV) 
Cu(In,Ga)Se2 (“CIGSe”) absorbers are being used. Their high-gap counterparts, however, still 
remain far behind the expectations in terms of efficiency. For high-gap CuInS2 (“CIS”)-based 
devices (Eg

CIS = 1.54 eV), for example, only about 12 %2 in efficiency has been demonstrated. The 
analysis of temperature- and illumination-dependent I(V)-curves shows that the dominant 
recombination mechanism of high-efficiency state-of-the-art low-gap chalcopyrite solar cells is 
thermally activated and takes place in the space charge region and thus in the defect-poor absorber 
bulk3. In contrast, the device performance of “wide-gap” chalcopyrite devices (e.g. based on CIS) is 
often limited by recombination along the defect-rich window/absorber interface4. This also agrees 
with the band alignment at the CdS/absorber interface. For low-gap CdS/CISe5 and CdS/CIGSe6 
heterostructures, a preferable flat conduction band alignment is found. Recent measurements, 
however, show that for “wide-gap” CIS heterostructures an inferior negative conduction band offset 
of -0.5 eV is formed between CdS and CIS7. Thus, it is believed that the key issue for a 

Fig. 1 Cu 3p (left)) and In 4d (rigth) spectra of differently treated CuInS2 absorbers. The spectra are 
normalized to the maximum intensity of the corresponding Cu 3p spectrum (Dots: Experiment, Red line:
Overall fit, Black lines: Fit contributions). 
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breakthrough of the “wide-gap” chalcopyrites is closely related to the ability to create a proper 
interface between emitter (ZnO:Al/i-ZnO/CdS) and absorber (in our case CuInS2, “CIS”). We 
therefore focus on the deliberate surface modification of CIS in order to tailor its surface/interface 
properties. 
The CIS samples (taken from the baseline process at the Technology Department of the HMI) were 
prepared by sputter deposition of the metal precursors Cu and In on Mo/glass substrates and 
subsequent rapid thermal processing in excess elemental sulfur vapor2. Using the unique 
preparation and characterization capabilities of the CISSY endstation8 (in particular the attached 
glove box), we performed various wet-chemical treatments and depositions under inert gas 
atmosphere. This allowed us to investigate the thereby induced modifications of the chalcopyrite 
surfaces by photoelectron spectroscopy (using the Thermo VG Scientific CLAM4 electron analyzer 
of the CISSY endstation) without exposing the samples to ambient conditions.  
Fig. 1 shows the Cu 3p and In 4d spectra of differently treated CIS surfaces, respectively. Note that 
the CIS absorber is etched in an aqueous solution of KCN to remove CuxS phases from its surface 
before characterization or subsequent treatments. Hence, “CIS” corresponds to a sample after KCN 
etching and all listed treatments were conducted after an initial KCN etching. The spectra in Fig. 1 
show that all treatments cause an In depletion compared to the untreated CIS surface reference. 
However, despite the partially very pronounced changes in surface stoichiometry, no changes could 
be observed in the corresponding S L2,3 x-ray emission spectra (XES, not shown), which is very 
sensitive for changes in the amount of S-In or S-Cu bonds9. Since XES is a probe of the surface-
near bulk, this indicates that the impact of the applied wet-chemical treatments on the stoichiometry 
is limited to the very surface of the absorber. In order to estimate the In/Cu ratio we quantitatively 
evaluated the Cu 3p and In 4d spectra (Fig. 1) and Cu 3s and In 4s spectra (not shown). We 
corrected the Cu and In PES intensities (normalized to measurement time and excitation intensity) 
with the respective ionization cross sections10. Since the respective Cu and In photoemission lines 
are energetically close together, we then assumed a similar information depth and analyzer 
transmission to calculate the In/Cu ratio. The average In/Cu ratio derived from the In 4d (In 4s) and 
Cu 3p (Cu 3s) photoemission lines normalized to the In/Cu surface ratio of the CIS absorber is 
shown in Fig. 2. As already concluded from the spectra in Fig. 1, one observes that all surface 
treatments lead to an In depletion. 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

HCl

C 5
H 7

O 5
COOH

K 2
Cr 2

O 7

NH 4
S

In
/C

u 
ra

tio

Samples

CIS
H 2

O
EDTA

Fig. 2 Mean In/Cu ratio as determined from the In 4d/Cu 3p and In 4s/Cu 3s ratio. The values are 
normalized to the In/Cu ratio of the CIS absorber. 

347



2.0

In addition to the surface treatments aiming at a tailoring of the surface composition, we also 
conducted treatment experiments to deposit/ incorporate cations or anions on/in the surface of the 
CIS absorber. Fig. 3 (left) shows the region of the valence band of a “Se-treated” CIS absorber, 
recorded using different excitation energies. The intensity increase of the Se 3d photoemission line 
with decreasing excitation energy (and thus with increasing surface sensitivity) is indicative for a 
very limited “incorporation” of selenium in the uppermost region of the CIS absorber. This is 
supported by the quantification of the valence band spectra shown in Fig. 3 (left). For the 
quantitative evaluation, we again corrected the intensities of the different photoemission lines 
(normalized to measurement time and excitation intensity) with the respective ionization cross 
sections10 and assumed a similar information depth and analyzer transmission. The In/Cu ratio as 
well as the average Se surface content (expressed by [(Se/In)+(Se/Cu)]/2) is shown in Fig. 3 (right), 
normalized to the most bulk-sensitive measurements (hν = 900 eV). We find an increasing In/Cu 
ratio with decreasing photon energy (and thus increasing surface-sensitivity). The same (even more 
pronounced) trend is also observed for the average Se surface content, confirming the conclusion 
that Se is incorporated at the surface only. 
 

1M.A. Green et al., Prog. Photovolt. 16, 61 (2008). 
2 J. Klaer et al., Semicond. Sci. Technol. 13, 1456 (1998). 
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6 L. Weinhardt et al., Proc. 17th European Photovoltaic Solar Energy Conference, 1261 (2001). 
7 L. Weinhardt et al., Appl. Phys. Lett. 86, 062109 (2005). 
8 I. Lauermann et al., Mat. Res. Soc. Symp. Proc. Vol. 763, 610 (2003). 
9 C. Heske et al., Phys. Stat. Sol. (a) 187,13 (2001) 
10 J.J. Yeh and I. Lindau, Atomic Data and Nuclear Data Table 32, 1 (1985). 
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Introduction: The NaxCoO2 materials display a variety of surprising electronic properties. If hydrated 

these materials exhibit superconductivity with a Tc of about 4.5 K. But also the non-hydrated NaxCoO2 

show puzzling electronic behaviours as a function of x [1]: At doping levels x<0.5 these materials are 

metallic but, at the same time, show a large paramagnetic 

signal. For x>0.5 these compounds are also metallic. But 

again this metallic state is unusual as it shows an enhanced 

linear specific heat coefficient, a magnetic Curie Weiss 

susceptibility and an anomalously large thermopower. At 

higher doping levels above x=0.75 even a spin density wave 

metal has been reported. Only in a very narrow region 

around x=0.5, NaxCoO2 is insulating at low temperatures 

with a very small gap of the order of 15meV [2].  

A very appealing property of NaxCoO2 is that, similar to a 

commercial laptop Li-battery, Na can be added or removed 

electrochemically by a charging or discharging process. The 

Na-ions in NaxCoO2, however, have a very strong tendency 

to order and various Na-orderings have been reported for 

different values of x. The Na-order is largely stabilized by 

Coulomb interactions and is expected to influence the 

CoO2-layers [3]. Clearly, the sodium ordering provides a 

route to break the symmetry of the triangular CoO2-system, 

which should have consequences for the electronic 

structure. Here, we focus on the doping level x=0.5, where 

the Na-ordering pattern is well established [4] (see Fig. 1). 

As a function of temperature this material displays a 

number of transitions: Na-order is occurs around 300K. Then AFM order sets in at 88K and a metal-

insulator transition is observed at 52K. Finally, there is another transition around 27K, which is 

observable in the resistivity and the magnetization.  

In order to unravel the complex physics of NaxCoO2 and to understand the electronic properties, it is 

important to clarify whether or not and how the Na-order couples to the CoO2-layers. Neutron 

Figure 1: Model for the Na-ordered 

structure of Na0.5CoO2 [4]. The zizag 

Na-order is indicated by broken lines 

in the lower panel (white: plane at 

z=0.75; grey: plane at z=0.25). The 

connecting lines between sites do not 

represent chemical bonds.. 
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scattering experiments already provided evidence that the Na-order does influence the spin 

ordering [5]. Here we applied Resonant X-Ray Scattering (RXS) at the Co K-edge to search for 

ordering related to the charge sector. 

Experimental technique: The RXS experiments have been performed at the MAGS-beamline located 

at the 7T Wiggler of BESSY. Polarization analysis of the diffracted beam was performed using the 

(006) reflection graphite. RXS at the Co K-edge (7710eV) involves 1s→4p transitions, rendering this 

technique highly sensitive to anisotropies of the local Co-environment. This also means, however, that 

it does not probe the ordering of Co:3d valence states directly. Regarding the sample preparation the 

following approach was used: First, high-quality single crystals of NaxCoO2 with x=0.75 were 

prepared using chlorine flux methods. These crystals were then doped by electrochemical extraction or 

enrichment of Na in order to achieve different values of x. 

Results: We studied the polarization, energy and temperature dependence of various superlattice 

peaks, such as (0 0.5 L), (0.5,±0.5,L), (0.25 0 L), (0.25, ±0.25,L). Large regions in reciprocal space 

were surveyed by taking a number of line scans at different temperatures and energies. We could not 

find any new superlattice peaks at low temperatures that occur in addition to the ones due to the Na-

order. However, we did find superlattice peaks for L even as well as uneven. Strong resonant 

enhancements and σπ-scattering at the Co K-edge for were only observed for (0.5 0 L) and (0 0.5 L) 

peaks (cf. Fig. 2(a),(b)). This shows that the Na-order results in two nonequivalent Co-sites with two 

different local environments; a result that is consistent with the structure shown in Fig. 1 [4]. In 

addition, the observations are in agreement with the spin and charge ordering shown in Fig. 2 (d) [5]. 

Figure 2: RXS measurements of Na0.5CoO2  at T=5 K. (a) Comparison of the RXS intensity in the σπ-

channel and x-ray absorption at the Co K-edge. (b) L-dependence of the RXS. The Thomson scattering, 

visible as cross talk signal below 7710eV, decreases, while the RXS increases with L. (c) Illustration of 

the scattering geometry (ΦA=90°: σπ-channel). (c) Schematic of the charge and spin ordering (from [5]). 
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The absence of any new superlattice peaks below 52K as well as the weak and continuous temperature 

dependences between 5K and 140K observed in the present experiments indicate that the charges in 

the CoO2-plane lock into the potential created by the Na-order. Taking these results and the smallness 

of the gap into account it appears to be likely that the Na-order induces a CDW within the CoO2-

layers. 

In order to understand the coupling between the Na-order and the CoO2-layers in more detail we are 

currently performing density functional theory calculations. Fig. 3 shows first results from LDA. Since 

we did not include U, we obtain metallic ground states. The comparison of the DOS in Fig. 3(a),(b) 

shows that including Na changes the band structure significantly: The states with dominant O:2p 

character (~shaded areas) are shifted with respect to the t2g-states resulting in gap around -1.4 eV. The 

effect on the O:2p states is also visible in Fig. 3(c), where it can be observed that the DOS of the O3-

site, which has a close Na-coordination, is reduced around the Fermi energy. These results can 

naturally be explained in terms of hybridization and the screening of the Na+-sites by the oxygen 2p-

states. At the same time the effect on the Co:t2g states is more subtle in LDA. We conclude that the Na 

occupation significantly influences the bandstructure and, most notably, alters the O:2p-bands. This 

implies that the Na-order of Na0.5CoO2 is connected to a spatial modulation of the O:2p states. In the 

strongly covalent CoO2 system, this modulation may affect the ground state properties of the Co-sites 

thereby inducing a CDW phenomenon related to the Co:3d states.  
References: 
[1] M.L. Foo et al., Phys. Rev. Lett. 92, 247001 (2004) 
[2] N. L. Wang et al., Phys. Rev. Lett. 93, 147403 (2004). 
[3] M. Roger et al., Nature 445, 631 (2007) 
[4] A.J. Williams et al., Phys. Rev. B 73, 134401 (2006) 
[5] Gasparovic et al., Phys. Rev. Lett. 96, 046403 (2006) 

Figure 3: Non-spin polarized LDA calculation for Na0.5CoO2. (a) Total DOS obtained from a calculation 

using the Na-ordered structure shown in Fig. 1. (b) Total DOS calculated in the VCA without Na-

potential. (c) and (d): The DOS for the Na-ordered structure, corresponding to the different sites in the 

unit cell. The calculations were performed using Wien2K. 
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Optically active sub-nanometer-sized gold and silver clusters in silicate glasses:  
In-situ SAXS studies of the initial stages of synchrotron activated cluster formation 
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Scientific background: 
 
Recently, we have developed a novel method to generate high concentrations of nearly 
monodisperse gold nanoparticles in soda lime silicate glasses [1]. Synchrotron irradiation of gold 
and silver doped samples causes defect centres in the glass [1, 2]. Subsequent annealing induces 
the trapping of X-ray generated electrons by positively charged gold or silver ions and finally the 
growth of clusters. At the early stages of metal cluster growth, synchrotron activated glasses 
become highly luminescent [3]. These small metal clusters could play an important role in 
optoelectronics. Our goal is the measurement of the optical characteristics (photoluminescence) 
of the noble metal clusters as a function of particle size, particle number, volume fraction and 
annealing conditions. Consequently, in-situ SAXS studies have been performed to investigate the 
kinetics of the particle formation in detail during the annealing process. The parameters: initial 
X-ray dose and annealing temperature have been varied. Furthermore, the influence of the X-ray 
beam during the measurements was also investigated by comparing experiments (a) after 
continuous measurement and (b) after closing the beam shutter between successive 
measurements.  
 
Experimental results: 
 
Figure 1 represents the fit results obtained for three non-activated samples at different 
temperatures. As a trend, we observed that the transformation speed, i.e. the formation rate of 
larger clusters, increases at elevated temperatures. The particle number density (N) does not 
depend strongly on annealing temperatures. The final mean cluster radii (<R>) as well as the 
particle volume fraction (V) increases with increasing temperature (550°C up to 590°C). For 
annealing times longer than 1 hour, a slight decrease of the particle number density is observed 
for the two samples annealed at 550°C and 590°C, respectively. This is a hint for Ostwald 
ripening processes to occur.  
 
Figure 2 shows the scattering curve fit results for two samples measured in situ at 500oC. Sample 
C1702-I was irradiated before the in situ experiment while the other was not. The difference 
between the growth parameters of the samples is significant. The number density, the average 
radius and the final volume fraction of the particles is lower for the non-activated sample than 
for the activated one. The particle formation process is slower for the non-activated sample. 
During the measurements, the X-ray beam influences the transformation process strongly and 
provides the growth of clusters in the non-activated sample.  
 

352



0.0 0.5 1.0 1.5 2.0
20

25

30

35

40

45
x1014

Time [h]

N
 [c

m
-3
]

0.2

0.4

0.6

0.8

1.0

Non-activated glass
 C1710-I; 550oC
 C1712-I; 570oC
 C1711-I; 590oC<R

> 
[n

m
]

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

v
x10-5

Figure 1 Temperature dependence of the particle 
formation during in-situ measurement of non-activated 

samples. 

This conclusion is confirmed also by 
the results depicted in Figure 3: the activated 
sample, C1704-I and the non-activated glass 
C1710-I, are compared again. Both samples 
were measured at 550oC during continuous 
irradiation by the measurement x-ray beam. 
The particle number density and volume 
fraction are again higher for the activated 
sample, but the difference is smaller than that 
at 500oC. The final average radii are the 
same. The particle formation is again slower 
for the non-activated sample. 

 
The third sample C1706-II was 

activated and measured under the same 
conditions as C1704-I and C1710-I, but the 
beam was interrupted for 5 minutes after 
every 3 minutes measurement. This way, the 
irradiation dose received by the sample 
during the in situ measurement was 
diminished by about 60%. As shown, this 
leads to a decrease in all three parameters 
and a significant decrease of the particle 
formation speed. 
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Figure 2  Influence of the initial irradiation (activation). 
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measurement and the initial irradiation. 
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The results from these experiments can be summarised as follows: 
 
1. The higher the temperature, the faster the precipitation of the gold particles (Fig.1). This 

is in accord with the temperature dependence of the diffusion coefficient of gold atoms in 
the glass matrix.  

2. The particle number density does not depend on temperature (Fig. 1). This result points 
to a heterogeneous nucleation process, which is in general independent from temperature. 

3. The initial radiation dose accelerates the cluster growth process (Fig. 2). However, the 
additional dose the sample receives during the in-situ measurements induces also a 
particle growth even in those samples, which were not initially activated. 

4. The total irradiation dose received by the sample during both activation and in situ 
measurement at the beginning of the growth process controls the (maximum) particle 
number density that is obtained in the transformation process (Fig. 3). Obviously, the 
generation of gold atoms by X-rays at the beginning determines the particle number.  

5. The initial irradiation does neither influence the final volume fraction nor the final cluster 
radius (Fig. 3). However, the total radiation dose (initial dose+dose during measurement) 
determines these values. 
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Hybrid materials comprising both naturally occurring biomolecules and synthetically pre-

pared semiconductor devices receive increasing attention in materials science. New functional 

devices are expected to derive from the combination of the two materials classes [1, 2]. From 

a structural point of view the interface between the first biomolecular layer and the semi-

conductor substrate is of decisive importance for the controlled preparation of such material 

hybrids and their functional interaction [3-5]. For this purpose, surface sensitive x-ray tech-

niques GID and GISAXS might be applied, albeit the small cross section of low-Z biolayers 

poses certain constraints to the intensity and spectral composition of x-rays to be used.  

In order to elucidate the experimental techniques required for this type of structural 

characterization, GID and GISAXS investigations of model systems were performed, in 

which purple membrane (PM) patches from Halobacterium halobium were prepared on 

silicon wafers. Purple membrane appears a reliable choice, since the natural formation of a 2D 

crystal lattice of integral membrane proteins bacteriorhodopsin (bR) allows for the monitoring 

of cell membrane patches from the in-plane Bragg reflections.  

 

 

Experimental 

Purple membrane patches were harvested from ET 1001 strain (wild type, formerly S9). 

Both native and Pb-labeled patches were used, with the latter being prepared from metal ion-

free blue membrane regenerated by addition of lead acetate (2 Pb per molecule bR). A 

thickness series was obtained by depositing 50 µl drops of PM suspension on p-type CZ-Si of 

(100) orientation, with bR concentrations ranging from 0.5 down to 0.0025 mg/ml. The 

thinnest sample exhibited a nominal thickness of about 5 PM monolayers.   

Two different measurement series were performed. In the first step the minimum number 

of monolayers of 2D ordered proteins should be evaluated. For this purpose, the 6-circle 

goniometer at KMC-2 beam line was used for GID experiments supplemented by a Bruker 

AXS HI-STAR area detector for collecting the scattered diffraction pattern. Beam energy and 

resolution ∆E/E amounted to 8 keV and 10
-4

.  

In the second set-up, the new SAXS-7TMPW beam line with its large 2D detector (1024
2
 

points, Molecular Metrology) was applied that allows for concomitant integration over small 

areas in (Qx, Qz) with high resolution. Various beam energies in the 8..22 keV range were 

tested in a GISAXS configuration, while the energy resolution again was in the 10
-4

 range.   

During both experiments, samples were held in an atmosphere of ambient composition, 

but of 100% humidity. For this purpose, a sample chamber was used that was sealed at 

incoming and outgoing beam positions by Trespaphan windows.  
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Results and discussion 

GID 

Figure 1 shows the GID pattern between scattering angles 1° < 2θ < 12° as measured with 

8 keV photons (top) and a HI-STAR area detector. Incidence and exit angle were set to αi = αf 

= 0.2°, slightly above the critical angle of PM (αc = 0.15°). The pattern stems from a 

nominally 1 µm thin PM layer and was collected within 180 seconds. The one-dimensional 

plot in the lower part gives the equatorial projection of measured intensities (green line). In-

plane hexagonal reflections hk0 are clearly recognized. 

Diffraction pattern from only five monolayers of PM patches on Si were also collected 

yielding a signal-to-noise ratio 

> 10 for the 110/200 peak couple 

after an integration time of 1800 s.  

 

 

 

 

 

GISAXS 

Figure 2 shows the GISAXS pattern collected with 22 keV radiation at a sample-detector 

distance of 1.282 m. Both in-plane hk0 and out-of-plane 00l reflections are clearly recognized. 

The occurrence of small, but measurable intensity different from background at true hkl 

positions is currently under discussion. We consider this effect to be caused by a spatial 

correlation of PM stacking along the vertical direction giving rise to true 3D diffraction.  

The pattern has been measured in an under-critical GISAXS configuration, i.e. the angle of 

incidence was smaller than the critical angle (α < αc). The primary beam was thus traveling in 

a kind of in-plane transmission mode through the thin film of PM patches.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 

Grazing-incidence diffraction 

(GID) pattern from PM/Si 

sample as measured with 8 keV 

photons (top) and projected 

intensity (bottom, green curve).  

Figure 2 

PM/Si diffraction 

pattern collected 

in GISAXS geo-

metry. Next to in-

plane and out-of-

plane reflexes hk0 

and 00l even non-

vanishing intensi-

ties, although 

small, but measu-

rable occur for 

true hkl positions. 
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Conclusion 

Thin films of PM patches on Si wafers turned out to be measurable by GID at the KMC-2 

beamline as was revealed by the occurrence of hk0 Bragg peaks.  

Diffraction pattern of PM/Si with a sufficient signal-to-noise ratio from only five 

monolayers of purple membrane were collected within 1800 s of integration time.  

Monolayers of two-dimensionally ordered proteins and other organic macromolecules on 

Si wafers can thus be concluded to become measurable in reliable time spans at KMC-2 and 

comparable beam lines.  

First experiments at the SAXS-7TMPW beam line demonstrated the concomitant 

collection of hk0 in-plane and 00l out-of-plane peaks plus measurable intensity at positions of 

hkl reflections – demonstrating the suitability of the method to even monitor 3D ordering 

effects like fully crystalline protein layers.  

It has to be emphasized that in the latter set-up the used configuration was that of an under-

critical GISAXS geometry (α < αc), i.e. the detector normal coincided with (000) reflection. 

In this “in-plane transmission geometry” the observation of hkl reflections became possible. 

Because of the small scattering angles this configuration follows the rules of forward 

scattering that is associated with only small peak broadening, even for some mm extended 

layers. However, this configuration requires high energy radiation in order for the primary 

beam to illuminate a sufficient part of the sample. Therefore, the used x-ray energy of 22 keV 

appeared a reliable choice.  

Summarizing, GID and GISAXS investigations at Bessy stations KMC-2 and SAXS-

7TMPW turned out to allow for the structural characterization of thin and periodically 

arranged arrays of biomaterials on standard semiconductor wafers.  
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1s-Photoionization of Ne2 - Decay Mechanisms and Core Hole Localization
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L. Ph. H. Schmidt, M. Schöffler, M. Odenweller, N. Neumann, L. Foucar, J. Titze, B. Ulrich, F. Sturm,

C. Stuck, R. Wallauer, S. Voss, I. Lauter, H. K. Kim, M. Rudloff, H. Fukuzawa, G. Prümper,
N. Saito, K. Ueda, A. Czasch, O. Jagutzki, H. Schmidt-Böcking, S. K. Semenov, N. A. Cherepkov

and R. Dörner

In march 2007 we used COLd Target Recoil Ion Momentum Spectroscopy (COLTRIMS) to investigate
the 1s-photoionization of neon dimers with a photon energy of 881.2 eV. We employed the photoionization
as an instrument to analyze the localization or delocalization of the vacancies in Ne2. By observing the
angular distribution of the inner shell photoelectrons and outer shell Interatomic Coulombic Decay (ICD)-
electrons in the molecular system we try to find an answer to this question. The geometry of the problem
suggests to think of individual localized atomic wave functions, while the symmetry requires the opposite.
Both sites in the homonuclear dimer are indistinguishable and so one should use symmetry adapted single
electron wave functions. Hence a vacancy should have defined g or u symmetry and should therefore be
delocalized over the two sites of the dimer.

The experiment was done at beamline UE56/1 SGM at BESSY in Berlin. The preparation took place
at the Institut für Kernphysik Frankfurt (IKF). As a neon dimers source we used a supersonic gas jet
which was cooled with liquid nitrogen down to 160 K. With this temperature and a gas pressure of 7.5 bar
we achieved a dimer to monomer fraction of 2 %.

We found different decay mechanisms occurring after the inner shell ionization of Ne2 leading to two
breakup channels, Ne1+ / Ne1+ and Ne1+ / Ne2+. With a probability of 14 % the first channel occurs
by ionizing the 2s-shell even though we chose the high photon energy. This inner valence shell vacancy
decays via ICD [1, 2]. Afterwards the dimer Coulomb explodes resulting in a fragmentation of Ne1+ +
Ne1+. There is also a second way resulting in Ne1+ / Ne1+. For this the dicationic state of the dimer,
Ne2+(2p−2) / Ne, produced via 1s-photoionization followed by an auger process, decays via radiative
charge transfer [3].

To analyze the localization or delocalization of the vacancies in the dimer, the asymmetric breakup
Ne1+ / Ne2+ is the interesting one. So in the following we want to focus on this channel. Here the
core hole ionization is followed by an auger decay in the same atom of the dimer, but, compared to the
dicationic state which decays via radiative charge transfer, an inner valence shell is involved in this auger
decay, Ne2+(2s−12p−1) / Ne. This state relaxes via ICD [4] and the dimer Coulomb explodes afterwards
(see figure 1).
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FIG. 1: 1s photoionization (1) leads to an Auger decay resulting in a dicationic one-site state of the neon dimer
(2). The Auger decay is followed by interatomic Coulombic decay (3) where the ion excitation energy is emitted
via a virtual photon transfer (A) or by electron transfer (B). Ending up in a state where both atoms are charged
positively the dimer Coulomb explodes back to back (4).
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The experimental results for this fragmentation are shown in figure 2. With a photon energy of 881.2 eV,
events demonstrating the photoelectrons of the Ne2 1s-ionization are located at an electron energy Ee

of 11 eV. The ICD events are identified as diagonal lines A) and B) with a slope of −45◦. Measured
in coincidence with the ionic fragments these diagonal lines indicate a constant sum energy KER + Ee,
which is a clear evidence for ICD [2].

FIG. 2: The kinetic energy of the ionic fragments (KER) in dependence of the electron energy (Ee). The photon
energy is hν = 881.2 eV resulting in an energy of the 1s-photoelectron of 11 eV. The two diagonal lines are a clear
evidence for interatomic Coulombic decay (ICD). Line A) is produced via the virtual photon exchange yielding a
sum energy of 11.1 eV. Line B) (with a sum energy of 14.3 eV) occurs as ICD via electron transfer happens, C)
see text.

Pathway A) shows ICD via virtual photon exchange and B) represents the process involving the transfer
of an electron. Both decays occur at different internuclear distances. In case B) the overlap of the
contributing wave functions is crucial for decay probability. Therefore it is suppressed at large internuclear
distance where the pathway A) is open [5, 6]. Channel C) indicates the decay from the dicationic state
Ne2+ (2s−2) [1S] / Ne [1S] to the two-site state Ne2+ (2s−1)(2p−1) [3P ] / Ne1+ (2p−1) [2P ]. Until now
it is not clear why we see two islands instead of a full diagonal line.

To now investigate if inner shell holes in diatomic molecules are localized at one of the atoms or
delocalized over the two equivalent sites we look for the angular distribution of the 1s-photoelectrons.
Figure 3 shows the experimental results for the photoelectrons in the body fixed frame of the neon
dimer. The asymmetric distribution represents the preference of the photoelectron to be emitted towards
the singly charged ion. Figure 3a), b) and c) validate our findings by showing the results for different
directions of the dimer axis. We compared our experimental findings to a calculation for a localized
1s-vacancy which has been restricted by the Hartree-Fock approximation using the method described in
[7]. The results of this calculation are presented by the full line displayed in the lower right in figure 3a),
b) and c).

The angular distribution of the ICD-electrons, produced via the two different interatomic Coulombic
decays, is shown in figure 4. Figure 4a) represents the ICD-electron created by the exchange of a virtual
photon (channel A) and in figure 4b) one can see the ICD-electron emitted after the electron transfer
(channel B). The asymmetry is clearly visible in the angular distribution and it switches from one to the
other site of the dimer if one compares channel A) with channel B). The preference of the ICD-electron
to be emitted towards Ne1+ in figure 4a) and towards Ne2+ in figure 4b) implies the emission of the
ICD-electron from opposite sites in both cases, which is exactly what one would expect from comparing
the two processes in figure 1.
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FIG. 3: Angular distribution of the 11 eV 1s-photoelectron in dependence of the orientation of the dimer axis
and the direction of polarization vector (horizontal). In a) and b) the dimer is aligned parallel to the polarization
according to the icons and within an angle of ± 3◦. In c) the plane is defined by the dimer axis and the
polarization of the light. The dimer is aligned perpendicular to the polarization and the photoelectron is fixed
relative to plane within an angle of ± 10◦. The asymmetry, being a result of core hole localization, is clearly
visible in the experimental data (circles). The solid line down right in a), b) and c) is a frozen core Hartree Fock
calculation assuming a localized emission.

FIG. 4: Angular distribution of the ICD-electron in the dimer frame. The dimer is aligned horizontal and it is
integrated over the orientation of the polarization vector. a) ICD-electrons which are created by virtual photon
exchange (Channel A) in figure 1), b) angular distribution of the ICD-electrons emitted after transfer of an
electron (Channel B in figure 1). As suggested by the sketch in figure 1 the direction of the asymmetry switches
from a) to b) depending on the decay path.
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Photoionization of Cl 2p-Excited Chlorine Monoxide  

R. Flesch, N. Heine, and E. Rühl 
Physikalische und Theoretische Chemie 

Freie Universität Berlin, Takustr. 3, 14195 Berlin 
 

 
Atomic chlorine (Cl) and chlorine monoxide (ClO) are reactive key species in the atmospheric trace gas 
budget. Electronic properties of these free radicals have been investigated in the past in the vacuum-UV 
excitation regime using photoionization mass spectrometry [1]. However, information on the electronic 
structure and dynamics in the inner shell excitation regime is sparse. Caldwell et al. have published the 
total electron yield of atomic chlorine [2]. No study on core-excited ClO has been published to date to 
the best of our knowledge.  
 

The experiments are carried out at the UE-52-SGM beamline. ClO is prepared in a fast flow reactor, 
where atomic chlorine reacts with chlorine dioxide (OClO) according to 

 
 Cl + OClO → 2 ClO.  (1) 
 
Atomic chlorine is prepared from molecular chlorine (Cl2) (1% Cl2 diluted in He) by using a 

microwave discharge. The sample is transferred into a vacuum recipient that is equipped with a time-of-
flight mass spectrometer. The effusive jet is crossed perpendicularly by dispersed undulator radiation. 

 
Time-of-flight mass spectra (TOF-

MS) are shown in Fig. 1, where the 
preparation of the gas phase is 
systematically changed. Fig. 1(a) shows 
the TOF-MS of molecular chlorine. Fig. 
1(b) shows the same sample as Fig. 1(a), 
but with the microwave discharge turned 
on. The Cl2

+ signal has almost 
disappeared and there is a strong increase 
of the Cl+ signal. This is due to the 
formation of atomic chlorine in the flow 
tube. Fig 1 (c) shows the TOF-MS of a 
Cl2/OClO mixture where signals of 
OClO+ and ClO+ are found. Fig. 1 (d) 
displays the TOF-MS of the Cl2/OClO 
mixture (cf. (c)), where the microwave 
discharge is turned on. The following 
changes compared to (c) are observed: (i) 
the OClO+ signal intensity is significantly 

decreased due to the occurrence of process (1); (ii) signals of Cl2
+ and O2

+ are increased. This comes 
most likely from recombination processes occurring in the flow tube, where Cl2 and O2 are formed from 
ClO. (iii) The intensity of the ClO+ signal is increased by ~30% even though the OClO+ intensity is 
decreased, indicating that neutral ClO is the source of the ClO+ signal rather than OClO+. Thus, the TOF 
spectra prove that atomic chlorine is formed in the flow reactor, which subsequently forms ClO 
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according to eq. (1). Fig. 2 shows the partial ion yield of ClO+ in the Cl 2p-regime. No resonant features 
are observed besides a strong background signal. This is unlike earlier work on OClO, where in total 
yields distinct Cl 2p-near-edge features are observed [3]. It is straightforward to assume that resonantly 
excited 2p-1 states of ClO undergo rapid dissociation, so that only the underlying valence continuum 
contributes to the strong signal shown in Fig. 2.  
 

In contrast, the Cl+-yield shows intense resonances under conditions, where ClO is present in the gas 
phase (cf. Fig. 1(d)). Fig. 3 shows various resonances in the Cl 2p-near-edge regime. Note that the Cl+ 
yield contains contributions from several sources, dominant channels should be: (i) ionic fragmentation 
of remaining Cl2

+; (ii) direct ionization of atomic chlorine; (iii) ionic fragmentation of ClO+. For 
example, the feature around 204 eV is most likely due to the Cl 2p → 4s transitions of atomic chlorine, 
which agrees with earlier work [2]. Therefore, various ion yield spectra have been recorded, so that a 
suitable subtraction of the different contributions to the Cl+ signal is feasible, assuming that finally the 
contribution from ClO+ remains. This includes Cl+ ion yields originating from Cl and Cl2. Further, a gas 
jet free of chlorine has been measured, so that other background contributions can be identified. The 
subtraction of these contributions is currently in progress and will be reported soon.  
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Fig. 2: Ion yield of ClO+ from a gas discharge in an 
OClO/Cl2/He mixture that contains neutral ClO. 

Fig. 3: Ion yield of Cl+ from a gas discharge in an 
OClO/Cl2/He mixture that contains neutral ClO. 
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Photoelectron Emission of Small Molecules and

Fullerenes
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Abstract: We studied the photoelectron emission of small molecules, like H2 and N2, and compared
the results to the much larger molecule C60. The interest was focussed on the oscillation patterns due
to Young-type interference effects, on asymmetries in the channels of forward and backward emitted
electrons regarding the direction of the fragmenting ion, and on the shape resonance feature at low
kinetic energies.

1 Introduction

‘What is the most beautiful physical experi-
ment in history?’ was the question of Physics
World ’s poll in Sept. 2002 [1]. The readers
chose the interference of single electrons in a
Young type double slit [2] as the topmost beau-
tiful experiment in the world. Photoionization
of homonuclear molecules can be regarded as
a molecular double-slit experiment with single
electrons, since the photoionization cross sec-
tions of – for example H2 – exhibit an interfer-
ence pattern according to Cohen and Fano [3]:

σ =
∑

`

σ`

= σH(Z∗) [1 + sin(kR)/(kR)]︸ ︷︷ ︸
two-center modulation

/(1 + S) ,

with σ` the photoionization cross section de-
pending on the momentum `, Z∗ the effective
charge, k the momentum of the outgoing elec-
tron, S the wavefunctions’ overlap, and R the
internuclear distance of the two H atoms.

2 Experimental set-up

The photoelectron–photoion-coincidence stud-
ies were performed at BESSY in Berlin and in
part at HASYLAB/DESY in Hamburg. The
electron- and the ion spectrometer can be
placed under different positions with respect to
the polarization vector of the linearly polarized
light. Applied voltages to the ion spectrometer
were triggered by the detection of an electron.

In order to record non-coincident photoelectron
spectra of fullerenes the gas inlet was replaced
by an oven, heated to ≈500 ◦C.

3 Results

By selecting only the fast H+ ions in coinci-
dence with hydrogen satellite (see figure 1) elec-
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Figure 1: The molecular double slit H2 com-
pared to N2. Units are related to the inter-
nuclear distance R (R = 0.74 Å for H2 and
R = 1.1 Å for N2). The ordinate is given in
arbitrary units. Compared to the results from
Chung et al. [4] (•) our results (•) are shifted
along the abscissa by π/2 due to the selection
of oriented H2 molecules. In case of the core
ionization of N2 results are given for the gerade
and ungerade channel [5].
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directly to the ion detector) emitted ions. The
ratio have been scaled to equality at high ki-
netic energies. The green arrow marks the
energy where asymmetries were observed re-
cently [6].

trons with a continuous energy distribution
matching to the dissociative final state H+, the
intensity ratio of photoelectrons emitted along
the molecular axis and the total ionization cross
section could be measured. This is the key
quantity of the current analysis of H2. In the
energy range under study the double ionization
of H2 is rather low compared to the single ion-
ization, hence the main fragmentation channel
is:

hν + H2 → H+∗

2 + e− → H+ + H + e− .

The signal shows a variation in the inten-
sity which supports the expected interference
pattern due to coherent emission from both H
atoms, as also observed in N2 molecules [5].
Figure 1 shows our experimental data in com-
parison to cross section data from Chung et
al. [4]. Both sets exhibit very good agreement,
they are only phase shifted by π/2 with respect
to each other. This is due to the fact that
partial cross sections represent solutions of the
Schrödinger equation for a 3-dimensional box
type potential, whereas our experiment, em-
ploying fixed in space molecules, represents the
1-dimensional case.

For H2 the frequency of the oscillation cor-
responds almost exactly to the inverse bond
length, reflecting the path length difference
of emitted electrons from two different sites.

Figure 3: Intensity of C60’s photoelectrons
from the two outermost orbitals HOMO and
HOMO−1. The electrons from the HOMO
orbital have ungerade parity, from HOMO−1
gerade parity. Results for C60 in the solid state
are represented by shaded areas. Units corre-
spond to the cage diameter (D = 7.1 Å).

This is different from the N2 case, where intra-
molecular scattering at the inner core electrons
gives rise to an energy dependent phase shift
resulting a slightly larger oscillation frequency.

Despite the Cohen-Fano like interference
there is another special feature in the data: The
resonant feature at the beginning, at ≈20 eV
for H2 (see figure 2). This, a called shape res-
onance, might indicate a formation of a stand-
ing wave with a wave length of λ=4R in agree-
ment with partial cross section measurements
[4]. Note the asymmetric behaviour below the
shape resonance at λ=4R: in this region the
backward direction is preferred against the for-
ward direction. The shape resonance together
with an oscillating structure at high energies
are also observed for the inner-shell photoion-
ization of N2 and the gerade state. In case
of the ungerade state the shape resonance is
strongly suppressed. A detailed explanation
about this characteristics is given in [5].

In case of the C60 fullerenes the electronic
structure is well described by delocalized elec-
trons in a box-like potential, the so-called Jel-
lium potential. This spherical potential gives
rise to very specific photoionization behaviour
known as oscillatory behaviour of the partial
photoionization cross sections [7] (see figure 3).
These oscillations are basically due to the peri-
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odicity of the solutions of the Schrödinger
equation of box-like potentials. One may in-
terpret these solutions as standing waves in
the fullerene. For the comparison the bond
length R has just been replaced by the fullerene
cage diameter D. Although the size of C60

is about 10 times larger compared to the
small molecules the valence photoionization be-
haviour of the C60 is – after scaling to the ad-
equate units – equivalent to the 1s ionization
of small homonuclear, diatomic molecules like
H2 or N2 [5] as shown in figure 1 because both
systems exhibit inversion symmetry. In case
of C60 the shape resonance could not be ob-
served, because the necessary energy region for
λ=4D (Ekin≈0.2 eV) was out of the beamline’s
scope. Follow up experiments about this topic
are planned for the upcoming beamtime.

4 Summary

We studied the photoionization of 1s electrons
from H2 and N2 and the valence ionization of
C60. We observed for all molecular systems :
(1) a Cohen-Fano type oscillation at high pho-
ton energies [short wavelength of the emitted
electron] and (2) a shape resonance at λ=4R.
Introducing scale invariant units related to the
bond length or cage diameter the phenomena
observed for all species are nearly identical.
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Fig. 1: Photoion-photoion-coincidence spectra recorded at T = 400 K. 
The ionization energies used are hν = 174 eV (above the S 2p-edge) 
(a) and hν = 235 eV (above the S 2s ionization energy) (b). The N+/N+ 
channel is due to impurities.

Fragmentation of Multiply Charged Sulfur Clusters investigated by COLTRIMS 
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Fragmentation of core-excited clusters has drawn a lot of interest in the past years. However, 

the experiments have focused mainly on van der Waals clusters, where size dependent fission 

mechanisms following inner-shell excitation have been derived from multicoincidence work 

[1]. Van der Waals clusters are weakly bound so that they are formed in wide size 

distributions. On the other hand, covalent clusters are molecule-like with well-defined 

geometries. They can be prepared by evaporation of solids with well-defined size [2]. 

Sulfur clusters have been studied before in the S 2p regime, where the fragmentation of S8 has 

been investigated [3]. The present work is a continuation of these attempts, by making use of 

a COLTRMS reaction 

microscope. It allows one 

to get a complete picture 

of the fission processes 

occurring in S8. 

The experiments are 

carried out at the U49/2-

PGM1 beamline at 

BESSY, using the single 

bunch mode. Sulfur 

clusters are obtained 

from heating neat yellow α-sulfur (Sigma-Aldrich, purity 99.5%) in a two-stage oven, where 

two independent heating systems are located at the body of the oven and at its orifice, 

respectively. The use of a two stage oven has the advantage that it allows one to control the 

cluster size. The oven chamber is connected via a pinhole to a vacuum recipient, where the 

cluster beam crosses the dispersed undulator radiation. The temperature of the oven is chosen 

such that the gas phase is dominated by S8 [1]. Coincidence measurements are performed by 

using a COLTRIMS reaction microscope [4] at the S 2p- and S 2s edges, as shown in Fig. 1 

for hν = 174 eV (above the S 2p-edge) (a) and hν = 235 eV (above the S 2s ionization energy) 

(b) . The N+ / N+ channel is due to impurities from the residual gas. It is useful as a calibration 

of the mass scale. The time resolution in the shown spectra is 30 ns. The broadening of the 

coincidence signals is partly due to a rather large interaction volume as well as to a probable 
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Fig. 2: Kinetic energy release for the 
S+ / S+ and S2+ / S2+ coincidence 
channels recorded after ionization with 
hν = 174 eV (a) and hν = 235 eV (b). 

Fig. 3: S+ and S2+ ion distribution as 
a function of the angle ϕ as recorded 
after ionization with hν = 174 eV (a) 
and hν = 235 eV (b). 

emission of neutral fragments. The analysis of the coincidence spectra allows one to 

determine the kinetic momenta of the recorded ions, which enables us to calculate the kinetic 

energy of the fragments.  

Fig. 2 presents the kinetic energy release distribution for the S+ / S+ and S2+ /S2+ coincidence 

channels recorded 

after ionization with 

hν = 174 eV (a) and 

hν = 235 eV (b), 

respectively. The 

distribution is 

calculated as the sum 

of both fragment 

energies for each of 

the decay channels. 

Fig. 3 depicts the S+ 

and S2+ ion 

distribution from the 

S+ / S+ and S2+ / S2+ 

coincidence channels 

as a function of the 

angle ϕ, as recorded 

at hν = 174 eV (S+ / 

S+) and hν = 235 eV (S2+ / S2+), where ϕ is the angle between the emission direction of the 

ions and the direction of synchrotron radiation (ϕ=±90° means parallel to the polarization 

direction, whereas ϕ=0° corresponds to the perpendicular direction). The strong dependence 

of the ion distribution on ϕ indicates that clusters undergoing fission are most favorably those 

that are oriented parallel to the polarization direction of the radiation, whereas the intensity of 

the fragments arising from the clusters oriented perpendicular to the polarization plane are 

weak in intensity. 

 
This project was funded by the BMBF (project number: 05KS4WWD/0) 
 
References: 

1 E. Rühl, Int. J. Mass Spectrom. 229, 117 (2003).  
2  J. Berkowitz, J. R. Marquart, J. Chem. Phys. 39, 275 (1963). 
3 C. M. Teodorescu, D. Gravel and E. Rühl, J. Chem. Phys. 109, 9280 (1998). 
4 R. Dörner, V. Mergel, O. Jagutzki, L. Spielberger, J. Ullrich, R. Moshammer and H. Schmidt-

Böcking, Phys. Rep. 330, 96 (2000). 

370



Local Electronic Structure of Doped Silicon Clusters: Direct
Evidence for the Magic Nature of Endohedrally Doped VSi+16
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V. Zamudio-Bayer1, T. Möller1, Bernd v. Issendorff2, and J.T. Lau1
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Because of their intriguing electronic and geometric properties, transition metal doped silicon clusters
have recently attracted considerable theoretical and experimental interest [1–5]. While pure silicon
does not form cage- or fullerene-like structures, silicon cages can be stabilised by doping with transi-
tion metal atoms. Theory predicts doped Sin clusters smaller than n ≈ 10 to form open, basket-like
structures. Larger clusters form cages, surrounding the dopant atom, where V Si+16, TiSi16, and
ScSi−16 are especially stable because of electronic and geometric shell closure [1, 3, 5]. These findings
are backed by reactivity studies [4, 6] as well as mass spectroscopy [2]. By varying the dopant atom
and the silicon host cluster size, electronic, optical, and chemical properties can be controlled, which
makes these clusters promising for possible applications.
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Figure 1: Vanadium 2p→3d X-ray absorption spectra of size-selected V Si+n clusters (n = 8, 12–18). The
magic cluster V Si+16 displays a spectrum with the clearest features and the sharpest lines.

One of the key issues in these clusters concerns the question of bonding of the transition metal
dopant to the silicon host. Now, the local electronic structure of vanadium doped silicon clusters
could be investigated for the first time. To achieve this aim, we performed X-ray absorption spec-
troscopy on size-selected clusters in an ion trap. In brief, vanadium doped silicon cluster cations
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were produced in a magnetron sputtering gas aggregation source. The cluster ions were size-selected
in a quadrupole mass filter and stored in a liquid nitrogen cooled linear ion trap. X-ray absorption
was measured in ion yield mode, were fragment ions, resulting from the relaxation of the core excited
state, are extracted from the ion trap and analysed in a time-of-flight mass spectrometer.
Resonant X-ray absorption spectra at the vanadium 2p → 3d absorption edge are shown in Fig. 1.
While for the larger clusters V Si+17 and V Si+18 these spectra show broad absorption lines, V Si+n
clusters in the size range n = 13–16 display a richer structure in their spectra. The smaller clusters
V Si+8 and V Si+12 again show broader X-ray absorption spectra. The most prominent and sharp
lines, however, can be seen for V Si+16, which is predicted by theory to be a highly symmetric Frank-
Kasper polyhedron [1, 5] with a nearly spherical silicon cage surrounding the vanadium atom. Since
the calculation of L2,3-edge X-ray absorption for the transition metals is a challenging task [7–10], no
theoretical spectra for V Si+n cluster are available at the moment. In a very simple model, however,
X-ray absorption can be linked to the unoccupied DOS, neglecting of course the important effects
of electron–core hole as well as electron–electron correlation, exchange, symmetry, and spin-orbit
splitting. This approach might nonetheless be justified by the assumption that the afore mentioned
effects will lead to an additional complexity rather than simplifying the X-ray absorption spectra.
Thus a cluster with a complicated unoccupied DOS will not show a simple X-ray absorption spec-
trum.
When comparing the X-ray absorption spectra to the local d-projected DOS at the vanadium atom
in a V Si+n cluster [5], a clear correspondence can be observed: The two lowest energy isomers of
V Si+16, accessible at liquid nitrogen temperature, are almost degenerate with a very similar geometry
and DOS. They show a very simple unoccupied DOS with sharp lines approx. 1 eV and 3 eV above
the Fermi edge, having their counterparts in the two sharp lines which can be seen at the vanadium
L3 edge. V Si+17 and V Si+18 clusters, on the other hand, show a broad unoccupied DOS [11], extend-
ing 4–5 eV above the Fermi edge, which is matched by the broad absorption lines. The situation
is intermediate for V Si+14 and V Si+15. Although this simplified approach cannot replace a detailed
theoretical treatment, the X-ray absorption spectra shown here provide for the first time an access
to the local electronic structure of doped silicon clusters. A thorough analysis of the experimental
data is currently in progress and will be published in the near future.
The experiments were performed at BESSY beamline U49/2-PGM-1. Important preparatory work
was performed at beamline U125/2-SGM. We gratefully acknowledge technical assistance by BESSY
staff members. This project was funded by TU Berlin by grant FIP 2/60. Travel to BESSY was
supported by BMBF 05 ES3XBA/5.
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Characterization of Immobilized Macro Algae Bio Mass by Hard X - Ray 

Fluorescence Measurements 
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Introduction 
The Characterization of metal capacity of bio mass by x - ray fluorescence 
measurements is the most powervul direct method for quantitative estimation of 
metal loading of wet and swollen immobilized bio mass under real conditions. The 
use of algae bio mass is of particular interest for the removal of heavy metals from 
contaminated water. Macro algae species have also been investigated for their 
potential to pick up metal. The aim of investigation is to provide a cost effective bio 
mass for sorption of heavy metals. 
 
 
Results 
Cultivation of Micro- and Macro algae 
Micro algae may be cultivated by sterile conditions in standard plain cylinder (Fig. 1), 
loop-, and plate reactors on different scales. Production plants for micro algae exist 
as open ponds and as a closed system under glass. Macro algae (Fig. 2) are 
cultivated in coastal see, of many countries. 
 

   
 

Fig. 1: Cultivation of micro algae (Spirulina platensis) Fig. 2: Macro algae (Undaria pinnatifida) 

 
 
Immobilized Macro algae Undaria pinnatifida 
Immobilized bio mass of algae (Fig. 3), with adequate mechanical, chemical, and 
thermal stability make possible the use of these particles in fixed bed columns (Fig. 
4) due to small pressure drop which happens during the flow through the column with 
contaminated water. 

  
 

Fig.4: Fixed bed column  Fig.3: Immobilized bio mass 
 
 
Biosorption of immobilized Undaria pinnatifida 
The sorption isotherms of Cu 2+ on macro algae U. pinnatifida are illustrated in 
Figure 5. The metal uptake capability was evaluated by fitting the experimental 

373



values with the Langmuir adsorption model. A good correlation between the 
Langmuir isotherm and the experimental data is given. 
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Fig.5: Cu 2+ sorption  capacity (isotherm) of immobilized macro algae Undaria pinnatifida 

 
Characterization of Immobilized Macro Algae Bio Mass by Hard X - Ray 
Fluorescence Measurements 
 
Preparation of samples 
Figure 6 shows all samples, which were used for the characterization of the 
immobilized macro algae bio mass of Undaria pinnatifida in form of spherical 
particles. Samples are labeled with capital letters. 
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Fig. 6:Values of Cu 2+ bio sorption isotherm on immobilized Undaria pinnatifida particles 

 
Figure 7 shows a cut wet and swollen particle (diameter 2 up to 3 mm) by real 
conditions. The dark green color reflects the bio mass particles inside of the spheres. 
The light color marks the matrix material. 
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Fig. 7:Cutted immobilized bio mass particle in wet and swollen real state 

 
For sample preparation of x – ray analysis are used special material (Fig. 8 and 9). 
 

  
 

  Fig.8: Prepared wet samples Fig.9: Prepared dried samples 
 
Figure 10 shows a view in the measuring chamber of the beam line KMC-2 “Berliner 
Elektronenspeicherring-Gesellschaft für Synchrotron-strahlung m. b. H. (BESSY 
GmbH, Berlin Adlershof)”. 
Samples were placed 45° to synchrotron beam and detector 90° to synchrotron 
beam. Measuring was carried out by room temperature and air atmosphere. 
The used detector (XFlash 1001, firm: Röntec) is an energy dispersive X-ray detector 
on basis of silicon drift chamber. 
 
 

 
 
 

Fig. 10: Measuring station (sample, detector, synchrotron beam line KMC-2) 
 
Each sample was placed by means of transmission detector so, that the advice has a 
maximum value. For measuring samples were irradiate for 100 s with primary energy 
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of 11 keV and the formed spectrum was storage digital. For that the programs RDPW 
and Automax were used. 
 
X-Ray Fluorescence Spectra for Estimation of Element Capacity on 
Immobilized Bio Sorbents 
 
X-Ray Fluorescence Spectra on Synchrotron Beam Line KMC-2 
 
Spectra of all dried samples were normalized at the real measuring time. The results 
are shown in figure 11.  
 

 

energy keV 

intensity 

 
 

Fig. 11: x - ray spectra of dried samples 
 
The spectra shows by 8.0 keV the Kα- and by 8.9 keV the Kβ- copper peak and the 
decreasing of intensity by decreasing of qeq (compare with figure 6). The area of 
spectra peaks is a function of element concentration. The calculated values clear 
describe the isotherm in figure 12. 
 
X - ray fluorescence mapping measurements on Beam Line KMC-2 also clear 
describe the isotherm. 
Approximately the same results were get by analyzing of EXFAS spectra. 
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 Fig. 12: Comparison of isotherms of integrated and normalized intensities of dried and wet samples 
 
 
Cyclic column experiments  
Bio sorption column was used for heavy metal removal of the watery phase. 
The sorption column containing spherical particles makes it possible to use the 
advantages of this equipment. 
 
Conclusion 
The special aim of the investigation is to find inexpensive biosorbents and 
inexpensive matrix materials for immobilization. The results received appear to solve 
this particular problem. Biomass of macro algae and the new matrix material are very 
helpful to reach this objective. 
 
• X -ray fluorescence measurements 
• Advantage: measuring metal components insight of particles (direct method) 
• Necessary: Isotherm estimation by measuring the concentration in solution 
• Outlook: Estimation of the binding structure by EXAFS Measurements 
• Multi-Component Measurements 
 
Keywords: bio sorption, biomass, immobilization, characterization, cyclic column 
experiments 
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X-ray Absorption Spectra of Mass Selected, Free Transition Metal

Cluster Cations at the Molecular Limit

K. Hirsch1, V. Zamudio-Bayer1, J. Rittmann1, M. Vogel1, Ph. Klar1, F. Lofink1, A. Langenberg1,
R. Richter1, T. Möller1, B. von Issendorff2 and J. T. Lau1

1 Technische Universität Berlin, Institut für Optik und Atomare Physik, EW 3-1, Hardenbergstraße 36, 10623 Berlin
2 Albert-Ludwigs-Universität Freiburg, Fakultät für Physik/FMF, Stefan-Meier Straße 21, 79104 Freiburg

e-mail: tobias.lau@physik.tu-berlin.de

It was possible to measure the X-ray absorption of free, mass selected 3d transition metal clusters
at the L2,3 edge. There is a lack of knowledge in the mechanisms leading to ”anomalous” X-ray
absorption spectra [1], especially for the early transition metals. It is crucial to have well defined
systems such as clusters for a fundamental comprehension. Therefore we investigated mass selected
3d transition metal clusters along the 3d series by means of ion yield spectroscopy, namely on
vanadium, titanium, chromium and cobalt. Revealing the development of the electronic structure
from atom to bulk is an important step towards a better understanding.
From probing the unocupied density of states of neutral clusters in previous work [2] it was obvious
that the transition to bulk like behaviour takes place at a size regime n < 30. Thus we decided to
study the unoccupied DOS of cationic clusters, because of the possibilty to do mass selection and
accumulate clusters by trapping techniques.
In a magnetron sputter source the cluster ions were produced, selected in a quadrupol mass filter
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Figure 1: X-ray absorption spectra of mass selected titanium (left) and cobalt (right) cluster cations
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and stored in a liquid nitrogen cooled, linear Paul trap. Exciting them with soft X-ray radiation
leads to fragmentation and / or higher charged clusters. These products were extracted from the
trap and detected by a time of flight mass spectrometer. For all the examined clusters there is one
dominant fragmentation channel into the singly charged cluster monomer, except for the monomer
cation itself where doubly and triply charged monomers were observed. Thus the intensity of this
fragment was measured as a function of photon energy for different parent cluster sizes gaining the
X-ray absorption spectra. Due to high energy resolution (≈ 80 meV ) it was possible to resolve
atomic multiplet structure of very small clusters up to n=3 as one can see in figure 1 (titanium and
cobalt as examples for early and late transition metals). Suprisingly, the transition to bulk like line
shape takes already place in small clusters at sizes n=4-5. However, as can be seen from figure 2,
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Figure 2: left: absorption onset right: L3/L2 branching ratio of cobalt clusters as a function of size. Values
for atom and bulk were taken from [3, 4]

the L2,3 branching ratio, the absorption onset and the effective spin orbit coupling (not shown here)
evolve gradually to bulk like values. The evolution of the absorption onset towards the bulk value
can be assigned to delocalization of the 3d states hence to better screening of the core-hole. This
reduces the core-hole—valence-electron interaction leading to a decrease of the L3/L2 branching
ratio approaching the bulk value.

Furthermore we compared the spectra of the monomer cations to those of neutral atoms [3]
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Figure 3: X-ray absorption spectrum of titanium cation, titanium atom (from [3]) and calculation

recognizing that they are very similar (see figure 3). From performing calculations with the Cowan
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code [5] it is obvious that the initial configuration of the vanadium, titanium and cobalt cations is
the one missing the 4s electron. Thus we conclude that the influence of the 4s electron is nearly
negligible.
The spectra shown here were obtained at BESSY beamline U49/2-PGM-1. Important preparatory
work was performed at the beamline U125/2-SGM. We gratefully acknowledge technical assistance
by BESSY staff members. This project was funded by TU Berlin by grant FIP 2/60. Travel to
BESSY was supported by BMBF 05 ES3XBA/5.
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1 Technische Universität Berlin, Institut für Optik und Atomare Physik, EW 3-1, Hardenbergstraße 36, 10623
Berlin

2 Albert-Ludwigs-Universität Freiburg, Fakultät für Physik/FMF, Stefan-Meier Straße 21, 79104 Freiburg

e-mail: tobias.lau@tu-berlin.de

We investigate the resonant 3p → 3d x-ray absorption spectroscopy (XAS) of free neutral
vanadium clusters. Neutral clusters are produced in a magnetron sputter gas aggregation
source. After passing a skimmer and a differential pumping stage the neutral clusters are
excited by soft x-ray photons in the region of the 3p edge of vanadium (30 – 59 eV; absorption
cross section 90 Mbarn per atom [1]). The excited state with the 3p hole decays through auto-
ionization or Auger processes emitting one or more electrons. After the decay the clusters are
charged positively and are detected in a double stage pulsed time of flight mass spectrometer
(TOF-MS). Since the target density in the neutral cluster beam is low, a high photon intensity
is needed, which is provided by BESSY II at the beamline U125/2 - SGM.
In the resulting ion yield spectrum ions with the same size to charge ratio n/z cannot be
distinguished. Therefore it is not trivial to determine the real size of the detected cluster ions,
which is of course necessary to make a statement about size dependent properties. For every
peak in the ion yield spectrum with the ratio n/z a limited number of pairs (n, z) contributing to
the peak are to be considered. The amount of contribution of each pair to a peak is determined
by fitting the TOF-MS spectra on testing spectra with variable proportions for each pair. For
this procedure, it is important to have a high TOF-MS mass resolution. With our TOF-MS we
achieve mass resolutions as high as 450. With the fitted proportions for (n, z), size and charge
resolved absorption spectra can be generated from the ion yield spectra.
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FIG. 1: Absorption spectra with charge states 1+, 2+ , and 3+ summed for different sizes n± 1.

The absorption spectra for different cluster sizes for the 3p excitation of vanadium clusters can
be seen in figure 1. The clusters investigated have sizes between n = 22 and n = 46 with a
size resolution of ∆n = 1. The energy step size is 0.5 eV for the regions before and after the
resonance (30 - 35 eV and 57 - 59 eV) and 0.2 eV for the main region (35 - 57 eV). As one
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can see, besides a better statistic for the larger clusters, all spectra look quite the same. They
show no fine structure and resemble the spectrum of bulk vanadium [2] almost perfectly with
only a slight shift of 1 - 2 eV towards lower energies. This could lead to the conclusion that the
evolution from the molecular characteristics to those of the bulk is almost completed at sizes
smaller than n = 22.
This conclusion proves to be only half true by looking at the different final charge states after
the decay of the 3p hole and their dependence on size and energy. The ions which we detect
in the TOF-MS have charge states 1+, 2+ or 3+. The relative abundance of these different
final charge states changes with size and energy as can be seen in figure 2. The percentage
of highly charged ions increases with increasing energy, as would be expected. Furthermore
the percentage also increases with increasing cluster size. This could be due to a lower second
and third ionization potential for the larger clusters or an enhanced stability of charge states
2+ and 3+ for larger clusters compared to smaller ones. For all cluster sizes the maximal
abundance is reached at about 46 eV for charge state 1+ and at about 49 eV for charge state
2+. The curve for the abundance of charge state 3+ looks more like a step function, starts
to emerge around cluster size n = 28 and stays lower than the curves for 1+ and 2+ for all
energies and sizes. The crossing point energy above which the state 2+ gets more favoured
than the state 1+ shifts from 49 eV for the smallest clusters with n = 22 to 44 eV for clusters
with n = 46.
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FIG. 2: Absorption spectra for different charge states 1+, 2+ , and 3+ for different sizes n± 1.

Despite these differences in the decay mechanism of the 3p hole the line shape of the total
absorption spectrum, which is given by the sum of all charge states, is nearly the same for
all the sizes (cp. figure 1). The conclusion that the evolution of the bulk characteristic is
completed at sizes n = 22 is hence only true with regard to the intensity of absorption but not
with regard to the decay mechanism of the 3p hole.
Comparing our results with the vanadium atom (figure 3 [1, 3]) shows that the spectra for the
smaller clusters resemble the spectrum of the atom in a higher degree than the spectra of the
larger clusters do. As for the atom the difference between the abundances of states 1+ and 2+
above the crossing point energy is rather small for the smaller clusters and no triply charged
ions are observed. On the other hand, the energy of the crossing point seems to be lower than
for the smallest clusters and higher than for the largest clusters. However this energy is not
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easily determined from the strongly featured atomic spectrum.
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FIG. 3: Ion yield spectra of the vanadium atom with final charge states 1+ and 2+. No charge state
3+ was observed.[1, 3]

We wish to thank BESSY staff members for their readily provided assistance. The ion yield
spectrum of the vanadium atom shown in figure 3 was kindly provided by T. Richter, K.
Godehusen, and P. Zimmermann. This project is funded by Technische Universität Berlin as
research initiative project FIP 2/60. Travel to BESSY was supported by BMBF 05 ES3XBA/5.
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Boron containing species are ideal precursors for generating semiconducting boron carbide 
thin film devices by chemical vapor phase decomposition and deposition (PECVD). These 
semiconductors are ideal for applications like neutron detection [1]. Knowledge of the 
molecular decomposition and fragmentation of boron containing cage molecules are of central 
importance to understand the mechanisms leading to the material growth and possibly the 
materials properties, which at present are not well understood, in spite much successful 
device fabrication. Such gas phase studies have been sought by those seeking to model the 
PECVD processes.  
 
Isomers of closo-dicarbadodecaborane and closo-phosphacarbadodecaboran have been 
investigated by photoionization mass spectrometry in the gas phase of these low volatility 
compounds. Monochromatic synchrotron radiation from BESSY was used at the 3-m-NIM-1 
beamline. Alternatively, undispersed synchrotron radiation was used as this was found to be 
suitable in order to compensate for low target density. A quadrupole mass filter is used for 
photoion detection [2]. Inserting a LiF cutoff filter allows us to measure mass spectra without 
higher order radiations or stray light. The first ionization energies IE have been determined 
for the first time for the following species: para-carborane (IE=10.42 eV), ortho-
phosphacarborane (IE=10.17 eV), and meta-phosphacarborane (IE=10.23 eV).  
 
The inherent drawback for mass spectrometry experiments on boron containing species is the 
natural isotope abundance ratio of 10B/11B, which is known to be ∼¼ [3]. Further, the cages 
are saturated by hydrogen, which undergo loss of one or several hydrogen atoms after 
photoionization. Therefore, we have developed a numerical model that allows us to derive 
from the experimental results reliably the number of boron and/or carbon sites in each 
fragment. This model considers the natural abundances of the isotopes, assuming that the 
fragmentation from different isotopomers has the same probability. It yields mass spectra of 
the hypothetical mass spectra of the monoisotopic compounds (see Fig. 1). These are of 
importance in order to retrieve the complex fragmentation routes of the species under study. 
The mass spectra recorded by using undispersed synchrotron radiation with a LiF cutoff-filter 
are dominated by the parent cation regime (including the loss of hydrogen). Fragmentation of 
the cage is of low intensity. This gives evidence for the high stability of the cage in the 
regime of single ionization. If the LiF filter is removed, the intensity of smaller fragments, 
such as BHx

+, B3Hx
+, is enhanced. These cations may also contain carbon, which cannot be 

resolved in the mass spectra. Moreover, the doubly ionized molecule is observed. This is 
similar to C60, which is known to stay intact upon multiple ionization [4].  
 
Selected results on fragmentation of the parent cation mass regime are shown in Fig. 1. Focus 
is the multiple hydrogen loss from the parent cation. Fig. 1(a) shows experimental results on 
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p-carborane (1,7-C2B10H12), Fig. 1(b) indicates the calculated number of hydrogen sites at the 
molecular cage, where three different isomers of closo-dicarbadodecaboranes are compared to 
each other. The results reveal that the highest abundance is observed for even numbers of 
hydrogen located on the singly charged cage, as derived from the model that is used to fit the 
experimental findings from photoionization mass spectrometry. Another important aspect is 
that the isomers show a quite similar fragmentation pattern, indicating that the locations of the 
carbon sites are not of importance to the abundance of the observed cations.  
 

 
Fig. 1: (a) Photoionization mass spectrum of 1,7-C2B10H12 in the m/z-regime 126 – 146 (ionization by 

undsipersed synchrotron radiation); (b) calculated number of hydrogen sites bound to the molecular 
cage. 

 
Another interesting aspect that has been investigated is the fragmentation of the cage, where 
the analysis of cation intensities upon excitation by undispersed synchrotron radiation reveals 
that both, the intact cage and the C1/B1-region show the highest abundance. The intensity of 
other fragments drops smoothly from these fragments to the (B6Hx)+ region, which shows the 
lowest abundance compared to the other fragments of the cage. This implies that 
fragmentation from singly charged ions is asymmetric yielding either heavy or light fragment 
ions.  
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Photoelectron spectroscopy of laser-prepared targets is a well-established powerful tool to 

study the complex dynamics in the electron cloud of atoms [1] and measurements of the linear 

and circular dichroism provide detailed information on the photoionization process [2]. 

Previous studies, using the well-defined polarization of laser and synchrotron radiation, have 

investigated in a pump-probe arrangement the effect of alignment and orientation either in the 

excited state or through optical pumping in the ground state of the atom (e.g. [3-5]). In the 

present study, we show for the first time that in high-resolution experiments at third 

generation synchrotron radiation facilities an additional, previously completely ignored effect 

has to be taken into account, namely the resonant coupling between ground and excited state 

induced by the laser light. 

The experiments were performed at the BESSY U125/2-SGM beamline. Monochromatized 

synchrotron radiation crossed the effusive beam of potassium vapor in the acceptance volume 

of a Scienta (SES-2002) electron analyzer. Up to 30% of the potassium atoms were excited to 

the K*3p64p 2P3/2 state using 766.70nm radiation from a Ti-Sa laser. Figure 1 shows two 

typical spectra recorded after laser-excitation to the 4p 2P3/2 state and ionization in the 3p shell 

at hν(SR) = 90eV. The relative orientation between the polarization vectors of laser and SR 

radiation was set to +45° and -45°, which results in maximal differences between the spectra. 

At lower kinetic energies (62.7-64.5eV), lines attributed to the K+3p54p 1,3S,P,D multiplet 

from the laser-excited K are observed showing clearly an intensity variation for different 

orientations of the polarization vectors. This finding is similar to former studies and is mainly 

determined by the alignment of the 4p 2P3/2 excited state induced by the linearly polarized 

laser light. The new and surprising effect is seen on the high-energy side of the spectrum 

(64.5-65.5eV), where the K+3p54s 1,3P multiplet lines caused by the 3p-ionization of the 4s 
2S1/2 ground state show up. Although the j=1/2 ground state cannot be aligned by laser 

pumping, a clear linear dichroism in the photoionization is observed. These experimental 

findings are interpreted as laser-induced resonant coupling between the 4s 2S1/2 ground and 

the 4p 2P3/2 excited state, which leads to a superposition of both states for the ionization 

process.  
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The theoretical description of the effect is based on a solution of the Liouville equation for the 

statistical tensors of an atom in two electromagnetic fields. For the particular geometry used 

in the present experiment, the intensity variation can be expressed by the equation W = a + b 

cos (2θ + δ), where θ is the angle between the laser and the SR polarization vectors and the 

coefficients a, b, as well as the phase tilt δ depend on the ionization amplitudes, initial 

alignment of the laser prepared excited state, population ratio between the excited and the 

ground state, the Rabi frequency of the 4s 2S - 4p 2P transition, and the time duration of the 

SR pulse. In the above formulation, the effect occurs due to existence of the non-diagonal 

first-rank tensor ρ10(2S1/2,2PJ), which is oscillating with the Rabi frequency. The effect can 

therefore be pronounced when the time duration of the SR pulse is comparable with the Rabi 

frequency and drops down for SR pulses much longer than the Rabi period. The quantitative 

theoretical analysis taking into account also the hyperfine structure effects is presently in 

progress.                                   

               
Fig. 1: Photoelectron spectra of atomic potassium recorded after laser excitation to the 4p 
2P3/2 state and photoionization at hν(SR) = 90eV for two relative angles between the linear 
polarization vector of the laser and the synchrotron radiation. The configurations of the final 
ionic states for 3p ionization of the ground (black) and excited (green) state are indicated. 

The project was funded through BESSY-EC-IA-SFS Contract (EU R II 3-CT-2004-506008). 
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 Ordinary yet unique, liquid water is probably the most important substance on earth. It 

possesses a number of important properties essential for life in any form known today. The molecular 

structure of liquid water is very complex and has been and still is a subject of ongoing assiduous 

discussions. The unique properties of liquid water stem from its ability to form dynamic hydrogen bond 

networks whose connectivity changes constantly. The hydrogen bonds (H-bonds) are being broken 

and reformed on a time scale which ranges from femtoseconds (fs) to picoseconds (ps).  

Investigations of H-bond dynamics in water have been largely dominated by ultrafast mid-

infrared (IR) spectroscopy. Pump-probe and photon echo spectroscopy [1] have been extensively 

applied to understand the dynamics and to detect the sequence of events related to H-bond breaking 

and forming. Recent time-resolved vibrational spectroscopic studies of liquid water have shown two 

distinct molecular species: strongly and weakly H-bonded structures. Except for fundamental 

dynamics of the O-H stretch modes and associated H-bonds connecting neighbours, specific 

information on the number of H-bonds and local coordination structure could not be obtained from 

these studies [2].  

Alternatively, the fast making and breaking of these H-bonds results in a statistical distribution 

of different coordinations (or H-bonding configurations) for the water molecules. Different 

configurations affect the (local) water electronic structure and this can be effectively measured by well 

established experimental techniques such as x-ray diffraction, x-ray absorption (XAS) and x-ray 

emission spectroscopy (XES), and x-ray Raman scattering. XAS, in particular, has proved to be a 

powerful technique for probing the local environment in water [3]. We believe that combining ultrafast 

IR excitation of the O-H stretching vibration with probing of the H-bond dynamics via x-ray absorption 

spectroscopy with ultrashort pulses can yield unprecedented insight into the H-bond dynamics of 

water. We are planning to perform time-resolved XAS based on a pump-probe scheme (see figure 1 

top right). That means to excite (pump) the O-H stretch vibration in liquid water using a ultrafast mid-IR 

laser and probe the dynamics of the H-bonding network on a molecular level with time-resolved O K-

edge XAS. 

Applying XAS on liquids has been a long-standing challenge due to the incompatibility of the 

high vapour pressure of the liquid with the vacuum conditions required to perform soft-XAS [4]. For our 

purpose the transmission mode proved to be the most efficient and reliable way of performing time-

resolved XAS [5]. Due to the short penetration depth of soft x-rays in water, the thickness of the liquid 

should be limited to a few hundred nanometers to allow sufficiently high output signals for appropriate 

data interpretation. To create such an ultrathin liquid film using nano-scaled geometries and to provide 

it for vacuum measurements is technically very challenging. At the Application Center for Micro-

engineering at BESSY intensive efforts were made for fabrication and design of a nano-fluidic cell 

which uses metallic spacers (height 250 nm) between two Si3N4 membranes (thickness of 100 nm, 

measurement window dimensions of 800x800 µm2) to form a one-dimensional nano-fluidic channel 

388



(see C. Weniger – Bessy Annual Report, 2007). Different designs and different filling procedures were 

used. To preserve the thin water films from drying out, the edges of the Si wafers used as support for 

the Si3N4 membranes were sealed using proper adhesive technology or using viton O-ring gaskets 

together with a mechanical mount. The film thicknesses were at first measured in atmospheric 

conditions by means of Fourier-Transformed IR spectroscopy. A typical FTIR spectrum of an 

assembled fluidic cell is presented in figure 1(a). An optical density (O.D.) of 0.32 for the O-H 

stretching band at around 3500 cm−1 indicates a water film thickness in the range of 400nm.  

Cells were subsequently tested in 

the experimental chamber, base 

pressure 10-7 mbar. The cells then 

had to be optimized in a second step 

for use in vacuum by varying the 

window size or by patterning micro-

structures onto the window 

membranes. Another method 

currently under consideration, yet not 

tested, is to use Si3N4 membranes 

with larger thicknesses. The water 

film thicknesses of our most recently 

designed cells were determined by 

comparison of measured and 

calculated transmission x-ray intensities at for which tabulated values are available [6]. A typical x-ray 

transmission spectrum of such a fluidic cell together with the calculated transmission is presented in 

figure 1(b).  

 An O-K edge absorption spectrum recorded in transmission mode is presented in figure 1(c). 

A detailed interpretation of this spectrum is presented elsewhere [3] and it was shown that liquid water 

has a large fraction of asymmetrically H-bonded species, with one strong and one weak donor H-bond. 

Using fs mid-IR laser pulses to excite the O-H stretch ultimately leads to the breaking and making of 

H-bonds in water and we expect to be able to directly observe the involved transient H-bonding states 

in detail with time-resolved O K-edge absorption spectroscopy. 

 

We thank N. Huse, E. Nibbering and T. Elsässer from the Max-Born-Institute in Berlin for 

fruitful discussions. We also acknowledge the financial support granted by the DFG - SPP 1134.  
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Figure 1 (a) FTIR spectrum of an assembled fluidic cell; (b) X-ray 
transmitted spectrum with calculated transmission for a water film 
thickness of 500 nm; (c) XAS O-K edge absorption spectrum 
recorded in transmission mode. Top: pump-probe principle.  
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Innershell ionization creates short lived intermediate states that decay generally by emission of Auger 

electrons. In order to describe in detail these processes, coincidence detection of all the emitted electrons is 
required. For this purpose, we have developed a multi coincidence apparatus called HERMES (High 
Energy Resolution Multi Electron Spectrometer). During the 2 weeks experimental session of March 2007, 
we applied our technique to 3 different cases: 1) to isolate and characterize Auger decays in atoms (2s hole 
in argon, 3d satellite states in krypton) and in molecules (the Br 3d hole in HBr and CH3Br, I 4d hole in 
CH3I); 2) to observe the resonant double Auger decay after C1s or O1s Rydberg excitation; 3) to study the 
electron correlation processes occurring near an innershell ionization threshold, namely the krypton 3d 
level. We will present here in more details this last subject, first initiated in 2005 at BESSY.  

Our HERMES experimental set-up [1,2] consists in a long time of flight spectrometer of the magnetic 
bottle type developed by J. Eland et al [3] and uses the single bunch operation of the BESSY synchrotron. 
Its magnetic mirror configuration allows detection of all electrons emitted over the full 4π solid angle. This 
gives a high efficiency suitable for the observation in a multi-coincidence mode of all the electrons released 
in multiple ionization events.  

In the vicinity of an innershell threshold the Auger process is strongly perturbed and different electron 
correlation processes can occur [4]; they are best observed and separated with our coincidence method. Fig 
1 gives a typical two dimensional electron / electron coincidence map obtained at a photon energy 0.2 eV 
above the Kr 3d3/2 threshold. The double photoionisation continua corresponding to the different Kr2+ final 
states can then be extracted, as shown in Fig 1, bottom. The Kr 3d5/2 photoelectron peak is observed at 1.35 
eV and is asymmetrically distorted due to Post Collision Interaction (PCI). The 3d3/2 photoelectron on the 
other hand barely escapes (peak at 0eV) and is, most of the time, captured temporarily into high n Rydberg 
states, before being reemited by Valence Multiplet Decay (VMD). For instance, capture in Kr+ 4p-2(1S)nl  
Rydberg states and reemission in the Kr++ 4p-2(1D) channel is observed in this 1D DPI continuum (Fig 1 
bottom) by the structure around 2.2 eV. Assignment of the other VMD processes following recapture in 
different Rydberg series is given in Fig1. A quantum mechanical model was developed to describe these 
processes [4]. Fig 2 shows an example of the qualitative agreement between this HF model and experiment. 
Photon energy is here 0.3 eV below the Kr 3d3/2 threshold. The PCI distorted 3d5/2 peak at around 0.8eV is 
well reproduced. The 3d3/2 photoelectron never escapes but is temporarily captured in Rydberg orbitals 
which are identified by the sharp peaks of Fig 2 [5]. We thank EU support (contract R II 3.CT-2004-506008). 
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↑  
Figure 1: Kr Double Photoionization brought 

about by 95.24 eV photons, 0.2 eV above the 
3d3/2 threshold. Top panel displays the two 
dimensional electron / electron coincidence map. 
Intensity is plotted on a linear scale. Diagonal 
lines of constant kinetic energy sum correspond 
to the different Kr2+ final states. Bottom panel 
gives the DPI continua of three selected such 
states. They have been obtained from the 
coincidence map by projecting intensity of the 
corresponding diagonal lines on the y, slow 
electron energy axis.  

 
 

 
 
 

 
 
 
 
 
 
 
 
 
Figure 2: The DPI continua corresponding 

to the formation of Kr2+ 4p-2 final states. Photon 
energy is 0.3 eV below the 3d3/2 threshold. Dots 
are experimental points and lines the prediction 
of the model [5].  
 ↓ 
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Introduction 

 

The Bechgaard-Fabre salts [(TMTCF)2X with C=S (Bechgaard) or C=T (Fabre) and X = 

monovalent anion], exhibit complex and extremely rich phase diagrams with a variety of 

ground states (metallic, Mott-Hubbard, spin-Peierls, antiferromagnetic, spin and charge 

density wave and superconducting) [1,2]. The crystal structure of such salts consists of nearly 

uniform stacks of TMTTF (tetramethyl-tetrathiafulvalene) or TMTSF (tetramethyl-

tetraselenafulvalene) molecules, aligned along the crystallographic a-axis, the conduction 

axis, ordered in sheets separated by anion sheets. The monovalent anions can be either 

centrosymmetric or non-centrosymmetric. Those salts with non-centrosymmetric anions, such 

as ReO4
-
, exhibit anion ordering (AO) below a given temperature. Above the transition 

temperature TAO, the anions exhibit random orientations but for sufficiently low temperatures 

they become ordered. The AO transition has important consequences on the low-temperature 

electronic properties and ground states of these materials inducing metal-insulator transitions 

[3]. 

 

Materials and Methods 

 

(TMTTF)2ReO4, where the ReO4 anion has tetrahedral symmetry, exhibits a room temperature 

conductivity of about 25 Ω
-1

cm
-1

. The temperature dependence of the electrical resistance and 

of the thermopower shows two anomalies near 225 K and 160 K [4]. The 160 K feature is due 

to AO [5] while the transition near 225 K is due to charge ordering. 

We have studied the electronic structure of (TMTTF)2ReO4 by means of XANES and XPS. 

(TMTTF)2ReO4 single crystals were obtained by electrocrystallization with typical 

dimensions of 5 × 0.5 × 0.3 mm
3
. The samples were mounted on OFHC copper sample 

holders by gluing them with UHV silver epoxy and exposing the (001) face [ab-plane], thus 

with the a-axis contained in the sampler holder's plane, in order to be able to align the a-axis 

with the light linear polarization vector E. Special care was taken not to break the crystals 

when mounting them on the holders due to their brittle nature.  

The XANES measurements were performed at the Multi User STage for ANGular resolved 

photoemission (MUSTANG) endstation (dipole beamline PM3). Since the Bechgaard-Fabre 

salts are known to be irreversibly damaged upon VUV and X-ray irradiation, the single bunch 

ring operation mode was selected, thus reducing the photon beam intensity. Under these 

conditions we observed modifications in the spectra after approximately 24 h. The data were 

acquired in the total electron yield mode. The experimental station is equipped with a 

PHOIBOS 150 hemispherical electron analyzer arranged at a fixed angle of 45 degrees with 

respect to the incident beam and the electrons are detected by an array of nine channel 

electron multipliers at a fixed kinetic energy in the region of the secondary electron 

background (10 eV).  
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Results 

 

Figure 1 shows the S2p XANES spectra of (TMTTF)2ReO4 taken at 207 K and at different 

angles of incidence. This temperature is above the AO transition but below the charge-

ordering transition. The signal was normalized to the time-dependent variation of the intensity 

of synchrotron radiation and then, to the experimental background measured in the same 

energy region from a freshly evaporated Ni film. The XANES spectra were finally normalized 

to the high energy part of each spectrum for comparison purposes. The spectra exhibit two 

differentiated regions, a structured (discrete) one below ca. 170 eV photon energy due to 

unoccupied electronic states and an unstructured region above 170 eV associated to a 

continuum of electronic states. The spectra closely resembles the S2p XANES spectra of 

TTF-TCNQ [6] as might be expected, since TTF is the core of TMTTF. The peak located at ≈ 

165 eV photon energy originates from the ag orbital, a σ-type orbital [σ*(ag)], the shoulder at 

≈ 166 eV originates from the contributions of b3g orbitals and from the pair of au and b2g 

orbitals, which are of π-type [π*(b3g, au, b2g)] and the peak located at ≈ 167 eV is due to b2u 

orbitals [σ*(b2u)]. The shoulder at ≈ 168 eV originates from two orbitals of similar energy in 

the molecule, the b3u and b2u orbitals [σ*(b3u,b2u)] [7].  

The most relevant trends in Fig.1 are the intensity reduction of the σ*(b2u) and the increase of 

σ*(ag) with increasing θ. According to the geometry and orientation of the TMTTF  

molecules and their molecular orbitals, the absorption intensity should be maximum for σ-

type orbitals when E coincides with the molecular plane, i.e. for large θ values. This is indeed  

observed for σ*(ag) but not for σ*(b2u). The reason for this behaviour is that the σ*(b2u) 

feature exhibits significant dz2 contribution, an orbital pointing perpendicularly to the TMTTF 

molecular plane. 

 

 
Fig.1: Normalized S2p XANES spectra for 

(TMTTF)2ReO4 taken at 207 K for θ = 10
o
, 

E lies almost parallel to the a axis 

(continuous black line), θ =45
o
 (continuous 

grey line) and θ =75
o
 (continuous light 

grey line). 

 
 

Fig. 2: Normalized S2p XANES spectra 

for θ =10
o
 degrees taken at 116 

(continuous black line) and 207 K 

(continuous grey line). 

 

Figure 2 shows the S2p XANES spectra for θ =10
o
 taken at 116 and 207 K. The temperature-

dependent spectra reveal that the signal arising from σ*(ag) is essentially insensitive to AO 

while the features related to σ*(b2u), π*(b3g, au, b2g) and σ*(b3u,b2u) clearly increase upon 

undergoing the AO transition. This suggests that AO induces a reorganization of the 
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molecular stacks, probably increasing the orbital overlap, since it affects mostly the π-type 

orbitals. In fact it has been established by means of X-ray diffraction studies that there is an 

important tetramerization of the TMTTF stacks below the transition temperature [5]. 

In order to explore the influence of the transition on the anions, high-resolution XPS 

measurements above the AO transition reveal asymmetric Re4f lines, which we ascribe to 

Franck-Condon effects, that is to inelastic scattering associated to vibrational excitations 

(phonons). Below the AO transition, the Re 4f XPS spectrum is shifted 0.17 eV towards 

higher binding energy, a shift arising from the opening of an energy gap below the AO 

transition. We also observe an increase in asymmetry upon crossing the AO transition. The 

observed peaks shapes are reversible: when the temperature is increased up to 207 K, the 

initial spectrum is restored, so that any contribution from surface contaminants can be 

eliminated. Thus, the increase in asymmetry for T < TAO is associated to the AO transition, 

and it has to be related to small displacements and/or deformations of the perrhenate 

tetrahedra, as previously suggested [5]. 

 

Conclusions 

 

We have experimentally characterized the electronic structure of (TMTTF)2ReO4 by means of 

XANES and XPS in order to investigate the driving mechanism of the anion-ordering 

transition. Angular-dependent S2p and C1s XANES measurements allow the assignment of 

experimentally observed features to molecular orbitals of specific energy and symmetry. The 

unoccupied electronic levels closely resemble those previously reported for charged TTF in 

TTF-TCNQ. Temperature-dependent S2p XANES spectra show an increase in the intensity 

mostly for features associated with π-type or dz2 orbitals (i.e, perpendicular to the TMTTF 

molecular plane) upon undergoing the AO transition associated to an increase in orbital 

overlap. A small but reproducible increase in the asymmetry of the Re4f XPS spectra is 

observed at temperatures below the AO transition, which we ascribe to small displacements 

and/or deformations of the ReO4 tetrahedra. Our results confirm the displacive character of 

the (TMTTF)2ReO4 AO transition as previously pointed out by Parkin, Mayerle and Engler 

[5]. 
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Many synchrotron radiation experiments take advantage of the inherently high degree of 

linear and/or circular polarisation of the source which is, in general, an elliptical undulator. The 
experimental determination of the polarization is a necessity, because the beamline may influence 
the polarization of the light source1. 

Polarimeters designed to deliver the three normalized Stokes parameter /1/ S1, S2, and S3 of a 
source rely on a phase retarder and analyzer in combination /2,3,4,5/. In the VUV range the 
preferred retarders and analyzers are reflection optics /2,6,7,8/  while in the soft x-ray region they 
are transmission and reflection multilayers /3,9,10,11,12,13,14/. Because of the enhancement of 
the multilayer performance near absorption edges most multilayers have been designed to be used 
near the 2p absorption edges of the constituting materials (CrC, CrSc, MoSi, NiTi, NiV). At best 
they can operate at two distinct energies (e.g. Sc 397 eV and Cr 550 eV /13,15/). In the hard x-ray 
region various standard monochromator crystals in Laue or Bragg-geometry have been used /16/. 
However, in the intermediate energy range between 600 eV and 4 keV where several magnetic 
materials have absorption edges a complete polarization analysis has so far not been possible due 
to a lack of suitable phase retarding multilayers. This arises from the small multilayer period 
required (<1 nm) at these energies being of the same order as the interface roughness. Similarly, 
the unavailability of crystals which can be thinned down to less than 1 µm has prevented the 
adoption of the hard x-ray, single crystal approach to polarizing optics in this region. 

We report on a non-resonant transmission multilayer made from W:B4C /17/ as a phase 
retarder /18/. It gains its contrast from the broad W-N shell absorption (4s, 4p, 4d, 4f) between 
~200eV and ~500eV. Since there are no strong resonances in the atomic scattering factors 
between ~500 eV and ~1800 eV in any of the constituents /19/ it acts as a phase retarder over an 
extended and in particular continuous range of energies. We present measurements of this 
transmission multilayer showing nearly constant maximum phase retardance at energies between 
640 eV and 850eV. 

The measurements are carried out using the BESSY 6 axes polarimeter /3/ on the UE56/2 
PGM1 beamline at BESSY /20,21/. The polarimeter houses two optical elements on two co-axial 
rotating stages, α (for the transmission multilayer - polarizer) and β (for the reflecting multilayer - 
analyzer). The angle of incidence θP and θΑ of these elements are set to match the Bragg angle. 
There is also a 2θΑ arm on the reflection stage to hold and position the GaAsP-photodiode 
detector in two dimensions. 

TheW:B4C transmission multilayer and one of the reflection multilayers are co-deposited on 
to a silicon substrate and have 350 bi-layers with spacing d=1.380 nm and a W thickness to total 
thickness of 0.44. For the transmission multilayer the silicon is etched away in an 8 mm diameter 
area. At 639 eV the Bragg angle is at 45°, near the Brewster angle, thus giving optimum 
polarizance (see table 1 below). - The second reflection multilayer designed to work at 708 eV 
has previously been measured /22/.  
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Reflection and transmission measurements are made both in s- and p-geometry for the 
analyzer and polarizer, respectively, and full polarization measurements at 4 different energies 
and several angles θP around the relevant Bragg angle /2,3,4/.  

From the reflectivity of the multilayer co-deposited with the polarizer (e.g. 4.6% at 640 eV 
in s-geometry, not shown) the bi-layer spacing d=1.380 nm and a possible angular offset in θA are 
determined The FWHM of the Bragg peak (e.g. 0.26o at 640 eV) is modeled using 350 bi-layers 
and an interface roughness of 0.275 nm as the error function in IMD 23. 

Comparing the off-resonance transmission of the transmission multilayer to a simple 
absorption model 
ignoring all inter-ference 
effects indicates only 250 
bi-layers. Thus it appears 
as if the back-etching of 
the substrate has 
unintentionally removed 
some of the deposited 
layers. Using the 
roughness (0.275 nm) 
from the reflection 
measurement and the 
number of bi-layers 
(250) in the IMD model 
the measured p to s 
transmission ratio Tp/Ts 
is reproduced (fig. 1). 
We thus obtain a model 
describing the trans-
mission multilayer. 

The polarization of 
the incident radiation is 
measured at 639eV, 
708eV, 780eV and 

850eV (not shown). These data sets consist of α and β scans at several closely spaced θP around 
the relevant Bragg angle. The determination of Δ comes from two types of terms in the fitting 
equation /2,3,4/. The first type depends upon linear polarization (S1 and S2) and has a modulation 
which scales approximately as (1±cos(Δ)). The second type depends upon circular polarisation S3 
and has a modulation which scales as sin(Δ). For small Δ, cos(Δ) ~ 1 and sin(Δ) ~ Δ. Thus there 
is a range of Δ, where Δ is not uniquely determine from the fit, but where only the product S3·Δ is 
determined. 

We note that knowing the degree of polarization P = √(S1
2+S2

2+S3
2) is equivalent to 

knowing S3 since S1 and S2  are obtained from the fit with a small uncertainty of ±0.002. Several 
fits are made each with the constraint P fixed (P=1.0, 0.99, 0.98…).  That value of P is selected 
that reproduced the phase retardance Δ obtained from the multilayer model above. The range in P 
over which Δ agrees with the model is indicative of the uncertainty of P.  Thus S3 is determined. 
– The code WAVE /24/ is used to calculate the undulator output between 638 eV and 850 eV and 
the total polarization P is found to be very close to 1.0. Thus any depolarizing effects of the 
beamline are below 0.02(2).  
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  Fig.  1: Ratio Tp:Ts measured with linearly polarized light from the 
UE56/2 PGM1 undulator  (points). The multilayer model  
with 250 layers and 0.275nm roughness based on reflection 
measurements yields the lines. 
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Fig. 2: The phase retardance of the W:B4C multilayers at 4 
different photon energies versus incident angle.  The 
points represent the measured phase retardance and the 
lines are modeled results using a roughness of 0.275 nm 
and 250 bilayers. 

Fig. 2 shows an 
almost constant 
maximum phase 
retardance Δ of 
approximately 8°. The 
data for each photon 
energy are fit 

simultaneously, 
keeping the Stokes 
parameters and the 
analyzer parameters the 
same for all θP but 
allowing the phase 
retarder parameters to 
vary. The data are fit 
without any weighting. 

A summary of the 
Stokes parameters 
measured on beamline 
UE56/2 PGM1 at 
BESSY is given in 
table 1 which includes 
a data point measured 
with a Cr:Sc multilayer 

/15/ with a much larger phase retardance of 27°. 
In summary we have designed and characterized a non-resonant multilayer phase retarder on 

the basis of a free-standing W:B4C multilayer in transmission. This multilayer is used 
successfully to determine for the first time the full polarisation vector at soft x-ray energies above 
600 eV. The data show a nearly constant (maximum) phase retardance of 8° between 640 eV and 
850 eV in the vicinity of the respective Bragg-angle.  This is far away from ideal quarter-wave 
behavior (90°) but allows a beam of unknown polarisation to be characterized with an uncertainty 
of about 3 % relative error by including reflectivity and transmission data and modeling the 
multilayer using an effective interface roughness. 
 

Energy 
(eV) 

S1 S2 S3 P Polarizer 
Materials 

Analyzer 
spacing 

Rp/Rs 

571 -0.409(2) -0.008(2) 0.89(2) 0.98(2) Cr:Sc 1.38 nm 0.013 
639 -0.482(2) -0.008(2) 0.87(2) 0.99(2) W:B4C 1.38 nm 0.000 
708 -0.456(2) 0.046(2) 0.87(2) 0.98(2) W:B4C 1.224 nm 0.000 
780 -0.466(2) 0.036(2) 0.86(2) 0.98(2) W:B4C 1.224 nm 0.041 
850 -0.465(3) 0.040(3) 0.82(3) 0.94(3) W:B4C 1.224 nm 0.102 

Table 1:  The Stokes parameters of BESSY beamline UE56/2 PGM1 (standard 
settings) and the polarizing power of the analyzers. 

The non-resonant nature of the phase retardance means that data can be taken at any energy 
that is required, which was previously not possible due to the resonant behavior of other 
multilayer phase retarders used at lower energies. Hence quantitative polarimetry is now possible 
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at the 2p edges of the magnetic substances Fe, Co and Ni, for the benefit of the MCD-
spectroscopy work done there. 

Increasing the photon energy the transmission will increase as long as the absorption 
decreases. However, at the same time the phase shifting capability decreases for the indices of 
refraction approach 1. Increasing the number of layers increases the phase shifting but 
simultaneously decreases the transmission and increases the sensitivity for alignment. Then the 
flatness of the transmission multilayer will become an issue besides the mechanical precision and 
stability of the ultrahigh-vacuum rotation stages. For the measurements presented here our 
apparatus worked near its limits of angular repeatability. 

The (maximum) phase retardance of the transmission multilayer as modeled at 
approximately 1200 eV and 22° grazing angle is 5° (W:B4C [1.38 nm, Γ=0.44, N=250], 
roughness 0.275 nm). This is near the limit of usefulness of this multilayer, both in terms of 
phase retardance and grazing angle. However, it remains to be proven that the phase shifting 
properties can be extrapolated from lower photon energies. 
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Structure of Fe3Si/GaAs(001) epitaxial films
from x-ray crystal truncation rods

Vladimir M. Kaganer, Bernd Jenichen, Roman Shayduk, Wolfgang Braun

Paul-Drude-Institut für Festkörperelektronik

Hausvogteiplatz 5–7, D–10117 Berlin, Germany

Fe3Si epitaxial films on a GaAs substrate are the combination of a ferromagnetic film, with

Curie temperature well above room temperature, and a semiconductor. Such a system can be

used to inject a spin-oriented electrical current into the semiconductor. Epitaxial films with

thicknesses up to several tens of monolayers, the subject of our study, are in between two well

established fields of research. On one end, crystalline surfaces are commonly analyzed in the

kinematical (single scattering) approximation. On the other end, thicker films and multilayers

are studied with dynamical diffraction theory. Recently we have shown [1] that the dynamical

calculation can be extended through the whole crystal truncation rod (CTR) by summing up the

amplitudes of the diffracted waves of the two-beam diffraction problems for all Bragg reflec-

tions along the CTR. We use CTR calculations to determine order in the Fe3Si films and the

film arrangement on the substrate.

Fe3Si films were grown by molecular beam epitaxy (MBE) on GaAs(001) substrates in an

MBE chamber inside the diffractometer at the wiggler beamline U125/2 KMC. A double crystal

Si(111) monochromator was used. The energy of the radiation was 10 keV and the incidence

angle was kept at 0.3◦. The acceptance angle of the detector was 0.1◦ both perpendicular and

parallel to the surface. GaAs(001) templates were prepared in a separate III-V growth chamber

using standard GaAs growth techniques. The sample was then capped by As and transferred

into the system at BESSY for the Fe3Si deposition by means of an ultrahigh vacuum shuttle.

The As cap was removed by annealing the sample in the preparation chamber at a temperature

of 350 ◦C before transferring it into the growth chamber. Then, the Fe3Si layers were grown on

the As-rich c(4×4) reconstructed GaAs surface at different substrate temperatures near 200 ◦C.

The position of the Fe3Si layer peak of the x-ray diffraction curve was monitored in order to

reach a coincidence with the corresponding GaAs peak. We obtained optimum temperatures of

1239 ◦C and 1370 ◦C for the Fe and the Si cells, respectively.

Crystalline Fe3Si has the D03 structure (space group Fm3̄m). Its cubic unit cell consists of

layers occupied either by only Fe or by Fe and Si atoms in an alternating regular arrangement,

see Fig. 1. Four high-symmetry variants to place the Fe3Si crystal lattice on GaAs are shown.

Since x-ray diffraction is highly sensitive to the interference between the waves scattered by

the substrate lattice and the ones scattered by the film lattice, the CTRs calculated for these

four arrangements of the film on the substrate have qualitatively different shapes. We find that

two, out of possible four, interfacial arrangements are observed in our experiments. From six

samples that we have grown and investigated, the lattice placement variants A and B are each

1
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Figure 1: Four high-symmetry variants of placing the Fe3Si unit cell on GaAs(001), and crystal trun-

cation rods 11L calculated for these variants A–D (full lines). Experimental data from two samples are

shown by open symbols

found in three samples.

Figure 2 presents CTRs 11L and 22L of sample A measured in large L ranges. The scale

factor for the experimental intensity is obtained by the requirement that the integrated intensity

of the substrate peak 111 or 222, respectively, is the same as the calculated one. A comparison

of the measured and calculated curves shows that the structure A is realized in this sample. An

important feature of the experimental curves is the presence of pronounced thickness oscilla-

tions in the whole range of L, in particular in the middle between the Bragg reflections. We

conclude that the film thickness is uniform (with an accuracy of better than 1 ML) within the

active surface area, i.e., about 5 mm along the sample surface.

Figure 3 presents a set of measured and calculated CTRs for sample B. Several equivalent

reflections, obtained by a 180◦ rotation of the sample, were measured to check for systematic

errors. The corresponding curves (shown together with open and filled circles on the plots)

coincide, thus proving the absence of a sample miscut or misalignment. A simultaneous fit of

all CTRs, shown in Fig. 3, is reached by assuming almost complete lack of long range order in

the top FeSi layer and additional disorder within the second FeSi layer.

Thus, we have performed MBE growth of Fe3Si films on GaAs(001) and studied their order

and structure in situ by measuring the x-ray crystal truncation rods. We calculate the intensity
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positions of the Fe and Si atoms. The experimental data are shown by open circles, and the calculations

by red lines. The inserts magnify the vicinities of the Bragg reflections 111 and 222.
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Figure 3: Measured and calculated crystal truncation rods of sample B. The experimental data are shown

by open and full circles, and the calculations by red lines. The thickness of the Fe3Si film is 24 ML.

distribution along the whole CTR, including the dynamical diffraction peaks, and use the dy-

namical peaks to put the measured peaks on an absolute scale. The films are fully ordered in

the Fe and Si sublattices, with the exception of one or two monolayers at the surface. We find

two types of interfacial structures, with the first film layer on top of the last As layer of GaAs

substrate containing either only Fe atoms or both Fe and Si atoms.

[1] V. M. Kaganer, Phys. Rev. B 75 (2007) 245425.
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Electronic structure of purified Mo6S3I6 and Mo6S4.5I4.5 

nanowires studied by soft X-ray fluorescence spectroscopy. 
 

A. Zimina1, S. Eisebitt1, D.  Mihailovic2, I. Vilfan2, D. Vrbanic2,  
        V. Nicolosi3 

 
1 BESSY m.b.H., Albert-Einstein-Str. 15, 12489, Berlin, Germany 
2 Jozef Stefan Institut, Jamova 39, SI-1000 Ljubljana, Slovenia 
3 School of Physics, Trinity College Dublin, Dublin 2, Ireland 

 
Due to their ease of fabrication and monodisperse, metallic nature, Mo-S-I 

nanostructures are an interesting alternative to carbon nanotubes for some applications. 
The first description of the synthesis of single-wall MoS2-Ix nanotubes (SWNTs) in the 
Jozef Stefan Institute (Ljubljana, Slovenia) was reported in 2001 [1]. They appeared to be 
monodisperse, of less than one nanometer diameter and self-organized into bundles. Our 
results on the electronic structure of those NTs studied by soft X-ray spectroscopy were 
reported earlier [2]. A follow-up study designed to find other one-dimensional transition-
metal chalcogenide-based nanowires resulted in the discovery of new materials with the 
formulas Mo6S3I6 and Mo12S9I9 [3, 4]. These materials are being characterized by 
different chemical and physical methods. Here changes in the local electronic structure of 
the nanowires were studied utilizing the atomic selectivity of soft X-ray-absorption and 
-fluorescence spectroscopy at the S 2p excitation threshold. 

MoSI nanowires were prepared by single step synthesis by mixing elemental 
material in the desired quantities. The resulting powder is composed of aggregates of 
individual nanowires some microns long with individual diameter of 0.94 nm. Any free 
molecular iodine was removed by washing in acetone. Dispersions were prepared [5-7] 
by mixing the nanowire material with a material specific solvent. These mixtures were 
then sonicated for several minutes by a high power sonic tip (120 W) followed by 2 h in a 
low power sonic bath (50 W). The sedimentation of the dispersions was analyzed by 
monitoring the transmission of laser pulses (λ=650 nm, t=10 ms) for up to 750 h. The 
sediment was separated from the solute by decantation. Resulting powders were analyzed 
by HRTEM to confirm the absent of the non-wire materials and bundles of large 
diameters (larger than 30 nm). 

The unoccupied sulfur s and d states were probed by soft X-ray absorption in 
partial fluorescence mode (PF-SXA), using photons resulting from the 3s->2p transitions 
in the 2p core hole decay. The PFY-SXA spectra of Mo6S3I6 and Mo12S9I9 nanowires are 
shown in Fig. 1. The shape of the PFY-SXA spectra is modified compared to the bulk 
material: the intensity of the spectra at low energy corresponding to transitions to the 
states in the vicinity of the bottom of the conducting band decreases in the nanowires 
relative to the bulk material. The S 2p absorption threshold is shifted by 0.4 eV to lower 
photon energy in Mo6S3I6 and by 0.1 eV to the higher photon energy in Mo12S9I9 relative 
to the bulk material.  

The occupied S s and d states were probed by soft X-ray fluorescence 
spectroscopy (SXF) recording photons resulting from electronic transitions from the 
valence band to 2p core hole. The SXE spectra excited with 170 eV photon energy (well  
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Fig. 1: The SXF and PF-SXA spectra of 2H-MoS2, Mo6S3I6 and Mo12S9I9 nanowires 
together with the  spectra of the nanowires before the purification procedure (black 
dashed lines). 

 
above the S 2p absorption threshold, avoiding strong resonance scattering effects) of 
Mo6S3I6 and Mo12S9I9 nanowires are shown in Fig. 1. The shape of the SXF spectra is 
modified compared to the bulk material: the intensity of the high energy part of the 
spectra corresponding to the transition to the states in the vicinity of the top of the 
valence band increases in the nanowires relative to the bulk material. The maximum of 
the S 2p emission band corresponding to the transitions to the top of the valence band is 
shifted by 1.0 eV in Mo6S3I6 and by 0.6 eV to higher photon emission energy in Mo12S9I9 
relative to the bulk material. 

Based on the results of both PF-SXA and SXF measurements we conclude that 
main changes in the electronic structure of the wires compared to the bulk MoS2 are an 
increase of the density of states at the top of the valence band and a decrease of the 
density of states at the bottom of the conduction band. Furthermore, the band gap in 
Mo6S3I6 and Mo12S9I9 nanowires decreases and these nanowires exhibit metallic 
character. Nanowires with different S/I ratio have different distributions of both the 
occupied and unoccupied states which means that with increasing sulfur concentration S 
atoms substitute I atoms at stoichiometrically different sites. 

A detailed analysis of the modification of the occupied states in the Mo6S3I6 
nanowires compared to the bulk material has been carried out using the DFT calculations 
[4]. The calculated SXF spectra were convoluted with a Gaussian function with a FWMH 
of 0.5 eV to account for the life-time broadening of the core hole and the experimental 
energy resolution. The 1.1 eV spin-orbit splitting of the S 2p3/2 and 2p1/2 levels was 
taking into account assuming a 2:1 branching ratio. The resulting theoretical model 
spectra are plotted in Fig. 2 together with the experimental data. The calculations are in  
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Fig. 2: The SXF spectra of 2H-MoS2 and Mo6S3I6 nanowires taken at the 170 eV 
excitation photon energy together with the theoretically calculated spectra. 
 
rather good agreement with the measured intensities and reproduce the main features of 
the experimental spectra. The main trend in the SXE spectra when going from the bulk to 
the Mo6S3I6 nanowires (the increased spectral weight at photon energies corresponding to 
the transitions to the top of the valence band) is well reproduced by the theory. From this 
analysis we conclude that the redistribution of electron density in the nanowires 
compared to 2H-MoS2 bulk material is mainly due to the Mo-S hybridization. 
 
[1] M. Remskar et al., Science 292, 479(2001) 
[2] A. Zimina et al., Nano Letters 4, 1749 (2004) 
[3] A. Meden et al., Nanotechnology 16, 1578 (2005) 
[4] D. Vrbanic et al., Nanotechnology 15(5), 635 (2004) 
[5] V. Nicolosi et al., Chem. Phys. Lett. 401, 13 (2005) 
[6] V. Nicolosi et al., Chem. Phys. Lett. 425, 89 (2006) 
[7] D. N. McCarthy et al., J. Appl. Phys. 100, 1 (2006) 
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Local structure of Pb in doped CaTiO3, SrTiO3 and BaTiO3 perovskites 
studied by EXAFS  

 
A.I. Lebedev1, I.A. Sluchinskaya1, A. Erko2 

1 Physics Dept., Moscow State University, Moscow, 119992, Russia 
2 BESSY GmbH, Albert Einstein Str. 15, 12489 Berlin, Germany 
 
Ferroelectric properties of perovskite solid solutions have been studied extensively for 

many years. It was shown that substitution of the A atoms for Pb in the perovskite ABO3 
structure strongly affects the ferroelectric properties of crystals. For example, doping of 
BaTiO3 by Pb increases the phase transition temperature [1] and the doping of SrTiO3 and 
CaTiO3 by Pb results in the appearance of ferroelectricity in these incipient ferroelectrics 
[2,3]. To understand better the microscopic mechanisms of these effects, the local structure of 
Pb impurity atoms in CaTiO3, SrTiO3 and BaTiO3 was studied in this work by EXAFS 
technique.  

EXAFS measurements were made on the station KMC-2. Spectra were collected at 
300 K in fluorescence mode at the LIII-edge of Pb (13055 eV) with PIN photodiode as a 
detector. In addition, the temperature dependence of EXAFS spectra was measured on 
BaTiO3(Pb) sample using a high-temperature chamber in the 300–490 K temperature range, 
which includes the Curie temperature of the sample. XANES structure at the Ti K edge (4966 
eV) on SrTiO3(Pb), BaTiO3(Pb), CaTiO3(Pb) samples was measured at 300 K in fluorescence 
mode using energy-dispersive detector RONTEC.  

The concentration of Pb in SrTiO3 and CaTiO3 solid solutions was chosen so that they 
were in a paraelectric phase at 300 K; BaTiO3 at 300 K was already in a polar tetragonal 
phase. The fine powders of Ba0.9Pb0.1TiO3, Ba0.95Pb0.05TiO3, Sr0.8Pb0.2TiO3, Sr0.98Pb0.02TiO3 
and Ca0.9Pb0.1TiO3 were prepared by oxalate method. The homogeneity of samples was 
confirmed by X-ray studies. At 300 K Ca0.9Pb0.1TiO3, Ba0.9Pb0.1TiO3 и Sr0.8Pb0.2TiO3 samples 
were in orthorhombic, tetragonal and cubic phase, respectively.  

 
 

 
Fig. 1. Typical EXAFS spectrum for Sr0.8Pb0.2TiO3 sample obtained at the Pb LIII edge. 
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EXAFS spectra were analyzed in the conventional way [4]; theoretical EXAFS curves 
were calculated using FEFF software. Several EXAFS spectra for each sample were 
independently processed and then averaged. Typical EXAFS spectrum for Sr0.8Pb0.2TiO3 
sample is shown on Fig. 1. The analysis of the spectra shows that the local environment of Pb 
impurity atoms is strongly distorted. Debye-Waller (DW) factors for the first (Pb-O) shell in 
all three perovskites are so large (0.05–0.1 Å2) that the contribution of the first shell to the 
EXAFS oscillations disappears at k  > 4 Å-1. At the same time, the contribution from the 
second (Pb-Ti) shell is clearly visible up to 10 Å-1.  

The nearness of interatomic distances to the first and second shells in a perovskite 
structure makes their separation during Fourier filtering in R space impossible, and the data 
for the third shell are strongly distorted by multiple scattering. So we considered two nearest 
shells. The change in all distances when displacing the Pb atom from the site results in strong 
increase of the number of fitting parameters, and their number can exceed the number of 
independent data points. To reduce the number of fitting parameters, we analyzed EXAFS 
data within realistic structural models with a minimum number of independent parameters. 

Three models were used: (i) one with a shift of the Pb atom along the tetragonal axis 
and fixed positions of other atoms, (ii) one with shifts for both Pb and Ti atoms along the 
tetragonal axis, and (iii) one with a shift of the Pb atom along the tetragonal axis and with 
TiO6 octahedra rotating around the tetragonal axis. The lattice parameters were taken from 
independent X-ray diffraction experiment.  

For all three models the data analysis reveals small (0.1–0.15 Å) displacement of Pb 
atoms from the A sites in SrTiO3 and BaTiO3 crystals, and no shift in the case of CaTiO3. The 
displacement was observed in BaTiO3(Pb) even above the Curie temperature (~170°C). This 
means that Pb can be regarded as an off-center atom, at least in SrTiO3 and BaTiO3.  

 

 
Fig. 2. XANES spectra obtained at the Ti K edge for Pb-doped perovskite samples. 

 
An unexpected feature found in all three systems was large Debye-Waller factor for 

the first shell. Such a large DW factor cannot be explained within the first model. The second 
and third structural models offer different explanations of large DW factors. XANES 
experiments at the Ti K edge enabled to make a choice between the second and third 
structural models. The shift of the Ti atom from the center of the TiO6 octahedron should 
result in increase of the 1s→3d pre-edge peak that is forbidden in dipole approximation. The 
XANES spectra obtained at the Ti K edge for different samples are shown in Fig. 2. As 
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follows from these spectra, the intensity of this peak doesn’t depend on the concentration of 
Pb in SrTiO3 and BaTiO3. This means that doping of crystals by Pb doesn’t induce the 
displacement of Ti from the center of TiO6 octahedron, and so the second structural model is 
not applicable. Therefore, for explanation of large DW factors for the first shell the third 
model seems the most preferable.  

In the case of CaTiO3 and SrTiO3 this conclusion agrees with well-known structural 
instability of these crystals, which favors the rotation of TiO6 octahedra. In the case of 
BaTiO3 the lattice haven’t such an instability, and large DW factors for the first shell can be 
explained by bending of chemical bonds. This is not surprising if one takes into account the 
strong covalent character of the Pb-O chemical bond. We think that the Pb atom can form the 
covalent bonds with only 4 of 12 neighboring O atoms, and so its off-centering becomes 
obvious. Thus, the presence of Pb-O covalent bonding can be regarded as a main origin of the 
distortion of local environment of the Pb atoms.  

Another picture is observed in Ba-doped SrTiO3, where there is no off-centering of 
barium and DW factors for the first shell are small [5]. The chemical bonding between Ba and 
oxygen is mainly ionic, and this explains why the local structures in Pb-doped and Ba-doped 
perovskite crystals are so different.  
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The electronic properties of clusters are interesting to study, as these small quantum systems 
are often in-between the isolated atom or molecule and the solid state. A typical method for 
production of clusters from gaseous substances is by expansion of the gas through a cooled 
nozzle into an evacuated reservoir. In the molecular beam which forms, the transversal 
degrees of motion are cooled by the rapid expansion, and under suitable conditions aggre-
gates grow even if only weak binding forces are active, as for example van-der-Waals forces. 
One problem of cluster beams produced such is that the size distribution of the clusters is 
wide, and if expansion conditions are set for production of small clusters, always unconden-
sed monomers will be dominant in the beam. More complex clusters can be produced by 
directing a cluster jet through an atmosphere of a different 'dopant' species. 
 
Here, we apply Ar doping of Ne clusters. Ne clusters with a mean size of 430 atoms were 
doped by injecting Ar atoms into the jet up to a background pressure of 1.5 10-2 mbar. Photo-
electron spectra were recorded at the UE112-lowE-PGM-a beamline using a Scienta ES 200 
hemispherical analyser. We find that under these conditions very small Ar clusters with a 
rather narrow size distribution are produced, which nevertheless clearly dominate over the 
monomer signal. 
 

 
Figure 1: 3p photoelectron spectra of Ar clusters produced by conventional ex-
pansion (left) and by Ar pickup of Ne clusters (right). Corresponding spectra of 
Ne photoelectron lines (not displayed) show no signs of mixed cluster generation. 

Photoelectron spectra of the Ar 3p orbital recorded under pick-up conditions are shown in 
the Figure. The small energy shift of the cluster signal compared to the monomer shows that 
these clusters are very small. Tentatively, even a spin-orbit splitting between two compo-
nents can be seen, indicating that band formation has not yet started. This transition for Hg 
clusters was found at N = 12 [1]. A thermodynamic calculation gives an upper bound of N = 
70 for the Ar pickup clusters. 
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Rev. Lett. 60, 275 (1988). 

                                                 
a Mailing address: IPP, c/o BESSY, Albert-Einstein-Str. 15, 12489 Berlin; email: uwe.hergenhahn@ipp.mpg.de 

408



XAS and XMCD studies of Co–doped ZnO
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Diluted magnetic semiconductors (DMSs) produced by the doping of transition metal

ions such as Mn or Co into nonmagnetic semiconductors have become recently the sub-

ject of an intensive research due to the possibility to utilize both charge and spin degrees

of freedom in the same material, making DMS potential candidates for technological

applications in spintronics. Therefore, it is important to develop magnetic DMS with

ordering temperatures high enough for practical applications that could lead to a new

class of devices and circuits, including spin transistors and ultradense nonvolatile semi-

conductor memories. The prediction of the Curie temperature (TC) of Mn-doped ZnO

exceeding room temperature (RT) [1], stimulated numerous experimental works on the

preparation of RT ferromagnetic transition-metal-doped ZnO [2]. For nominally identi-

cal systems reports of high TC coexist with those excluding intrinsic ferromagnetism [2].

Considering Co-doped ZnO the experimental results reach from large magnetic moments

as 6 µB per Co atom and RT ferromagnetism [3] to ferromagnetism with only small

saturation magnetization [4], pure paramagnetism [5] or even antiferromagnetism [6].

Moreover, for ferromagnetic samples paramagnetic behaviour of Co has been observed by

means of x-ray magnetic circular dichroism [7]. Thus, the origin of the ferromagnetism

in doped magnetic ZnO and related DMS materials is under strong debate and it is

still not clear if the ferromagnetism is intrinsic or due to external impurities, metal rich

phases, or even metallic clusters.

In this work, we report on an x-ray magnetic circular dichroism (XMCD) study on weakly

ferromagnetic Co-doped ZnO films. All x-ray absorption spectroscopy (XAS) and XMCD

measurements were carried out at the BESSY beamline PM 3 with a maximum energy

resolution of E/∆E = 5000. All specta shown here were recorded in total electron

yield mode. The magnetic field was applied in plane, the photon flux was held at

normal incidence. Co-doped ZnO thin films were prepared by radio frequency magnetron

sputtering on Al2O3(0001) substrates. The samples were sputtered with pure Ar as

sputtering gas and annealed under vacuum conditions (≈ 10−9 mbar) at 750 ◦C for

2 h to introduce oxygen vacancies, which are expected to enhance ferromagnetism [2].

Magnetization measurements on the Co-doped ZnO samples showed a paramagnetic

behavior superimposed by only a weak ferromagnetic signal at low temperature and a

weak ferromagnetic signal at RT. However, due to the small ferromagnetic signal the

influence of the substrate could not be completely excluded.

The left-hand panel of Fig. 1 shows XAS spectra of Zn0.94Co0.06O measured at the Co

L2,3 edge for two opposite field directions at RT. The line shape of the XAS spectra is

clearly different from that of the Co metal showing the absence of any Co clustering thus

ruling out phase segregation as a possible source of ferromagnetism in Co-doped ZnO.

The observed XAS line shape is similar to that of the previously reported spectra [8]

as well as to several atomic multiplet configuration interaction calculations, confirming
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Figure 1: Left-hand panel: XAS spectra measured at the Co L2,3 edge of a Zn0.94Co0.06O thin film at room

temperature. Right-hand panel: The corresponding Co XMCD spectrum.

that Co ions are present in the high-spin Co2+ (3d7) state under tetrahedral coordination,

substituting Zn at its lattice sites. A zoom in to the L3 edge is shown in the inset in

Fig. 1. The right-hand panel of Fig. 1 displays the corresponding Co XMCD spectrum.

Similar to the XAS spectra, the shape of the XMCD spectra also confirms the Co 3d7

configuration, and is in good agreement to other XMCD results [8]. XMCD spectra

of Zn0.94Co0.06O measured at the Co L3 edge in the region between 776 and 784 eV

for various applied magnetic fields at RT are shown in the left-hand panel of Fig. 2.

The maximum XMCD signal as a function of the applied magnetic field (right-hand

panel of Fig. 2), shows a linear behavior which is typical for paramagnetism. In case of

ferromagnetism the signal should saturate at fields less than 1 T. These results indicate

no ferromagnetic or remanent behavior for Co atoms and thus Co ions are unlikely to be

the origin of the small ferromagnetic contribution found in magnetization measurements.

These findings coincide with the results by Gacic et al. [7] although their samples showed

a larger ferromagnetic contribution in magnetization measurements.

Left-hand panel of Fig. 3 shows an XAS spectrum measured at the O K edge of

Zn0.94Co0.06O at RT. Good agreement exists between the present XAS spectra and those
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Figure 2: Left-hand panel: XMCD spectra measured at the Co L3 edge of Zn0.94Co0.06O in different

magnetic fields at RT. Right-hand panel: Maximum XMCD signal as a function of the applied magnetic

field. The dependence is clearly linear as illustrated by the fit.
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Figure 3: Left-hand panel: XAS spectrum measured at the O K edge of Zn0.94Co0.06O. Right-hand panel:

Corresponding O XMCD signal.

from PLD grown Co-doped ZnO [9]. The calculated XMCD signal is shown in the right-

hand panel of Fig. 3. No dichroic signal is observed, which also rules out oxygen as the

origin of the small ferromagnetic contribution found in Zn0.94Co0.06O by magnetization

measurements.

In summary, we used soft x-ray magnetic circular dichroism to examine Co-doped ZnO

films showing both paramagentic and ferromagnetic contributions in magnetization

measurements. We find that the weak ferromagnetic contribution in this oxidic diluted

magnetic semiconductor cannot be attributed to the magnetism of Co-dopant atoms

including clusters or secondary phases. XMCD measurements show only a pure param-

agnetic behavior for Co atoms and nonmagnetic for O atoms.
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   Spintronics or magnetoelectronics is an emerging technology which exploits the quantum spin 

states of electrons, offering the advantage of increasing the storage capacity in magnetic 

recording media in smaller devices and a variety of novel magnetic applications, such as 

perpendicular magnetic anisotropy (PMA) or giant magnetoresistance (GMR) [1]. In order to 

produce a spintronic device, the primary requirement is to have a system that can generate a 

current of spin-polarized electrons, and a detector that is sensitive to the spin polarization of the 

electrons. A simple method of generating spin-polarized currents is to inject current through a 

ferromagnetic material. One of the most successful spintronic devices is the spin valve system, 

which utilizes an ultrathin metallic multilayer structure of ferromagnets separated by a 

nonmagnetic spacer, so the electrical resistance of the system can be changed as a function of 

the applied magnetic field direction. Particularly interesting are the lifetimes of spin-polarized 

charge carriers, which determine the ultimate performance of such devices and have important 

implications in spintronics and spin-based quantum information processing. New-generation 

spintronic devices shall, in consequence, directly employ spin-polarized currents in order to 

achieve high data storage capacities and high magnetic recording speeds. 

 

   Recently, the electronic structure and the dynamics of electronic states have attracted a lot of 

attention. A better understanding of the binding energies and lifetimes in strongly correlated 

systems like 3d ferromagnets, transition metal oxides, 4f rare-earths or high-Tc superconductors 

has been achieved, together with important improvements in scanning tunneling microscopy [2], 

inverse photoemission, time-resolved photoemission or two-photon photoemission. Spin 

dependent low-energy electronic excitations in ferromagnetic 3d metals are of particular interest 

due to the need of a fundamental understanding and a realistic description of the band structure 

of solids [3]. Strong forces acting on one electron due to many-body effects dress it up with an 

interaction cloud resulting in quasiparticles with renormalized mass and a finite lifetime. The 

former is usually described by the real part of the self-energy function, while the later is 

described by its imaginary part. Theoretically [4], it has been found that these elements show 

strong correlation effects which could particularly affect majority spin electrons, such as 

pronounced damping of quasiparticles at binding energies around and above 2 eV. In a 

ferromagnet, the creation of a majority spin hole is followed by scattering processes involving 

mainly opposite spin electron-hole pairs. In this case one has to solve a three-body scattering 

problem involving two-holes and one electron. The three-body scattering (3BS) approach is 

most suited to treat short range intra-site interactions of narrow band systems starting from a 

multi-band Hubbard Hamiltonian where electron-electron interaction is included via on-site 

screened Coulomb (U) and exchange integrals (J). Fig.1 shows a schematic representation of the 

interactions involved in the photoemission process from majority and minority spin bands in the 

initial and final states. A hole produced due to photoemission in the majority spin channel is 

accompanied by the phase space of electron-hole pair excitations of opposite spin, involving 

scattering of strength proportional to U. The analysis is the same for the removal of one 

minority spin electron, but a less intense scattering strength proportional to U-J accounts the 

interactions among parallel spin particles. In consequence, in a strong ferromagnet, the 3BS 

approach shows that there is a severe renormalization of band positions and linewidths in the 

majority channel, while the effects are only minor in the minority channel.  
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This scenario is not necessarily the same in a weak ferromagnet, since the correlation effects 

depend not only on the strength of the electron-electron interaction, but also on the band width 

and number of occupied states. 

 

 

 

       

 

 

 
 

 

Fig.1. Schematic representation of the interactions involved in spin-dependent processes within the d 

band of a strong ferromagnet in the initial and final states after one electron removal. Left side: 

Photoemission in the minority cannel. Right side: Photoemission in the majority channel. 

 

A better understanding of the 3BS approach can be achieved by performing an experimental 

study of the spin-dependent quasiparticle lifetime and band structure of ferromagnetic 3d 

transition metal surfaces by means of spin and angle-resolved photoemission spectroscopy. This 

type of experiment allow us to establish if there exists a quenching of the majority channel 

quasiparticle excitations in this type of systems due to short lifetimes, or also to determine if 

there is a spin dependent quasiparticle renormalization for binding energies of 2eV and below 

due to many-body effects.  

 
Fig 2. Spin-resolved photoemission spectra in normal emission for the Fe(110), Co(0001) and Ni(111), 

systems along high symmetry directions using p-polarized light (Φi=45º).  

 

   In order to determine the binding energy dependence of the majority and minority 

quasiparticle lifetimes, spin-resolved measurements at room temperature were performed along 

the ΓN direction for Fe(110) and along the ΓL symmetry direction for the Co(0001) and Ni(111) 

systems (Fig.2). Bulk hcp Co(0001), fcc Ni(111) and bcc Fe(110) were produced on W(110) by 

evaporation from high purity Co, Ni and Fe wires respectively. During evaporation the pressure 

of the chamber remained below 5·10-10mb. The tungsten sample was cleaned by several cycles 

of annealing in oxygen (1·10-7mb) at 1200ºC followed by flashing at 2200ºC. The cleanliness of 

the tungsten substrate was checked by LEED and by the presence of a WS surface induced 

component in the W-4f core level spectrum. For all three evaporated materials, a fixed thickness 

of 15ML was enough to achieve the corresponding bulk structure. The normal emission 

condition was determined by measuring angle-resolved valence band dispersions of the clean 

W(110). Angle-dependent valence band spectra and the photon-energy dependence in normal 

emission (not shown) were measured along in plane and out of plane high symmetry directions, 

respectively, for each element with p and s incident polarized light. Spin-resolved measurements 
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were performed along the bulk projected ΓL symmetry direction for the Co(0001) and Ni(111) 

systems and along the ΓN direction for Fe(110) using a Rice-type Mott spin operated at 26kV. 

The samples were in a single domain state with the easy axis of magnetization parallel to the 

horizontal p-polarization plane of the incident light. The magnetization of the sample was 

reversed by applying short duration high current pulses of opposite polarity from a pulse 

generator connected to a magnetization coil. A detailed analysis of the quasiparticle peak widths 

for different symmetry k-points (Fig.3) has been performed. The analysis includes a correction 

for final state broadening [5] by   assuming a free electron approximation in the final state and 

deconvoluting from the energy resolution. Moving along flat regions of the band structure, the 

electron velocities are in the order of ~10
4
m/s in the initial state and ~10

6
m/s in the final state, 

which ca uses small corrections due to final state effects. 

                                         
Fig 3. Spin-dependent inverse lifetime on Fe(110) , Co(0001), and Ni(111) systems resulting from a peak 

fitting procedure including a correction for final state broadening. Dashed lines represent a linear fit of the 

experimental data for each spin direction, remarking the differences in the observed slopes. 

 

The Fe(110) system shows a stronger difference between majority- and minority-spin inverse 

lifetimes at low binding energies compared to Co(0001) and Ni(111) systems. In Fe, minority 

states show larger inverse lifetimes than majority-spin states, corresponding to quasiparticles 

with well-defined energy but shorter lifetime. In the case of Co(0001), on the other hand, a 

comparison between quasiparticle widths of majority and minority states leads to shorter 

lifetimes and a more coherent propagation of quasiparticles with majority spin. This effect is 

also accompanied by a quenching of the majority spin quasiparticle excitations near the Γ point 

at binding energies of more that 2 eV, while below 2 eV the features are close to the single 

particle band structure of this system. Finally, in the case of Ni(111), a spin-dependent effect in 

the photohole lifetimes is absent or very small, while splittings around 150 meV are found at 

different symmetry points of the band structure [6]. In summary, we have found a different spin-

dependent quasiparticle renormalization going from bcc Fe(110) to hcp Co(0001) and fcc 

Ni(111) bulk systems. The experimental results open the way for a comparison with a full 

calculation in the 3BS approach to describe the measured intrinsic linewidths in terms of band 

occupation, band width, quasiparticle energies and coherent excitations.  
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This work reports experiments on the semiconducting C1b compound CoTiSb and 

substitutional magnetic semiconductor CoTi0.9Fe0.1Sb. To exploit the full potential of 
spintronics, the development of new magnetic materials, magnetic semiconductors, and half-
metallic ferromagnets (HMFs) is necessary. HMFs meet all the requirements of spintronics, as 
a result of their exceptional electronic structure. These materials behave like metals with 
respect to the electrons of one spin direction and like semiconductors with respect to the 
electrons of the other spin direction.  

The electronic structure has been calculated for pure CoTiSb and substituted 
CoTi0.9Fe0.1Sb (not shown here). Doping CoTiSb with more d electrons of Fe (10%) results 
that the semiconductor is converted into HMF: the DOS at the Fermi energy is clearly 
different from zero for one spin direction, while remaining zero for the other. The half-
metallicity arises from the fact that the main parts of the additional Fe 3d states are located at 
approximately 3 eV below EF and therefore the Co states are shifted into the majority gap. At 
the same time, the minority gap is reduced due to unoccupied, additional Fe d states at the 
bottom of the minority conduction band. The exchange splitting between the occupied and 
unoccupied localized d states amounts to about 3.4 eV. A further important result of the 
calculations is that only Fe atoms replacing Ti contribute to the total magnetic moment of the 
compound. XMCD measurements [1] revealed that only the Fe atoms carry a magnetic 
moment. The calculated value of the magnetic moment per iron atom is 3.7 µB (at 10%). 

Using photoemission spectroscopy, one obtains information about the occupied 
electronic states, in particular, for polycrystalline samples. Making use of resonant excitation, 
one expects higher bulk sensitivity [2] and may be able to distinguish the site specific 
contributions. Therefore, two bulk sensitive methods have been applied in the present work. 
The hard x-ray photoemission spectroscopy (HAXPES) measurements have been performed 
at the KMC-1. As electron analyzer, a recently developed hemispherical spectrometer with 
225 mm mean radius has been used (SPECS Phoibos 225 HV). The analyzer is designed for 
high resolution spectroscopy at kinetic energies up to 15 keV. The soft x-ray photoemission 
spectroscopy measurements have been performed at the UE52-SGM.  
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Figure 1. Valence band spectra taken at 
different excitation energies around the Co 
L3 edge of (a) CoTiSb and (b) 
CoTi0.9Fe0.1Sb. 
 

Figure 2. Valence band spectra of CoTiSb and 
CoTi09Fe0.1Sb at 779 eV excitation energy. Panel 
(a) shows the complete spectra, while panel (b) 
shows an enlarged view of the area around the 
Fermi energy.  
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Figure 1 shows the energy dependence of the valence band photoemission spectra 

taken with photon energies close to the Co L3 edge for CoTiSb (Fig. 1(a)) and for 
CoTi0.9Fe0.1Sb (Fig. 1(b)). The spectra are normalized to the photon flux. The photon energies 
correspond to the onset of the absorption (778.2 eV), the maximum of the Co L3 white line 
(779.4 eV), and the trailing edge of the Co L3 absorption (781 eV). The most prominent 
feature seen in the spectra is the Co Auger electron emission. The L3VV Auger electron 
emission is observed just when the onset of the Co L3 absorption edge is reached. It can be 
clearly identified from its linear energy dependence (see Fig. 1). On a kinetic energy scale, it 
stays fixed. Due to the high intensity and the intrinsic width of the Auger transition, it is 
difficult to observe details of the valence band structure. 

Figure 2 compares the valence band spectra of CoTiSb and CoTi0.9Fe0.1Sb in more 
detail. In panel (a), a slightly higher intensity of the Auger excitation is observed for pure 
CoTiSb compared to the Fe-substituted sample. It should be noted that the maximum of the 
Auger transition appears at the same energy (-4.48 eV) for both compounds within 
±100 meV. Figure 2(b) shows the spectra of CoTiSb and CoTi0.9Fe0.1Sb close to the Fermi 
level on a larger scale for a better comparison. The Ag Fermi edge as used for the energy 
calibration of the spectrometer is shown for comparison (intensity not to scale). Close to the 
Fermi energy, a slightly higher intensity for the Fe containing sample in comparison with the 
pure CoTiSb is observed. This behavior is compatible with the electronic structure 
calculations which predict a higher density close to the Fermi level for CoTi0.9Fe0.1Sb. Indeed, 
the valence band spectra hint on a metallic-like characteristic for both samples. If present, a 
semiconducting gap with a width of below 100 meV cannot be excluded. Antimony is a well-
known surfactant; therefore, the metallic-like character may also be explained by a few 
monolayer thick conducting Sb layer on top of the surface. 

Due to the high intense Auger transition governing the spectrum, an additional 
analysis is needed. In [3], it was shown that XPS using Mg Kα laboratory sources is not able 
to explain details of the density of states correctly. Therefore, hard X-ray photoemission 
spectroscopy with high bulk sensitivity has been performed. A photon energy of 2.5 keV was 
chosen to ensure the best beamline resolution. In that case, the electron inelastic mean free 
path is expected from the TPP-2M equation [4] to be 3.7 nm in good agreement to the 
universal curve. The escape depth corresponds to about 6 cubic cells or 24 metallic 
monolayers (note that 36% of the intensity emerges still from deeper lying regions of the 
sample). This value is about 2.5 times higher compared to the resonant excitation at the Co 
edge. One further advantage of HAXPES is that the photon energy is in the range where the 
partial cross sections of the valence states are similar. This avoids an overestimation of 
emission from d states.  
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Figure 3. High energy valence band 
spectra of CoTiSb and CoTi09Fe0.1Sb. 
Spectra taken at 2.5 keV excitation 
energy (symbols) and the DOS of 
CoTi09Fe0.1Sb weighted by the 
photoemission cross section (lines) are 
shown. The additional DOS arising from 
the Fe atom is shown as a dashed line. 
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The high energy spectra of CoTiSb and CoTi0.9Fe0.1Sb are shown in Fig. 3. The 
spectrum calculated by a convolution of the partial and orbital resolved densities with the 
affiliated cross sections and a Fermi-Dirac distribution is shown for comparison together with 
the Fe contribution to the spectrum. Both measured high energy spectra reveal clearly the low 
lying s states at about 11-9 eV below the Fermi energy, in well agreement to the calculated 
DOS. These low lying bands are separated from the high lying d states by the C1b-typical 
hybridization gap being clearly resolved in the spectra as well as the calculated DOS. The size 
of this gap amounts typically to ∆E=3÷4 eV in Sb containing compounds. 

The structure of the high energy spectra in the range of the d states agrees roughly 
with the structures observed in the total DOS, although the high density at -5 and -3 eV is not 
well resolved. Overall, the emission from the d states covers a larger energy range compared 
to the calculated DOS, which gives advice on an underestimation of correlation effects in the 
local density approximation. However, one also has to account for lifetime broadening and 
the experimental resolution if comparing that energy range. At 2.5 keV excitation energy, the 
emission is still dominated by the high dense d states at about -1.5 eV. 

The major difference in the measured valence band spectra between the pure CoTiSb 
and the Fe-substituted samples is obviously the additional peak at about 3 eV below the Fermi 
energy. This peak can only be explained with the occurrence of additional Fe 3d states in this 
region of the valence band. A semiconducting band gap of CoTiSb within a width of 
100 meV cannot be detected at the given energy resolution of the spectra. The general shape 
of the high energy photo-emission spectra agrees, however, very well with the calculated 
electronic structure. 

To summarise, the electronic structure of the CoTiSb and  CoTi0.9Fe0.1Sb has been 
investigated by means of photoemission spectroscopy. In particular, the HAXPES spectra 
agree with the calculated density of states and show clearly the differences between the pure 
and the Fe-substituted compound. In particular, the additional Fe 3d states were observed at 
about 3 eV below the Fermi energy. This indicates clearly the localized properties of the 
doped d electrons.  

We acknowledge financial support from the BMBF 05ES3XBA/5 and BMBF 
05KS7UMI. 
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Introduction 
For continued scaling of Si CMOS devices, an alternative material for the gate insulator with 

a high dielectric constant is required to replace conventional SiO2. Rare earth metal oxides, which 
include La2O3, Gd2O3 and Pr2O3, represent promising candidates for alternative high-κ gate dielectrics 
in sub-0.1 micron CMOS technology. We have studied the growth of Pr2O3 and Gd2O3 using 
molecular beam epitaxy since they have high dielectric constant (24-30) [1,2] and close lattice match 
to Si [3]. However, an interfacial layer forms during the high temperature process since rare earth 
oxides are typically only metastable in contact with semiconductors. The effective dielectric constant 
of a Pr2O3/Si(001) or Gd2O3/Si(001) stack can be lowered due to the interfacial layer. The control of 
the structure and interface is critical in order to achieve the full potential of such novel metal oxide as 
a gate material. In this report, we analyze in situ grazing incidence x-ray diffraction (GIXRD) and 
reflection high energy electron diffraction (RHEED) data of Pr2O3 and Gd2O3 grown on Si(001).  
 

Experimental 
The layers are grown on Si(001) substrates by molecular beam epitaxy (MBE) using a 

high-temperature effusion cell for evaporating Pr2O3 and Gd2O3. Compared to e-beam evaporation, the 
effusion source exhibits a better temperature control and a more stable and reproducible flux. The cell 
temperatures (Tcell) are 1700-1900°C for this experiment. Typical growth rates are 7-8 nm/hour for 
Pr2O3 at Tcell=1700°C and 4-5 nm/hour for Gd2O3 at Tcell=1900°C. In case of oxygen addition, a flux of 
molecular oxygen, controlled by a mass flow controller, is introduced into the growth chamber during 
growth. After the growth of the layer, the samples are transferred in UHV to a UHV chamber fixed on 
a diffractometer for the x-ray measurements. The measurements are performed with 10 keV x-rays at 
the PHARAO beamline [4] at BESSY using a 
6-circle diffractometer. The beryllium windows on 
the measurement chamber allow access to a large 
range of reciprocal space both in-plane and 
out-of-plane. 
 

Results and discussions 
Figure 1 shows in-plane GIXRD patterns 

along Si[110] for the Pr2O3 layers grown at 600°C 
and 800°C with no oxygen addition during growth. 
A broad peak at around H = K = 1.3 of the cubic 
and/or hexagonal phase of Pr2O3 [5] is observed for 
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Fig. 3. GIXRD patterns for Gd2O3 layers along
Si[110]. PO2 are (a) 1.9×10−8 mbar and (b) 6.7×10−8 
mbar. Tsub is 650°C. The film thickness is around 5 nm 
for both samples. 

the sample grown at 600°C. However, its intensity 
becomes very weak for the sample grown at 800°C. 
Instead, the peak at H = K = 1.82 is clearly 
observed in both samples. This is the (200) peak of 
tetragonal PrSi2. PrSi2 usually forms when the 
Pr2O3 structure is annealed at temperatures higher 
than 900°C, due to the interdiffusion of atoms at 
the interface [6]. But in this case, PrSi2 already 
forms at 600°C, most probably due to oxygen 
deficient growth conditions. Higher temperatures 
result in oxygen desorption from the Pr2O3 layer by 
the formation of O2 or Si-O, enhancing the 
silicidation of the layer. This means that the 
silicide is the favorable structure for the Pr2O3/Si 
interface under oxygen deficient conditions. 
Silicide formation degrades the electrical 
properties of the layers as a gate insulator.  

To suppress silicidation of the layers or 
interdiffusion of atoms at the interface, controlling 
the oxygen partial pressure (PO2) during growth is crucial. Figure 2 shows RHEED patterns of the 
layer (a) without and (b) with oxygen addition. The sample with oxygen shows epitaxial growth of 
cubic Pr2O3 with two orthogonal cubic domains, while the other shows the formation of tetragonal 
PrSi2. Figure 2(c) shows the GIXRD pattern of the Pr2O3 layer grown with oxygen. The Pr2O3 phase is 
polycrystalline due to the higher oxygen pressure as compared to the one shown in figure 2(b). 
However, there is no detectable PrSi2 peak at H = K = 1.82, and only the peak at H = K = 1.3 for Pr2O3 
is observed. There might be a silicate phase in the layer since it should be stable in the presence of 

oxygen, but we have been unable to detect it so far. 
It may exist in amorphous form since it should be 
stable up to 900°C [7]. Further investigations of 
layers with oxygen addition are therefore under 
way.  

The structure of Gd2O3 also depends on 
PO2 during growth. Figure 3 shows the GIXRD 
patterns for Gd2O3 layers grown on Si(001) with 
different PO2. The peaks at H = K = 1.42, 2.01 and 

2.84 are labeled as (040), (40 4 ) and (080) of 
epitaxial cubic Gd2O3, respectively. The lattice of 
Gd2O3 matches better with that of Si compared to 
Pr2O3. But there is a clear peak at 1.91 for the 
sample with lower PO2. We attribute this peak to the 
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Fig. 2. RHEED patterns for the samples grown at 
600°C (a) without and (b) with oxygen addition 
(PO2=2.7×10−8 mbar). (c) GIXRD pattern along Si[110] 
for the sample grown at 700°C with oxygen addition 
(PO2=8×10−7 mbar). 
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silicide structure in the layer. By increasing PO2 from 1.9×10−8 to 6.7×10−8 mbar, the peak goes away 
as shown in figure 3. However, higher PO2 causes the layers to become polycrystalline or even 
amorphous. Possibly also some Si oxide may exist at the interface, decreasing the capacitance of the 
layers. Therefore, controlling the oxygen partial pressure during growth is important to obtain high 
quality epitaxial oxide layers for a high-κ gate oxide.  
 

Summary 
The layer and interface structure of Pr2O3 and Gd2O3 layers grown on Si(001) was studied by 

in-plane GIXRD and RHEED. Due to the interdiffusion of Pr and Si atoms, Pr silicide forms in the 
as-grown layers under oxygen deficient conditions. This indicates that the silicide is the favorable 
structure at the Pr2O3/Si interface especially at high temperature where a loss of oxygen from the layer 
occurs. To avoid silicidation of the layer, additional oxygen is supplied during growth. The formation 
of Pr silicide is not detected for layers grown at 700oC with an oxygen partial pressure of 10-7 mbar. 
The structure of Gd2O3 also depends on the partial pressure of oxygen during growth. By controlling 
the oxygen partial pressure during growth, we obtain epitaxial cubic Gd2O3 on Si(001) while 
suppressing silicide formation at the interface. 
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Laterally resolved magnetic studies on ultra-short timescales are essential to understand various
magnetic phenomena such as precessional switching or domain creation and domain wall motion. Of
special interest are multilayered microstructures. There are many open fundamental questions
concerning coupling effects and dynamics like vortex precession in such systems. To study these, the
experimental set-up has to provide a high spatial and temporal resolution in combination with chemi-
cal and magnetic sensitivity. The technique of time-resolved X-ray circular magnetic dichroic photo-
electron emission microscopy (XMCD-PEEM) is a stroboscopic pump–probe technique which allows
to gain picosecond time resolution and simultaneously layer and spatially resolved information about
the investigated magnetic microstructures.

To achieve a high temporal resolu-
tion we used the sample design pre-
sented in Fig.1 (a). An optical switch
(Fig. 1 (b)) triggered by a femto-
second laser pulse provides an
ultrashort current pulse that travels
along a stripline [1]. The associated
magnetic field pulse excites mag-
netic microstructures on top of that
stripline (Fig. 1 (c)). The magnetic
configuration of the microstructures
can then be probed with the syn-
chrotron pulse at different excitation
times. To study reversible dynamics,
the initial domain configuration has
to be a Landau-like flux-closure

Fig. 2: Drawing (a) and photograph (b) of the new sample
holder comprising the sample plate with spring contacts, chip
carrier, and mask.

a b c d e
Fig. 1: (a) Sketch of the switch and stripline combination used in the experiments, PEEM images of (b) the
switch (field of view 100 µm) and (c) the stripline including the magnetic microstructures in survey mode (field
of view 250 µm); XMCD-PEEM images of a 5×5 µm2 permalloy square (d), and a 15×5 µm2 permalloy
rectangle (e).
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pattern as shown in panels (d) and (e) of Fig. 1.

A new sample mounting system was developed and used to avoid contacting the sample with silver
glue, because silver glue might migrate to the switch during the measurement and cause a shortcut.
Figure 2 shows the sample mounting system. It is compatible with the Omicron mechanics and with
our Focus PEEM microscope. The four ends of the stripline and waveguide set are contacted by wire
bonding to a commercially available chip carrier. A mask with a 6 mm diameter opening protects the
switch from the high voltage of the PEEM extractor lens. The new system results in a much longer
lifetime of the sample, and the ability to withstand much higher currents through the stripline, while
keeping the imaging conditions unperturbed [2]. We obtained magnetic field pulses of typically 80 Oe
and FWHM of 80 ps (Fig. 3(a)) considering deconvolution with the width of the synchrotron pulses of
about 50 ps.

Time-resolved XMCD-PEEM measurements of a permalloy rectangle are shown in Fig. 3. The
domain pattern changes irreversibly from a two-vortex state to a four-vortex state after field pulsing.
The pump–probe series, depicted on the left of Fig. 3, shows the time evolution of the system. The
difference images (Fig. 3 (d)) indicate the domain wall and vortex movement. The magnetic domain

Fig. 3: (a) Temporal shape of the magnetic field pulse. (b) Static magnetic domain pattern before any puls-
ing. (c) XMCD-PEEM images at five different delay times of the pump–probe scan. (d) Sketch of the mag-
netic domain configuration and difference images XMCD(t0)-XMCD(t). Incidence direction of the circularly
polarized x rays (“hν”) and direction of field pulses (“B(t)”) are indicated.
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images for different delay times during the application of the magnetic field pulses represent the
dynamic magnetic response of the microstructure to the incoming field pulse. The magnetization of
the grey domains is perpendicular to the incoming field pulse, and thus experiences the highest torque
from the magnetic field pulses. Therefore the changes in contrast are most obvious in those domains.
They display an oscillation of XMCD contrast as a function of time with a frequency of 3.1 GHz due
to the precessional motion of the magnetic moments. Extending the method to multilayered magnetic
samples will allow following the magnetization dynamics with layer selectivity.

[1] S.-B. Choe, Y. Acreman, A. Scholl, A. Bauer, A. Doran, J. Stöhr, and H. A. Padmore, Science
304, 420 (2004).

[2] J. Miguel, M. Bernien, D. Bayer, J. Sánchez-Barriga, F. Kronast, M. Aeschlimann, H. A. Dürr,
and W. Kuch, Rev. Sci. Instrum., accepted  (2008).
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Size dependence of the L3/L2 branching ratio of free
transition metal clusters
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The 3d transition metals have been in focus of many studies, aiming at an better understanding
of these interesting elements. While the electronic structure of the bulk transition metals [1] as well
as the atoms [2] are well established, the size dependence of the electronic structure, especially the
unoccupied density of states, is not so well known [3]. Now, a size dependence in XAS measurements
of the 2p branching ratio of transition metal clusters has been observed. These measurements provide
a detailed insight into the electronic structure of the unoccupied density of states of the 3d band
and will help to get a better insight into XAS theory.
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Figure 1: Mass spectrum (n/z) of Vanadium clusters. Multiply charged cluster ions can be seen.

The transition metal clusters used in the experiment are produced by a magnetron sputter source.
Charged clusters are filtered from the beam and only neutral clusters of a tunable size distribution
get to the interaction zone of the experiment. The interaction zone is located within the first
acceleration stage of a pulsed Wiley-McLaren time of flight mass spectrometer with a high mass
resolution m/∆m = 600. Here, the cluster beam is intersected by the synchrotron beam, which
energy is varied over the L2,3 absorption edges of vanadium, cobalt and titanium clusters. The
energy resolution is 250meV and a whole mass spectrum is taken at each energy step. After the
resonant core level excitation the cluster can relax via autoionisation and a subsequent Auger cascade,
leaving a multiply charged cluster which can be detected by the time of flight mass spectrometer.
Each obtained spectrum is a superposition of cluster size distributions with different charge states
as can be seen in figure 1 and 2. These spectra are analysed by a fit routine, which separates the
different charge states of the clusters. This way, meaningful truly mass and charge resolved ion yield
spectra for each adjusted photon energy are obtained as illustrated in figure 2. Integrating over a
mass interval leads to a cluster size dependent XAS spectrum.

424



15

10

5

0

io
n 

yi
el

d

250200150100500
cluster size in atoms per cluster (n)

 Vn
1+

 Vn
2+

 Vn
3+

 Vn
4+

 Vn
5+

 Vn
6+

 Vn
7+

 Vn
8+

 

514.5 eV
Vanadium

20

15

10

5

0

io
n 

yi
el

d

250200150100500
cluster size in atoms per cluster (n)

 Vn
1+

 Vn
2+

 Vn
3+

 Vn
4+

 Vn
5+

 Vn
6+

 Vn
7+

 Vn
8+

 

130 eV
Vanadium

Figure 2: Mass and charge separated ion yield at 514.5 eV and 130 eV. Fragmentation of the clusters can be observed.

In figure 2 it can be seen that the cluster size distribution of the different charged clusters varies
with the photon energy. Comparing the spectrum at 130 eV with the one at the L3 edge at about
514 eV it is obvious, that the clusters at the higher photon energy fragment. The spectra suggest
that the fission process is not symmetric. The clusters seem to dissociate into a large and a small
component with one or two charges on it, where it is not uncommon that the smaller fragment can
be a monomer or dimer. From the mass spectra it is also possible to obtain the appearance size
of a n-fold charged cluster, which is the critical size for the cluster to be stable within the time
scale of the experiment (about 10µs). The appearance size for vanadium is shown in figure 3. For
comparison the data for cobalt and a value for the doubly charged vanadium cluster [4] is given.
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Figure 3: Appearance size for vanadium clusters. Vanadium a) data taken at BESSY, Vanadium b) Saito et al. [4],
Cobalt data taken at BESSY

Due to fragmentation, the smaller clusters are expected to be fragments of larger ones. It turned
out, that the XAS spectra of the monomer and the dimer looked like the bulk XAS spectrum.
Because of this the smaller clusters up to cluster size n = 30 had to be disregarded for further
analysis.

As can be seen in figure 4, the spectra of the smallest clusters examined show some features and
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shoulders that can be identified with certain lines of the atomic spectrum while at larger clusters
the spectra become smoother. The smooth spectra resemble the spectra of bulk vanadium. Note
that the onset of the L3 resonance of the atom in figure 4 is shifted by 2 eV towards higher photon
energies in order to match the spectrum with the features in the spectra of the clusters. The energy
of the resonance onset does not vary with cluster size, so the 2 eV shift between the atom and the
smallest cluster size examined (≈ 30) seems to take place at smaller cluster sizes.

When looking at the intensity ratio of the resonance lines a gradual change from the L3/L2

branching ratio of the atom to the ratio of the bulk value can be observed (cf. figure 4). This ratio
is vividly discussed in the literature [5, 6]. To get an insight into the mechanism responsible for the
behaviour of this ratio the atoms or the bulks of the 3d transition metal series had to be compared
[1]. Now it is for the first time possible to get an size dependent branching ratio for one transition
metal. This might help to obtain a better understanding of this ratio. The size dependence of
the branching ratio can be seen quite well in the spectra (cf. figure 4). Whereas the ratio of the
resonances of the atom is about 2 the corresponding value of the clusters size distribution around
n = 35 is approximately 1.4. The ratio decreases with increasing cluster size to around 1.1 at n = 80.
Although the L3/L2 ratio of bulk Vanadium is below 1, the measurements do not drop below 1.1 up
to cluster size n = 200, which are the largest clusters of the data set.
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Figure 4: LEFT: XAS ion yield spectra for different cluster sizes. RIGHT: L2/L3 ratio as a function of cluster size

The spectra shown here were obtained at BESSY beamlines U56/2-PGM-1 and U49/2-PGM-1.
Technical assistance was readily provided by BESSY staff members. Travel to BESSY was sup-
ported by BMBF 05 ES3XBA/5. We acknowledge funding by Technische Universität Berlin in the
framework of research initiative project FIP 2/60.
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Photoionization of doubly laser-excited sodium atoms 
 

D. Cubaynes1, D. Glijer1, F. J. Wuilleumier1, M. Meyer1, E. Heinecke2, T. Richter2 and 
P. Zimmermann2 

 
1LIXAM, Centre Universitaire Paris-Sud, Bâtiment 350, F-91405 Orsay Cedex, France 

2Technische Universität Berlin, Institut für Optik und Atomare Physik, Hardenbergstrasse 36, 
10623 Berlin, Germany 

Most of the experimental investigations on inner-shell photoionization of laser-excited atoms have 

chosen the alkaline atoms as prototype target (e.g. [1] and references therein). The excitation energy 

necessary to promote the outer "s"-electron to the next higher subshell of "p"-symmetry is easily 

attainable with conventional ring dye lasers and enables a controlled and efficient modification of 

the electronic cloud by the laser before photoionization. In our recent study on atomic Li [2], higher 

energy levels were excited using a frequency-doubled dye laser and new features caused by strong 

electron correlations were observed. In particular, we could verify the theoretical predictions [3] of 

an intensity inversion between the main photolines and the generally weak satellite lines after 

excitation of the Li* 1s23p level. We have extended these experiments now to excitations with two 

optical lasers and have chosen atomic sodium as first example. The preparation of the atoms by two 

laser photons allows us not only to reach higher excited states, but more importantly also to 

investigate the influence of different angular momenta of the exited outer electron on the inner-shell 

ionization process. Only one attempt combining two lasers and synchrotron radiation has been 

undertaken earlier [4], but limited resolution and low statistics of the spectra have restricted at that 

time the measurements to resonant photoionization. 

In the present study, we have excited atomic sodium with two ring dye lasers (Fig. 1). The first, 

when lasing at 589 nm, excites the outer 3s electron to the intermediate 3p 2P3/2 orbital. The second  
is used to access the 4d 2D5/2 or 
the 5s 2S1/2 level with 569 and 
616nm radiation, respectively. 
From the electron spectra, we 
estimate that 10-15% of the Na 
atoms are excited to the 3p 2P3/2 
level and less than 5% are further 
promoted to the 4d and 5s levels.  
Caused by radiative relaxation of 
the excited atoms, lower lying 
states, i.e. 4p, 4s, 3d, 3p, are also 
populated and photoionization 
from all these states will show up 
in the photoelectron spectrum. 

 
Figure 1: Energy diagram of atomic sodium with electronic 
ground state configuration Na 2p63s 2S1/2. The pathways for 
excitation with two lasers and for the subsequent radiative 
relaxations are indicated. 
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The experiments were performed at the BESSY U125/2-SGM beamline using a high-resolution 
electron spectrometer (Scienta SES-2002). Typical electron spectra showing part of the Na 2p 
photoionization are displayed in figure 2. The spectra were recorded at 60eV photon energy, when 
only the first laser was present in the interaction volume (Fig. 2a) and when, in addition, the second 
laser was tuned to the 3p-4d transition (Fig. 2b). The lines in the spectrum obtained after excitation 
to the excited 3p 2P3/2 state (Fig. 2a) are well known and contributions from ionization of atoms in 
the ground and the excited state can be easily separated. After subsequent excitation to the 4d 2D5/2 
state (Fig. 2b) a huge number of strong additional lines show up. Most of these structures are 
completely resolved and the lines are unambiguously identified.  
In order to highlight one of the results of the present analysis, we focus on the intensity ratio 
between main and satellite lines resulting from the photoionization of the Na*2p64d 2D5/2 level 
(Fig. 2b). For photoionization in the 2p shell, the so-called main lines, which lead to the Na+2p54d 
multiplet at about 12.5 eV kinetic energy, are almost completely suppressed. Nearly all intensity is 
comprised in the shake-up satellites where the outer 4d electron is promoted to the 5d and 6d shell 
during the photoionization process. This finding is similar to the observation of the excited Li 
atoms [2,3], but the effect is strongly enhanced for the case of 4d-excited Na. In general, different 
ratios between main and satellite lines are observed, when comparing the structures related to the 
intermediate 4d, 3p, 4p, and 4s excited states. The detailed analysis, presently under progress, will 
                      

 

allow us to map out precisely the 
importance of the initial energy and 
angular momentum of the excited 
electron for the photoionization 
process. 
 
 
 
Figure 2: Photoelectron spectra of 
atomic sodium recorded at 60eV after 
laser excitation to the Na*2p63p 2P3/2 
excited state (a) and after excitation 
with two lasers to the Na*2p64d 2D5/2 
excited state (b). For some of the lines, 
the orbital of the outer electron nl is 
indicated to identify the final Na+2p5nl 
ionic states. 

The project was funded through BESSY-EC-IA-SFS Contract (EU R II 3-CT-2004-506008). 
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Based on the optical constants available from the Center for X-Ray Optics, the calculated 
s-reflectivity Rs at λ= 11nm of an ideal Ru/Y multilayer analyzer consisting of 30 bi-layers is 
substantially higher than that of a 45 bi-layer Mo/Y mirror. This would indicate that the Ru/Y 
material combination is a promising multilayer for operating in this region. However, with 
decreasing wavelength the interface width resulting from roughness and inter-diffusion is 
comparable with the layer thickness, which can significantly reduce the reflectivity. This 
indicates that the quality of the interfaces must be considered in the optimization of 
multilayers designed for short wavelengths, in addition to the optimum choice of material 
combinations. Work performed by Windt et al. at the Advanced Light Source[1] has shown 
that the reflectivity of a Mo/Y multilayer is higher than that for Ru/Y at λ= 9.39 nm, 
suggesting that the interfaces between Mo and Y are much better than those between Ru and 
Y. Thus it is worthwhile to attempt to improve the interface quality of Ru/Y multilayers in 
order to obtain higher reflectivities. In the work described here, three metal-Y multilayers – 
Mo/Y, Ru/Y and Ru/Mo/Y/Mo – were designed and characterized as polarizing analyzers for 
λ= 11nm. In the latter case, the molybdenum layers acted as barriers between the Ru-Y 
interfaces. These (periodic) multilayers were all prepared by magnetron sputtering. Their 
structures were measured by X-ray diffractometry, and their polarizing performances were 
characterized using the soft X-ray polarimeter on beamline UE56/1-PGM-1 at BESSY-II. 

The design results are shown in Table 1; the calculations assumed that the multilayers had 
ideal interfaces, i.e., without roughness and diffusion. For the Ru/Mo/Y/Mo multilayer, 
0.5nm thick molybdenum layers were inserted between the Ru-Y interfaces as barrier layers. 
The calculations indicate that Ru/Y multilayers provide the highest s-reflectivity, Rs = 65.63%, 
substantially higher than for Mo/Y multilayers with Rs = 54.87%. With the 0.5 nm 
molybdenum barrier layers (Ru/Mo/Y/Mo ), Rs = 63.64%. 

The s- and p-reflectivities were measured in the 9.5–12.5nm wavelength range at the 
quasi-Brewster angles. The measured s-reflectivities at 11nm are ≈38%, ≈40% and ≈43.5%, 
respectively, for the Mo/Y, Ru/Y and Ru/Mo/Y/Mo multilayer analyzers at their 
quasi-Brewster angles. The measured results are summarized, and compared with the 
theoretical calculations, in Figure 1. The results indicate that the Mo/Y interface structure is 
better than that of Ru/Y. By inserting 0.5 nm thick Mo barrier layers between the Ru-Y 
interfaces the measured s-reflectivity is higher than either of the material pair combinations. 
All the multilayer analyzers exhibit high degrees of polarization, > 99.80%, close to the 
design value of 99.96%. 
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Table 1. Design parameters of multilayer analyzers with ideal interfaces for λ=11 nm. N is the number of 
periods. θB is the grazing incidence Brewster angle, Rs_(P) are the ideal s-reflectivity (polarization degree) for a 
multilayer analyzer with smooth and sharp interfaces 
Multilayer  N Design layer thickness [nm] θB[°] Rs[%] P 

Mo/Y 45 dMo = 3.41 dY = 4.53 46.7 54.87 0.9998 
Ru/Y 30 dY = 4.69 dRu = 3.25 47.2 65.63 0.9996 
Ru/Mo/Y/Mo 25 dY = 4.19; dMo = 0.5 dRu = 2.78; dMo = 0.5 47.2 63.64 0.9996 

 
In conclusion, although the Ru/Y material pair has the highest theoretical s-reflectivity f 

63.90% at 11nm, the imperfections of the Ru-Y interfaces significantly reduce the measured 
s-reflectivity to ≈40%. The measured results indicate that the interface quality of the Mo-Y 
combination is better than that of Ru-Y. Inserting 0.5nm Mo layers between the Ru-Y 
interfaces provides a measured s-reflectivity of ≈43.5% at 11nm, higher than that of the Ru/Y 
multilayer. The experimental results indicate that the Mo barrier layer suppresses intermixing 
of Ru and Y, thereby increasing the reflectivity of the multilayer. The Ru/Mo/Y/Mo material 
combination is thus promising for multilayers near to the 11nm wavelength region. Further 
investigation of the interface structures using high resolution transmission electron 
microscopy is required to determine the actual role of the Mo layers. In addition, the practical 
application of Ru/Mo/Y/Mo multilayer mirrors also requires understanding of the temporal 
and thermal stabilities. 
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Figure 1. Designed (a) and measured (b) s- and p-reflectivities of the periodic Mo/Y, Ru/Y and Ru/Mo/Y/Mo 
multilayer analyzers at their quasi-Brewster angles.  
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A new novel approach based on the sequential immersion of COOH functionalized self 

assembled monolayers (SAMs) covered substrates in solutions of an organic ligand 

(benzenetricarboxylic acid (BTC)) and an inorganic connector (MLx, e.g. (M= Zn(II) , Cu(II)) 

was used for the step-by-step growth of metal-organic frameworks (MOFs) on a 

functionalized organic surface [1,2].   

The Infra-Red Reflection Absorption Spectroscopy (IRRAS) data show a linear increase in 

the thickness of the deposited MOF with the number of immersion cycles. AFM and SEM 

data demonstrate the selective growth of the MOFs on a COOH-terminated surface.  

In the case of Cu(II)-BTC the out-of-plane XRD-data (Fig. 1), as well as the in-plane XRD-

data (see Fig. 1, inset) reveal the presence of a highly ordered and preferentially oriented 

crystalline material, which exhibits the same structure as observed for the bulk compound 

[Cu3BTC2(H2O)n] [2-4]. 
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Figure 1. Out-of-plane XRD data for a Cu2BTC3.xH2O MOF samples (40 layers) grown

on a COOH terminated SAM, the in-plane spectra is shown also as an inset. The XRD

data of the MOF-2 and from the simulation are added for comparison.
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The gas-loading properties of MOF-layers grown by the step-by-step method were studied via 

an NH3/water exchange experiments. IRRAS data revealed a non-reversible loading behavior 

of the [Cu3BTC2(H2O)n] MOF similar to that seen in the bulk [3]. Then NEXAFS 

measurements were carried out at the HE-SGM beamlineat BESSY II. An irreversible change 

in the orientation of the BTC-units after the loading of NH3 and the reloading of H2O in the 

MOF was observed and is shown in Fig. 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This new route not only makes it possible to coat surfaces with MOF-layers of defined 

thickness but, even more interestingly, opens up the possibility to synthesize completely new 

types of MOFs with compositions and structures not accessible by bulk synthesis routes, e.g. 

frame-works containing two different organic ligands arranged in an alternating fashion. 

The authors thank BESSY for attribution of beamtime. Travelling costs for measurements at 

BESSY provided by BMBF through Grant No. 05ESXBA/5 are gratefully acknowledged. 
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Figure 2. C-K edge NEXAFS spectra of a) MHDA SAM after immersion for 30 min
in Zn-acetate then for 60 min in BTC (8 cycles) (S-1),b) (S-1) after loading with
NH3(g)  for12 hours and then reloading with H2O for1hour. 
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1. Introduction 

Ultrathin metal films and nano particles on oxide surfaces exhibit unique properties like catalytic 

activity ([1], [2]). Therefore, many studies on metal growth on oxide surfaces were performed. 

Additionally, also the deposition of oxides and organic molecules is of interest. Among the oxides, 

TiO2 plays an important role as it can be considered as a model substance with a nominal d
0
 

configuration.  

Reactive metals (like Cr, V or Hf) grow in a 2D mode while noble metals (like Au, Pt) grow as small 

clusters. In this project (proposal 2007_2_70045), we focus on the growth properties of Cr on TiO2 

thin films. 

2. Experimental details and sample preparation 

Instead of TiO2 single crystals we use an alternative approach for the preparation of stoichiometric thin 

films. This is realized by in-situ metal deposition in UHV conditions (better than 10
-8

 mbar) followed 

by ex-situ oxidation in ambient air.  

Metallic Titanium is deposited on a SiC-substrate by heating a Ti-filament to about 1000°C. The film 

reaches a thickness of about 5 nm within 45 to 60 minutes. The thickness is estimated by the 

attenuation of the Si 2p peak from the substrate. The metallic film is oxidized in ambient air by 

electrically heating the substrate to approx. 900°C for about 5 minutes directly followed by evacuating 

the entry lock. The thickness of the resulting film is estimated to be about 10 nm by application of 

some stoichiometric calculations.  

The Chromium source is made from a tungsten basket filled with Chromium pieces with a size of 

some mm. The basket is heated electrically to about 1300°C which is high enough to evaporate 

Chromium.  

The samples are analyzed at the ASAM (Analytical Spectroscopy and Microscopy) end station at 

beamline U49/2-PGM2 which is operated by BTU Cottbus. 

3. Results and Discussion 

3.1. TiO2 

The oxidation of Titanium in ambient air provides an excess of oxygen which finally leads to a 

stoichiometric thin film. This is concluded from the Ti 2p core level spectra as shown in Fig. 1 (left 

panel). We observe the sharp (FWHM about 1 eV) 2p3/2 peak without features at lower binding 

energies. The binding energy of this peak is referenced to -459.3 eV (Ref. [1], Section 3.2.3). 

Additionally, Carbon contaminations are oxidized and removed from the surface which can be seen in 

the overview spectrum in the inset. The valence band spectrum of such a film is shown in Fig. 1 (right 

panel) together with a magnified section of the gap region. There are only small contributions in the 

gap region that can be assigned to oxygen vacancies at the surface.  

The NEXAFS spectrum in Fig. 2 shows the typical Rutile features. The high temperature (900°C) 

during oxidation causes a phase transition which finally leads to a TiO2 film with a rutile-like 

structure. According to Ref. [2], the temperature which is necessary for the phase transition is about 

850°C. Although we expect a polycrystalline surface, the XAS spectrum shows excellent agreement 

with established data that were obtained with Rutile single crystals. However, surface orientation and 

crystallinity were not investigated during our studies. 
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Fig. 1  Left panel: Overview and Ti 2p core level spectrum of a clean TiO 2  film prepared as described 

above.  The absence of visible shoulders at binding energies lower than -459.3 eV indicates 

stoichiometric TiO 2 .  The typical satelli te structures at about -472 eV and -478 eV also indicate 

stoichiometry. The overview spectrum (inset) shows no Carbon 1s contribution as the contaminations 

are removed from the surface very effectively during the oxidation step.   

Right Panel:  The valence band spectrum of the TiO 2  fi lm shows no significant contributions from the 

band gap region indicating a nearly stoichiometric sample. The magnified section exhibits the 

presence of some defect states at -0.7 eV that  are assigned to Ti 3d states. The valence  band maximum 

is observed at -2.8 eV which is in excellent agreement with data from Rutile single crystals. (Ref. [5]) 

 
Fig. 2  The NEXAFS spectrum (measured in TEY) shows all features that are typical for Rutile crystals 

(See Ref.  [1]  for details).  The relative posit ions of the satellites A and B correspond to the positions 

of the satellites observed in  XPS spectra.  

3.2. Cr-TiO2 

The deposition of Cr onto the clean TiO2 surface leads to significant changes in both the valence band 

and Ti 2p core level spectra (summarized in Fig. 3). During the initial stage of growth (0.3 and 0.4 ML 

Cr) we only observe a shoulder -457.5 eV which is assigned to the formation of Ti
3+

. Significant 

broadening is observed when the layer thickness has reached 1.3 ML. The shoulder at -454 eV 

indicates the formation of metallic Titanium due to Chromium deposition. Additionally, metallic Cr is 

observed as well. This is concluded from the corresponding Cr 2p core level spectra when it is 

compared with a reference measured before.  

The valence band spectra offer similar information. We observe two states in the band gap region. 

According to the valence band spectra of the clean TiO2 film, the state at -0.7 eV is expected to have 

Ti 3d character.  ResPES is used to validate this. Fig. 4 shows two sets of valence band spectra for 0.3 

ML Cr on TiO2 recorded at photon energies corresponding to the Ti 2p and Cr 2p absorption edges. 

One can clearly observe the different behavior of the two states. The resonance of gap state 1 (-0.7 eV) 

at the Ti 2p edge indicates its Ti 3d character. On the other hand, the intensity of gap state 2 (-2.7 eV) 

is resonantly enhanced when the photon energy is scanned across the Cr 2p edge. This is indicated by 

the horizontal bars. 

-485 -480 -475 -470 -465 -460 -455 -450

-600 -500 -400 -300 -200 -100 0

 

 

Binding Energy / eV

O 1s

Ti 2p

O KLL
C 1s

In
te

ns
ity

 / 
a.

u.

Binding Energy / eV

Overview and Ti 2p in TiO2 (thin film) - as prepared
h = 900 eV

-12 -10 -8 -6 -4 -2 0 2

 Valence Band
 gap region x10

In
te

ns
ity

 / 
a.

u.

Binding Energy / eV

Valence Band and gap region
TiO2 thin film - as prepared
h = 150 eV

450 455 460 465 470 475 480 485

In
te

ns
ity

 / 
a.

u.

Photon Energy / eV

NEXAFS TiO2 as prepared
Ti 2p edge

A B

434



445 450 455 460 465 470 475 480 485
2

0

-2

-4

-6

-8

-10

-12

-14

Photon Energy / eV

B
in

di
ng

 E
ne

rg
y 

/ e
V

565 570 575 580 585 590 595
2

0

-2

-4

-6

-8

-10

-12

-14

Photon Energy / eV

B
in

di
ng

 E
ne

rg
y 

/ e
V

  
Fig. 3  Ti 2p, Cr 2p and valence band spectra of TiO2  and Cr deposited on TiO 2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4  Two sets of valence band spectra of 0.3 ML Cr on TiO 2  measured at photon energies 

corresponding to the Ti 2p (left) and Cr 2p (right)  absorption edges. Along the y -axis the plot 

contains valence band spectra with color coded intensity on a logarithmic scale. We observe 

resonance of the state at -0.7 eV when the photon energy corresponds to the Ti 2p edge (left).  In 

contrast  to that,  at the Cr 2p edge only the gap state at -2.7 eV shows a resonance ( right). The 

resonance of the valence band ( -5 eV) also indicates covalent bonding between Cr and O.  

4. Outlook 

We have used an alternative approach to the preparation of TiO2 thin films. The adsorption 

experiments show good agreement with earlier studies of Cr growth on Rutile single crystals. 

Although the NEXAFS spectra indicate Rutile, one has to expect polycrystalline surfaces. However, 

the results can be compared to the earlier studies. In the following project (proposal 2008_1_70905) 

we investigate the properties of Cobalt deposited on TiO2 thin films. Significant differences are 

expected, as Cobalt has a lower affinity towards oxygen than Chromium. 
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The interaction of biologically-related molecules with surfaces is attracting increasing 
interest due to its potential relevance to areas such as biocompatibility, biosensors and 
the fabrication of novel biomaterials. Typical biological molecules such as DNA and 
proteins are far too complex to be investigated on surfaces at an atomic scale, 
although remarkably detailed scanning tunnelling microscopy (STM) images have 
been obtained in the last few years from DNA oligomers on Cu(111). However, the 
interaction of such species with surfaces is governed by smaller components, such as 
simple amino acids and the nucleobases. Some quantitative surface structural methods 
are capable of providing relatively complete information on the adsorption of these 

component species which, while simple on the 
biological scale, are nevertheless rather complex in 
surface science. Using scanned-energy mode 
photoelectron diffraction (PhD) [1, 2] we have shown 
that it is possible to obtain quite detailed quantitative 
information on the structure of the simplest amino 
acids, glycine (NH2CH2COOH) [3, 4] and alanine 
(NH2CH3CHCOOH) [5], on Cu(110). Here we show 
that the same methodology can be used to determine 
the structure of the nucleobase molecule, thymine 
(see left), on this same surface [6]. 
 

The local adsorption structures of the surface species formed by interaction of 
thymine with a Cu(110) surface at room temperature, and after heating to ~530 K, 
have been investigated. Initial characterisation by soft-X-ray photoelectron 
spectroscopy and O K-edge near-edge X-ray absorption fine structure (NEXAFS) 
indicates the effect of sequential dehydrogenation of the NH species and provides 
information on the molecular orientation. Specifically, at room temperature one NH 
remains while the other is dehydrogenated, leading to two distinct chemically-shifted 
N 1s photoemission peaks. At higher temperatures the second H atom is removed and 
only a single N 1s component is observed. Photoelectron diffraction exploits the 
coherent interference of the directly-emitted photoelectron wavefield from a core 
level of an atom with other components of the same wavefield elastically scattered by 
the neighbouring atoms. As such it allows one to determine the local structural 
environment of adsorbate atoms according to their elemental and chemical state, each 
of which determines the photoelectron binding energy. In the present case PhD  from 
the O 1s, and from the two chemically-resolved  N 1s emission peaks, provides a 
rather complete picture of the molecular adsorption geometry. In particular, we find 
that the species at both temperatures bond to the surface through both carbonyl O 
atoms and the  deprotonated N(3) atom between them, each bonding atom adopting 
near-atop sites on the outermost Cu surface layer. The associated bondlengths are 
1.96±0.03 Å for Cu-N and 1.91±0.03 Å and 2.03±0.03 Å for the two inequivalent Cu-
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O bonds. The molecular plane lies almost exactly in the close-packed ]011[  azimuth, 
but with a tilt relative to the surface normal of approximately 20º. Although heating to 
~530 K, or deposition at this temperature, appears to lead to dehydrogenation of the 
second N atom in the ring, no significant change in the adsorption geometry is seen. 
The figure shows the local adsorption geometry of the singly-dehydrogenated room-
temperature species as determined by this study. 
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Despite the considerable interest in the surface chemistry of vanadium oxides because 
of their importance in heterogeneous catalysis, there appear to have been no 
experimental structure determinations of any surfaces of these materials. Our 
particular interest has been in the adsorption properties of the surfaces of ultra-thin 
V2O3(0001) films grown epitaxially onto Pd(111), and the application of the 
technique of scanned-energy mode photoelectron diffraction (PhD) to elucidate these 
adsorption structures. For such studies, of course, an important reference is the 
structure of the clean surface, so we have used the same PhD technique to characterise 
the clean surface structure using both V 2p and O 1s photoemission signals. The PhD 
technique is really designed to investigate adsorbate structures on surfaces. It exploits 
the coherent interference of the directly-emitted photoelectron wavefield from a core 
level of an atom with other components of the same wavefield elastically scattered by 
the neighbouring atoms. In the ~50-400 eV kinetic energy range used, backscattering 
is strong and the PhD spectra from an adsorbate atom provides quantitative 
information on the adsorbate-substrate registry. For a clean solid surface, however, 
identifying the core level binding energy does not generally distinguish emission from 
surface and sub-surface atoms, so the observed photoelectron diffraction comprises an 
incoherent sum of the PhD from atoms in several near-surface layers. However, our 
recent test application of PhD to investigate the structure of the relatively well-
understood clean TiO2(110) surface proved rather successful [1], encouraging us to 
undertake the present study.  
 
There are two key issues to be resolved concerning the structure of the V2O3(0001) 
surface, namely the termination, and the interlayer relaxations. As  Figure 1 shows, 
the bulk structure comprises a single oxygen atom layer containing 3 atoms per 
surface unit mesh and a pair of closely-spaced vanadium layers (which may be 
regarded as a single buckled layer), each containing one vanadium atom per surface 
unit mesh. This may described by a layer stacking sequence …V’OVV’OV … In 
principle, the surface could be oxygen terminated (…V’OVV’O), full-metal 
terminated (…V’OVV’) or half-metal terminated (…V’OV). Theoretical studies 
favour the last of these. In addition, however, the fact that the V2O3 films are grown in 
a partial pressure of oxygen has led to the suggestion that there are extra O atoms atop 
the outermost half-layer of V atoms to form local vanadyl (V=O) species. This 
vanadyl termination appears to have the lowest total energy according to theoretical 
calculations. 
 

438



Our results show that the half-metal 
termination is clearly favoured, 
consistent with theory. Also consistent 
with these previous theoretical 
treatments is our conclusion that the 
vanadium atoms in the outermost  half-
metal layer are significantly closer to 
the underlying solid than would be 
expected for an ideal bulk termination. 
This interlayer spacing is 31% 
contracted relative to the bulk value. 
However, our results fail to resolve the 
question of whether the surface is, or is 
not, vanadyl oxygen terminated. 
 
 
Fig. 1 
Schematic diagram of the V2O3(0001) 
bulk structure, in the ‘half-metal’ 
termination, showing the different 
outermost layer spacings investigated 
in this study 
 
 
In particular, final structural calculations were undertaken to optimise the agreement 
between the experimental PhD modulation spectra and the results of multiple 
scattering simulations by adjusting the structural parameter values in two distinct 
structural models corresponding to a surface with, and without, surface vanadyl O 
atoms. The results actually led to a best-fit structure without these O adatoms, but the 
best-fit structural model including the vanadyl O atoms led to a R-factor value within 
the variance of the non-vanadyl structure. The interlayer spacings were almost 
identical in these two optimised models. This inability to distinguish these model can 
be attributed to the rather small number of vanadyl O atoms in this model. The main 
influence of the vanadyl O atoms on the PhD spectra is expected to be in the O 1s 
near-normal emission spectra for which the vanadyl O emitter will show strong 
backscattering from the surface V atoms. This vanadyl O atoms, however, only 
account for ~10% or less of the detected O 1s signal, so their influence on the PhD 
spectra is weak.  
 
The authors acknowledge the financial support of the DFG through Sfb546, and of the 
EPSRC (UK), for this work. 
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Germany 
 
Self-assembled monolayers (SAMs) with chalcogen headgroups on metal and semiconductor 
substrates have attracted considerable interest of both scientific and industrial communities. In 
particular, thiol- and disulfide-based SAMs gained a special attention as the headgroup for the 
SAM constituents due to the exceptional stability of sulfur. On one hand, thiolate-type 
bonding guarantees sufficiently strong attachment of the SAM constituents to the substrate 
and, on the other hand, allows dynamical movement of these moieties, to make efficient 
molecular packing upon the SAM formation. An optimal bond strength of this bond is the 
basis for a practically important phenomenon – exchange reaction between a SAM and other 
molecules having strong attachment to or capable of forming SAM on the same substrate. 
Among other benefits, this reaction represents a promising way to prepare binary SAMs. 
Generally, its extent depends on the identity of the substituent and the amount of defects in 
the primary SAM. Such defects can be created intentionally by electron, X-ray or UV 
irradiation, so that the composition of a binary SAM can be tuned by combining irradiation 
and subsequent exchange reaction - irradiation-promoted exchange reaction (IPER).  

As compared to electron 
irradiation, UV treatment of 
SAMs has some advantages, 
because it requires neither 
expensive equipments nor a 
vacuum chamber, but can be 
performed with a simple UV lamp 
under ambient conditions. In this 
study, we show that a fine tuning 
of the binary SAM composition 
by UV-promoted exchange 
reaction (UVPER) is possible. As 
a test system, we selected SAMs 
of dodecanethiol (DDT) on gold 
as the primary SAM and merca-
ptoundecanoic acid (MUDA) as 
the substituent. The effect of UV 
exposure and the course of the 
subsequent exchange reaction 
were monitored in detail by 
several complementary experi-
mental techniques. 
The presented XPS (Figs. 1-4), 
NEXAFS spectroscopy (Fig. 5), 
and contact angle goniometry 
(Fig. 6a) data allows us to 
monitor the course and outcome 
of UVPER (Fig. 7) in detail. In 
accordance with the above results, 
the exposure of the DDT film to 

 
 

Fig. 1. S2p XPS spectra of 
C12/Au after UV exposure 
and UVPER with MUDA. 

Fig. 2. Portion of the pristine and 
oxidized sulfur species in C12/Au 
as a function of UV exposure. 

  
Fig. 3. C1s XPS spectra of 
C12/Au after UV exposure 
and UVPER with MUDA. 

Fig. 4. O1s XPS spectra of 
C12/Au after UVPER with 
MUDA. 
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UV light resulted in progressive oxidation of the pristine thiolate groups to sulfonates 
(mediated by active oxygen species), appearance of chemical defects, and orientational and 
conformational disordering (Fig. 5b) of the aliphatic matrix. The portions of the thiolate and 
sulfonate species are shown in Fig. 2 as functions of UV exposure. The disordering progresses 
more rapidly than the photooxidation, so that 30% of the thiolate groups remained intact for a 
prolonged UV exposure. The UV-induced oxidation of the thiolate groups and the creation of 
chemical and structural defects in the aliphatic matrix of the DDT film promoted the 

exchange reaction with the 
MUDA molecules. The extent of 
exchange reaction depended on 
the time of UV irradiation. To 
give an idea of the final 
composition of the UVPER- 
treated mixed DDT-MUDA films, 
the respective portion of the 
MUDA molecules is presented in 
Fig. 6b. The values were derived 
from numerical evaluation of the 
O1s XPS and C K-edge NEXAFS 
(55°) spectra of the corresponding 
samples as well as from the 
goniometry data (using Cassie 
equation). The results of all 
experimental techniques agree 
quite well: the composition of the 
binary SAM can be precisely 
tuned by UVPER in the entire 
concentration range. 
The advantages of the UVPER 
approach are following: i) the 
composition of the resulting 
mixed SAMs can be varied over 
the entire range (100%), which is 
not the case for IPER with 
electrons (about 70%); ii) UV 
irradiation does not need vacuum 
and can, therefore, be easily 
implemented in any laboratory, 
using non expensive equipments; 
and iii) UVPER can be combined 
with lithography and applied to 
the fabrication of chemical 
patterns of significant complexity, 
including gradient ones. Using 
UVPER, we have already 
prepared molecular gradient 
patterns (not shown) enabling free 
movement of a water drop, 
following the gradient of the 
surface energy. This work was 
supported by DFG (ZH 63 9/2) 
and BMBF (05KS4VHA/4). 

 
Fig. 5. (a) C K-edge NEXAFS spectra of C12/Au after UV 
exposure and UVPER with MUDA acquired at an X-ray 
incidence angle of 55° and (b) 90°-20° difference spectra. 

Fig. 6. (a) Advancing H2O contact angle of the mixed DDT-
MUDA SAMs fabricated by UVPER and (b) relative portion of 
MUDA in these SAMs as functions of UV exposure time.  
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Fig. 7. Schematic drawing of the UVPER method. 
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NEXAFS spectroscopy of homopolypeptides at all relevant absorption 
edges: polyisoleucine, polytyrosine, and polyhistidine 

Yan Zubavichus, Andrey Shaporenko, Michael Grunze, and Michael Zharnikov  

Angewandte Physikalische Chemie, Universität Heidelberg,  Im Neuenheimer Feld 253, 
69120 Heidelberg, Germany 

 
Near-Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy is a widely recognized 
powerful tool to probe the electronic structure of organic substances in various environments. 
One of the current challenges in this field is the retrieval of chemical and molecular structure 
information on bioorganic objects, such as functional proteins, from the NEXAFS spectra. 
The interpretation of experimental data in this field is however difficult for various reasons, 
including the complexity of the molecular composition of the target objects and their intrinsic 
radiation sensitivity. A logical way to address the complexity problem is to study individual 
building blocks of biological macromolecules, such as amino acids and peptides. Recently, 
we have reported a complete compendium of the NEXAFS spectra for 22 most common 
amino acids at all relevant absorption edges, viz., C, N, and O K-edges. A next logical step in 
the quest for the application of NEXAFS spectroscopy to functional proteins should be 
homopolypeptides. 
Here, we present the experimental C, N, and O K-edge NEXAFS spectra of 3 

homopolypeptides, viz., polyisoleucine, 
polytyrosine, and polyhystidine, and 
analyze spectral manifestations of the 
peptide bond formation by comparing the 
spectra of these molecules with those of 
their parent amino acids as well as with 
the spectra of 2,5-diketopiperazine, 
which is the cyclic glycine-derived 
dipeptide and, thus, the smallest molecule 
containing only "peptide" nitrogen and 
oxygen atoms. The molecular structures 
of the amino acids and peptides under 
study are shown in Figure 1. We note that 
the target molecules represent distinct 
chemical subclasses of amino acids, viz., 
amino acids with aliphatic, aromatic, and 
heterocyclic side chains, respectively.  
The as-purchased powders of the 
respective homopolypeptides (Sigma–
Aldrich Chemie GmbH, stated purity 
>98%, molecular weights >10 kDa, 
optically pure L-form) were pressed into 
clean In foil and thinned by a brush to 
suppress charging effects. The 
measurements were performed at the 
bending magnet beamline HE-SGM. The 
energy resolution of the setup was about 
0.3 eV; the incident beam was kept at the 
“magic angle”, i.e. the polar angle of 
incidence in the p-polarization geometry 
was kept at 55º with respect to the sample 
surface. 

 
Fig. 1. Molecular formulas of the homopolypeptides and 
pristine amino acids used in this study. 
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In additional to the experimental data, theoretical NEXAFS spectra of "peptide" N and O 
atoms in 2,5-diketopiperazine were calculated using the cluster real-space multiple-scattering 
(RSMS) approach implemented in the FEFF8 code. Crystallographic data for 2,5-
diketopiperazine reported in the literature were used to generate the input files. 

The C, N, and O K-edge spectra of polyisoleucine, polytyrosine, and polyhistidine as well as 
of their parent amino acids and the respective difference spectra are shown in Figures 2-4, 
respectively. Analysing the experimental data and the results of the theoretical calculations 
(not shown), we conclude that the peptide bond formation upon a transition from an amino 
acid to the respective homopolypeptide gives rise to several distinct changes in the NEXAFS 
spectra. In the case of the carbon K-edge spectra, although the peptide contribution is masked 
by the signal coming from carbon atoms in the side chain, the dominant carboxylate π* 
resonance shifts by ca. 0.4 eV to lower energies and the intensities of all spectral features are 
diminished by 20-30%. The nitrogen K-edge spectra change dramatically in terms of both 
strong intensity redistribution and the emergence of new narrow π* features. The oxygen K-
edge spectra change in way similar to the C K-edge spectra (i.e., a shift by 0.3 eV plus 
intensity attenuation) and the resultant peptide spectrum becomes similar to the N K-edge 
spectrum. Note that changes occurring upon the formation of peptides from individual amino 
acids take place not only in the region of narrow π*-resonances, but rather broader σ*-
resonances located at higher energies are also affected by the peptide bond formation. We 
believe that these results will help to improve on the procedures of empirical simulation of 
protein spectra within the building-block approach. 
This work has been supported by BMBF (05KS4VHA/4 and 05 KS4WWA/6). 

   
Fig. 2. C K-edge NEXAFS spectra 
of polyisoleucine (a), polytyrosine 
(b), polyhistidine (c), and the 
respective pristine amino acids 
(grey). The difference between the 
amino acid and peptide spectra is 
depicted by dashed line. 

Fig. 3. N K-edge NEXAFS spectra 
of polyisoleucine (a), polytyrosine 
(b), polyhistidine (c), and the 
respective pristine amino acids 
(grey). The difference between the 
amino acid and peptide spectra is 
depicted by dashed line. 

Fig. 4. O K-edge NEXAFS spectra 
of polyisoleucine (a), polytyrosine 
(b), polyhistidine (c), and the 
respective pristine amino acids 
(grey). The difference between the 
amino acid and peptide spectra is 
depicted by dashed line. 
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Magnetic moment of CoxPt1-x clusters embedded in matrix 
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1 Université Claude Bernard Lyon; CNRS; LPMCN, 69622 Villeurbanne, France 
2 SOLEIL : Synchrotron SOLEIL, BP 48, 91192 Gif sur Yvette, France  

 
The increase of magnetic anisotropy energy (MAE) in nanostructures is one of the main goals 

of nanomagnetism research. At the nanosize, because of a high surface-to-volume ratio, the MAE 

may be described as a sum of a volume and a surface contribution.  In this present work, we follow 

two routes in order to increase both terms by acting either on the cluster chemical composition or 

on the nature of the hosting matrix. We have studied well characterized CoxPt1-x clusters containing 

a few hundreds of atoms with adjustable chemical composition and order parameter, embedded in 

metallic and insulating matrices [1-3]. Our aim was to use the chemical selectivity of XMCD 

spectroscopy to study, for a given size, both the effect of cluster’s composition and of the nature of 

the surrounding matrix on the Co magnetic moments on one hand and on the MAE, on the other 

hand.    

By performing room temperature XMCD spectroscopy measurements at the Co L2, 3 edges (778 

and 794 eV) under +/- 5 T on the UE 56/2 – PGM–2 beam line at BESSY, we have been able to 

measure the magnetic moments per Co atom on a dozen samples of assemblies of non-interacting 

CoxPt1-x nanoclusters embedded in four matrices (MgO, Ag, Ge and C), as-prepared or after 2 hours 

650°C annealing under vacuum. An example of experimental curves obtained on assembled CoPt 

clusters diluted in an amorphous carbon matrix after annealing (named CoPt/recuit) is given in figure 1.  
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Figure 1 : a) XMCD spectroscopy measurements at the Co L2, 3 edges (778 and 794 eV) under +/- 5 T on an 

assembly of CoPt clusters diluted in carbon matrix after 2 hours 650°C annealing (named CoPt/recuit)  b) room 
temperature superparamagnetic hysteresis loops at the Co L3 edge, which is independent of the diamagnetic 

signal coming from the matrix or the substrate.  

 

By applying the sum rules, we present in the following tables, the spin magnetic moment mS per 

Co atom and the mL/mS ratio, as a function of cluster’s composition, matrix nature and annealing 

treatment. The number of holes per Co atom, is taken to be equal to Nholes = 2.49. For comparison, in 

the case of Co bulk phase1, mS, mL/mS, and Nholes are respectively equal to 1.62 µB/at, 0.095 and 2.49; 

while they are measured to be respectively 1.44 µB/at, 0.208 and 2.25 for a thin film of CoPt3 alloy
2 

and 1.76 µB/at, 0.068 and 2.628 for a presumably L10 CoPt thin film
3. 

                                                 
1 Chen, PRL75, p152 (1995) 
2 Grange, PRB58, p6298 (1998) 
3 Grange, PRB62, p1157 (2000) 
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CoxPt1-x Clusters 

in Ag matrix 

as prepared embedded in Ag 

mS (µµµµB/at)  -    mL /mS  

annealed in Ag matrix 

mS (µµµµB/at)  -    mL /mS 

Co 0.124    -   0.145               0.276   -  0.163 

Co3Pt 0.494   -   0.098                1.48    -   0.074 

CoPt 0.820    -   0.120                1.56    -  0.077 

CoPt3 0.99    -   0.135     - 

 

Table I: CoxPt1-x clusters embedded in Ag matrix: as prepared and after annealing 2hours at 650°C.   
 

 

CoxPt1-x Clusters  

in MgO matrix 

as prepared embedded in MgO 

    mS (µµµµB/at)  -    mL /mS 

Co             1.28     -    0.0437 

Co3Pt             1.44     -    0.0734 

CoPt *             0.98     -    0.17 

 

Table II: As prepared CoxPt1-x clusters embedded in MgO matrix 

 

 

Co Clusters  

in various matrices 

as prepared  

    mS (µµµµB/at)  -    mL /mS 

MgO                1.28     -    0.0437 

Ge               0.908    -    0.0686 

Ag               0.124    -    0.145 

 

Table III: As prepared Co clusters embedded in MgO, Ge and Ag matrices 

 

 

CoPt Clusters  

in various matrices 

as prepared  

    mS (µµµµB/at)  -    mL /mS  

annealed  

    mS (µµµµB/at)  -    mL /mS 

C                   1.79  -   0.0686                     2.02  -    0.095    

Ag                   0.82  -  0.12                   1.56  -    0.077 

 

Table IV: CoPt clusters embedded in C and Ag matrices: as prepared and after annealing 2hours at 650°C.   
 

Note that we have used the total electron yield detection mode, which is essentially sensitive to the 

first surface layers of the sample. Thus, the experimental spin moment reduction can be probably 

related to magnetically-dead layers at the film surface. For a given matrix, the Pt-rich clusters are less 

oxidized than the Co-rich ones (see table I and II), except for the CoPt/MgO sample (noted * in table 

II). The anomalous behaviour of this sample is probably related to aging effects. Besides, in this 

sample, the oxygen atoms of the MgO matrix can also lead to a reduced spin moment contribution in 

the sample volume, also seen in the mL/mS ratio increase. 

 

 For Co clusters embedded in various matrices (see table III), the more mS per Co atom decreases, 

the more mL/mS ratio increases. Comparison between the different samples allows us to conclude that 

the MgO matrix is a better protection against oxidation than the Ge one, which is itself better than the 

Ag matrix. This means that the Ag matrix is probably the most porous one. One can remark that only 

samples embedded in a carbon matrix have a non-reduced spin moment: CoPt/C samples are claimed 

to be well-protected against oxidation (see table IV). In the future, we decided to protect all the 

samples with a carbon “capping layer” to prevent any oxidation of the magnetic clusters upon air 

exposure.  

Let us now discuss the most interesting results, which are the annealing treatment effects. First of 

all, note that all the samples were in-situ annealed at 650°C under vacuum, just after their co-

deposition. The samples were prepared at LPMCN (Lyon) using the LECBD (Low Energy Cluster 

Beam Deposition) technique [1]. The concentration of mixed clusters has been tuned from pure Co 
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clusters to rich Pt clusters by using four targets with different cobalt compositions: Co, Co0.85Pt0.15, 

Co0.58Pt0.42 and Co0.30Pt0.70. In order to avoid interactions, clusters are embedded in various matrices 

thanks to an in-situ electron gun evaporator, and the cluster volume concentration is kept lower than 

5%. For each composition, clusters samples have been previously characterized using transmission 

electron microscopy [3]: in each case, as-prepared clusters have a mean diameter of about 2 nm and 

are crystallized in the FCC chemically disordered phase. Their lattice parameter roughly follows a 

Végard law and their shape displays the typical facets of a truncated octahedron. After annealing, CoPt 

clusters exhibit the chemically ordered L10 tetragonal phase without coalescence effects [4]. Magnetic 

properties have been systematically studied with SQUID magnetometry on the same samples after Co 

L2,3 edge XMCD measurements.  

Considering the present results, one can notice that annealing always increases the mS value for 

both Ag and C matrices (see table I and IV). But in the Ag case, the oxide part in the samples and the 

SQUID magnetometry results do not allow us to unambiguously conclude that it corresponds to an 

intrinsic Co magnetic moment increase. On the contrary, in the carbon case, XMCD measurements 

clearly show, for the first time, that chemical ordering of CoPt nanoclusters embedded in carbon 

is accompanied by a striking enhancement (more than 12%) of the Co magnetic moment.  The 

magnitude of the orbital moment mL evolution (≈ + 50%) lets us think of a magnetic anisotropy 
increase upon annealing. Because no oxide signature has been detected in the Co L2, 3 edges (see 

Figure 1), this enhancement can not be attributed to higher interface anisotropy as in CoPt/MgO 

sample, due to an exchange coupling between an antiferromagnetic oxide shell and the ferromagnetic 

cluster core.  Consequently, in the CoPt/C case, we can claim that we really obtain a mL increase due 

to an intrinsic volume contribution increase, going with the A1���� L10 transition.  

Unfortunately, due to a leak in the variable temperature insert the capacity to reach very low 

temperature of the Jean Paul Kappler’s cryostat has been compromised. Consequently, we have not been 

able to measure the intrinsic magnetic moment evolution as a function of temperature. Moreover, we 

have not been able to record element specific hysteresis loops at the Co L3 edge, which is independent 

of the diamagnetic signal coming from the matrix or the substrate at very low temperature. Questions 

are still opened concerning the applicability of the coherent rotation model for these small clusters. In 

particular, in the case of Co clusters embedded in MgO, these measurements would have allowed us to 

separate the contribution of the ferromagnetic core from the one of uncompensated spins in the 

antiferromagnetic CoO shell, and helped us to understand the mechanism of exchange coupling in 

such nanostructures. 

Future complementary experiments with hard X-rays beams delivered at the ESRF in Grenoble 

are planed in 2008. On one hand, structure characterizations on CoxPt1-x/Ag samples with carbon 

coating will be performed using GIWAXS, EXAFS and XANES experiments, to verify that, in 

such a high density matrix, chemical ordering occurs upon annealing. On the other hand, XMCD 

measurements, at the Pt L and Co K edges, are also planed to unravel the influence of Pt atoms on 

the MAE. The next step will be to use our new experimental set up4 to tune the cluster’s size. 

 

Nevertheless, thanks to these precious room-temperature XMCD results at BESSY in march 2007, 

a few articles are in progress: magnetic results will be published concerning the effect of chemical 

order, cluster’s composition, and the nature of the matrix, on the Co magnetic moments.  
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Magnetic ordering of the Fe/Si(111) interface  
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The Fe/Si interface is of fundamental interest in the development of silicon-integrated 
optoelectronic devices and magnetic silicon-based heterostructures [1, 2]. The well-known 
feature of the interface is a spontaneous and significant chemical interaction between iron and 
silicon. At elevated temperatures a variety of stable and metastable iron silicide phases is 
formed in the system [3]. The tailoring of magnetic heterostructures requires a detailed 
knowledge of the correlation between chemical, structural, electronic and magnetic properties 
of the interface. However, very little is known about its magnetic behavior. The aim of the 
present work was to find correlations between the phase composition and the electronic and 
magnetic properties of the Fe/Si(111) interface at the initial stages of its formation.  

The experiments were carried out in vacuum 1×10-10  mBar using the beams with the 
photon energy of 110÷540 eV. The chemical composition and electronic structure of the 
interface were studied by photoelectron spectroscopy. The total energy resolution of the 
spectrometer (including the monochromator resolution) was approximately 100 meV. The 
magnetic ordering of the interface was analyzed in the same experiment by a surface-sensitive 
method based on the effect of magnetic linear dichroism (MLD) in angle-resolved Fe 3p 
photoemission [4]. This effect consists essentially in that the energy position and shape of the 
3p photoelectron peak measured within a narrow solid angle turn out to be dependent on the 
direction of iron sample magnetization. The samples were prepared from phosphorus-doped 
single-crystal silicon plates. Their surface misorientation relative to the (111) face did not 
exceed 0.1°. The samples were flashed up to 1200°C and cooled slowly, that ensured a sharp 
7×7 LEED pattern and the absence of carbon and oxygen contaminations. The iron deposition 
rate was ~1 ML/min. One monolayer (ML) of iron atoms was assumed to be equal to the 
concentration of silicon atoms on the substrate surface.  

Figure 1 presents typical Si 2p core-level spectra 
measured for different metal coverages. After deposition 
of four Fe monolayers one observes damping of the line 
originating from the substrate and changing of its shape 
due to subsequent formation of the ultrathin layers of iron 
silicide with CsCl structure and a Fe-Si solid solution. 
This solution continued to grow with further deposition of 
Fe atoms (to 8–10 ML) until an iron film forms on the 
sample surface. The deposition of 20 Fe ML on the 
sample led to a complete disappearance of the Si 2p line in 
the spectrum. The solid-phase reaction at the interface 
showed itself after the sample was heated to 120°C. The 
reaction resulted in formation of the monosilicide ε-FeSi 
being covered with a Fe-Si solid solution film and a layer 
of segregated Si. The spectra obtained after annealing of 
the sample at temperatures of 400°C and 650°C were 
typical for ε-FeSi and β-FeSi2. 

 
Fig. 1. Si 2p photoelectron spectra measured after the deposition of different amounts of iron on the silicon 
surface and sample annealing to increasing temperatures. 
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Now, we consider the variation in the magnetic properties of the interface with increasing 
coverage of deposited iron. In the first stage of this process (up to 5 ML) magnetization of the 
sample does not affect in any way the line shape. Figure 2a illustrates this with data obtained 
under the conditions where the magnetization vector was oriented in two opposite directions 
(M↑ and M↓). The absence of the magnetic linear dichroism effect in photoelectron emission 
after deposition of 4 Fe ML is clearly seen from the dependence of magnetic asymmetry on 
the binding energy of Fe 3p photoelectrons (Fig. 2b). The asymmetry A was calculated from 
the following well-known expression: A = (I↑ – I↓)/(I↑ + I↓)×100%, where I↑ and I↓ are the 
photoemission intensities at the same energy in the spectra obtained for M↑ and M↓, 
respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. (a, c) Spectra of photoexcited Fe 3p electrons measured for two opposite directions of the magnetization 
of the sample with the surface coated by (a) four and (c) eight iron monolayers and (b, d) dependences of the 
magnetic asymmetry in Fe 3p electron emission on the photoelectron binding energy as derived from the spectra 
shown in panels (a) and (c). 

Magnetic asymmetry in Fe 3p electron emission was detected only in the next stage of 
the process, after deposition of 8 Fe ML. The data obtained are plotted in Fig. 2c. We readily 
see that the spectrum denoted by M↑ has a sharper peak shifted toward lower binding energies 
than that of the sample magnetized in the opposite sense. These differences being similar to 
the ones observed for the Fe/Si(100) system [5] give evidence for in-plane magnetization of 
the sample surface. Thus, the onset of ferromagnetic ordering of the Fe/Si(111) interface 
correlates with the formation of a Fe-Si solid solution. The growth of the iron film during 
deposition of 28 Fe ML led only to minor increase of the effect magnitude, while annealing of 
the sample to 200°C resulted in its complete disappearance due to formation of the 
nonmagnetic silicide phase ε-FeSi.  

The work was supported by RFBR (grant № 07-02-01009) and the Russian-German 
laboratory at BESSY. 
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Fe3Si and Ge epitaxial growth on GaAs - an in-situ study

B. Jenichen, V. Kaganer, R. Shayduk, B. Tinkham, W. Braun, Paul-Drude-Institut, Berlin

We performed in-situ characterization of the Fe3Si and Ge epitaxial growth by x-ray surface

diffraction. Both materials are lattice matched to GaAs. The films were grown by solid source

MBE in the As-free chamber built into the six-circle diffractometer at the wiggler beamline

U125/2 KMC (PHARAO) at the storage ring BESSY. GaAs(001) templates were prepared sep-

arately. Fe3Si layers were grown on the As-rich surface at different substrate temperatures near

200◦C. The Si and the Fe cell temperatures were tuned in order to obtain perfect lattice match of

the Fe3Si to the GaAs substrate. We achieved an almost perfect stoichiometry and high degree

of long range atomic order during and after growth. Fe3Si grows in the layer-by-layer mode

[1]. We observed the onset of growth oscillations after formation of the Fe3Si/GaAs heteroint-

erface. These x-ray intensity oscillations were obtained using the integer order bulk forbidden

reflection 1 1 0.04 as shown in Fig. 1 (a). First the amount of material equivalent to three

monolayers (ML) of Fe3Si is deposited until diffracted intensity can be detected. Real mono-

layer oscillations emerge after the deposition of 6 ML. From the initial absence of diffracted

intensity we conclude, that during the first phase of heteroepitaxy the surface is rough probably

due to a formation of islands. The signal then increases and the maximum amplitude of oscil-

lations is reached after more than three hours of growth. Hence after the coalescence of the

islands the surface becomes smoother and growth oscillations are observed. The Fe3Si/GaAs

interface roughness determined by x-ray reflectivity is below 0.5 nm. The Fe3Si surface is not

reconstructed. Similar experiments were performed during and after formation of the Ge/GaAs

interface. The Ge films were grown on the As-rich GaAs surface near 320◦C at a Ge cell tem-

perature of 1000◦C. In this case the intensity oscillations of the3 1 0.06 reflection appear soon

after the Ge shutter is opened, see Fig. 1 (b). The amplitude of the oscillations and the average

intensity increase until after five hours of growth a steady state is reached. Each open circle in

Fig. 1 (b) corresponds to maximum intensity of an in-plane rocking curve (RC). Such a RC can

be fitted to a sum of two Lorentz curves. One of them corresponds to the coherent peak and the

other to diffuse scattering. The coherent and diffuse maxima are oscillating in anti-phase. From

their halfwidths we obtain oscillating characteristic lengths on the surface during layer-by-layer

growth. After growth this length reaches 100 nm. The surface can be further improved by an-

nealing the sample for 90 s at 400◦C. From comparison with atomic force microscopy we can

attribute this large characteristic length to the terrace width on the Ge surface.

The Ge surface is (2×1) reconstructed. Reconstruction is rotated by 90◦ on neighboring

terraces. RCs of the fractional order reflection7
2

1
2 0.04 measuredbefore and after deposition

of exactly 1 ML Ge (Fig. 2) reveal the recovery of the surface and the coarsening of the recon-

struction domains (Fig. 3) on a freshly grown surface with relatively large terrace size at three

different substrate temperatures. The measurements of the coarsening of the reconstruction do-
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mains are fitted by the time dependenceR(t) = (R1/n
0 + t/τ)n. R0 is the initial domain size,

τ is a time constant andn is the coarsening exponent. During our measurements the integral

intensity of the reflection remains unchanged, indicating that surface reconstruction is present

all the time and only the size of the reconstruction domains is changing. Although both Ge and

stoichiometric Fe3Si are lattice matched to the substrate the structure of Ge is more similar to

that of GaAs. This leads obviously to the observed differences of heteroepitaxial growth.

[1] B. Jenichen et al. Thin Solid Films 515, 5611 (2007) and arXiv:0712.2180v3

[cond-mat.mtrl-sci]
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Effect of O2 partial pressure on the bonding structure of  
TiO2 and ZnO thin films grown by pulsed magnetron sputtering 
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TiO2 and ZnO are non-toxic, cost-effective and chemically stable wide band-gad (3.2 and 3.4 
eV, respectively) semiconductor metal oxides. They comprise very interesting properties for 
applications in optoelectronics, triggered by the possibility of tailoring their electrical and 
optical properties with native/intrinsic (oxygen vacancies or metal interstitials) and extrinsic 
(doping) defects [1]. The production of oxygen vacancies provides a source of two electrons 
with activation energy less than in the stoichiometric oxides. Thus, oxygen incorporation 
mechanisms are relevant for understanding and tuning the oxide properties. Despite the 
intense research on these materials, the local bond configuration in amorphous and non-
stoichiometric films is still unclear. 

X-ray absorption near edge structure (XANES) provides relevant information on the 
electronic structure of transition [2] and post-transition metal oxides [3]. Due to its local 
character, the analysis can be extended to disordered systems such as films grown at low 
substrate temperatures. Here, we address our preliminary XANES results on amorphous TiO2 
and polycrystalline ZnO thin films grown by reactive pulsed magnetron sputtering (PMS) at 
room temperature (the film microstructure has been previously verified by x-ray diffraction 
analysis). The XANES measurements were performed at the PM4 beamline with the 
SURICAT end station. The data were acquired in the total electron yield mode (TEY) by 
recording the current drained to ground from the sample normalized to the signal recorded 
simultaneously from a gold covered grid located upstream the x-ray path. 

A. Bonding structure of TiO2 thin films 

Figure 1 shows the XANES spectra for a set of TiO2 samples grown under different O2 partial 
pressures in the Ar/O2 atmosphere. The film grown without O2 ([O2]=0%) corresponds to a 
metal Ti film with an oxidized surface. Rutherford backscattering spectrometry (RBS) has 
shown that the films grown with addition of O2 present a similar composition, with an O/Ti 
ratio close to 2. Despite this fact, the trends in Fig. 1 show relevant structure modifications 
with the O2 content. 

Ti(2p) XANES spectra of TiO2 samples in Fig. 1 (left panel) show spin-orbit splitted L3 (455-
462 eV) and L2 edges (462-468 eV) [4]. Each Ti atom is surrounded by a slightly distorted 
octahedron of oxygen atoms which lead to a further split of the excited 3d orbital due to the 
crystal field interaction (taking into account the first-neighbour surroundings) [5]. The relative 
intensity of the double peak structure (D-E) at 460 eV and the energy separation between the 
F and G peaks at the Ti(2p) edge can be used to discern between different TiO2 polymorphs 
(i.e. rutile, anatase and brookite phases) [6]. The comparison of the spectra on Fig. 1 with the 
XANES spectra of TiO2 polymorphs shows that anatase-like structures are produced for O2 
contents of ~50%, whereas rutile-like structures are produced for larger contents. For contents 
below 50%, the lower intensity of the C and E peaks indicate that the oxide film structure is 
more disordered. 
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O(1s) XANES spectra in Fig. 1 (right panel) show two main regions: a double peak structure 
(corresponding to the t2g and eg bands) and a broad band in the 530-537 and 537-550 eV 
regions, respectively. These regions are related to O-2p empty states hybridised with Ti-3d 
(low-energy region) and Ti-4sp (high-energy region) bands [4]. The relative intensity of the 
t2g and eg peaks and the shape of the broad band also confirm the transition from anatase to 
rutile-like structures with O2 partial pressure observed in the Ti(2p) edge. 
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FIGURE 1. Ti(2p) (left) and O(1s) (right) XANES spectra of TiO2 films grown by  
PMS under different O2 partial pressures. 

B. Bonding structure of ZnO thin films 

The defect structure of ZnO is crucial for n-type doping efficiency and production of stable p-
type materials [7]. The role of native defects in the oxide structure is still under discussion 
and, recently, it has been reported that oxygen vacancies play a crucial role in the 
modifications of the optical absorption [8]. For this reason, polycrystalline samples of ZnO 
produced by PMS at room temperature have been studied. Figure 2 shows the Zn(2p) (left 
panel) and O(1s) (right panel) XANES spectra of ZnO films grown at two different O2 partial 
pressures in the Ar/O2 discharge. 

As shown in Fig. 2, the Zn(2p) spectra is not altered with the O2 partial pressure whereas the 
O(1s) edge changes significantly. The O(1s) edge reflects mainly the contribution of O-2p 
unoccupied states (conduction band) hybridized with Zn-4s (530-539 eV) and Zn-4p (539-545 
eV) states [9]. In addition, a sharp peak at ~532 eV (A1) appears for the largest O2 content in 
the gas discharge. This peak is not present in an ideal stoichiometric bulk ZnO since the Zn-
3d band is completely filled, and only the dominant B1 feature appears at ~538 eV [9,10]. The 
presence of the A1 peak has been also observed in As-doped ZnO due to an increase of the 
density of unoccupied states [10]. In our case, it should be attributed to oxygen-related native 
defects in the film structure. The independence of the Zn(2p) edge on the O2 partial pressure 
also points to the main participation of oxygen defects. Further, the analysis shows that the 
presence of these defects can be tuned during PMS process adjusting the O2 partial pressure. 
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FIGURE 2. Zn(2p) (left) and O(1s) (right) XANES spectra of ZnO films grown by  

PMS under different O2 partial pressures. 

Conclusions and Out-look: 

We have observed significant changes in the bonding structure of TiO2 and ZnO thin films 
grown by PMS under different O2 partial pressures in the discharge atmosphere. This shows 
the relevance of oxygen incorporation to yield different oxide structures and to introduce 
defects. Further, these effects can be tuned by the PMS operation. Ongoing work is being 
carried out for deeper understanding of the XANES spectral features and their relation with 
the resulting optical and electrical properties. As a further step, the bonding structure of doped 
films and films grown on heated substrates will be evaluated, the latter aiming at assessing the 
effect of the film microstructure (increase of crystallinity and annealing of defects) on the film 
properties. 
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Recently, graphene (monolayer 
of graphite, MG) has attracted renewed 
interest due to the possible application 
of this material in carbon-based nano-
electronics. It was shown theoretically 
[1] as well as experimentally [2,3] that 
electrons move through graphene 
sheets as if they have no rest masses. 
In the same experimental work an 
unusual form of the quantum Hall effect 
was also observed. The peculiar band 
structure of graphene, a single sp2 

bonded carbon layer, possesses conical 
electron and hole pockets which meet 
only at the K-points of the Brillouin zone 
in momentum space [2,4]. Due to the 
linear dependence of energy on mo-
mentum, the carriers behave as ef-
fectively massless, relativistic Dirac-
fermions with an effective speed of light 
of ceff=106 m/s as described by Dirac s 
equation. From a technological point of 
view the observation of large carrier 
mobilities of up to 60000 cm2V-1s-1 at 4K 
and 15000 cm2V-1s-1 at 300K together 
with an bipolar field effect [5] is most 
intriguing. For semiconductor electronic 
applications graphite layers can be 
grown on SiC(0001) surfaces in high 
structural quality. In recent work similar 
intriguing properties in ultra-thin graphite layers grown on SiC was found and it was 
suggested that this may open a route toward graphene-based electronics [6]. 
Weakly-bonded with substrate graphene layers can also be prepared on top of a 
Ni(111) substrate followed by intercalation of thin layers of noble metals (Cu, Ag, Au) 
underneath graphene layer [7 9]. 

On the other hand stable non-reactive graphene layers on top of ferromagnetic 
materials (Ni) [7 9] may be used as sources of spin-polarized electrons. Electron 
sources are used in all domains ranging from technical devices of daily life like 
cathode-ray tubes to large-scale scientific experiments like electron accelerators. 
While the energy distribution and the average kinetic energy of the electrons can 
easily be controlled by fine tuning of the electron emission parameters (like, e.g., bias 
potential and temperature of the source), the control over the spin polarization of the 
electron beam is difficult. The latter is of great interest for particle physics 

Fig. 1. High-quality graphene/Ni(111) system. 
(a,b) Constant current STM images

 

of the 
graphene/Ni(111) surface. The inset of (a)

 

shows a LEED image obtained at 63 eV. Part of 
(b)

 

is superimposed by the honeycomb lattice of 
graphene. (c) Angle-resolved photoemission 
spectra measured with h =40.8eV along -M

 

direction of the surface Brillouin zone. Ni 3d

 

as 
well as 

 

and 

 

states of graphene layer are 
marked in the figure. 
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experiments and for studies of magnetic systems in condensed matter physics, 
including the burgeoning field of spintronics. 

Recently, based upon the observations (i) that their in-plane lattice constants 
match almost perfectly and (ii) that their electronic structures overlap in reciprocal 
space for one spin direction only, we predict perfect spin filtering for interfaces 
between graphite and (111) fcc or (0001) hcp Ni or Co [10]. The spin filtering is quite 
insensitive to roughness and disorder. The formation of a chemical bond between 
graphite and the open d-shell transition metals that might complicate or even prevent 
spin injection into a single graphene sheet can be simply prevented by dusting Ni or 
Co with one or a few monolayers of Cu while still preserving the ideal spin-injection 
property. 

Experiments were performed in two separated experimental stations in equal 
conditions. Scanning tunnelling microscopy measurements were performed in 
ultrahigh vacuum (UHV) with an Omicron VT AFM/STM at room temperature using 
electrochemically etched tungsten tips that were flash annealed by electron 
bombardment. Photoelectron spectra were recorded at room temperature in angle-
resolved mode with a 180o hemispherical energy analyzer SPECS PHOIBOS 150 
combined with mini-Mott spin-detector. The energy resolution of the analyzer was set 
to 50meV and the angular resolution was 1o. Angle-resolved measurements were 
performed in magnetic remanence after having applied a magnetic field pulse of 
about 500Oe along the <1-10> easy magnetization axis of the Ni(111) thin film. A 
well ordered Ni(111) surface was prepared by the thermal deposition of Ni films with 
a thickness of about 150Å on to the clean W(110) substrate followed by a 
subsequent annealing at 300oC. Prior to the film preparation the tungsten substrate 
was cleaned by several cycles of oxygen treatment and subsequent flashes at about 
2300oC. An ordered graphene overlayer on Ni(111) was prepared via cracking of 
propen gas (C3H6) according to a recipe described in Ref. [7]. A LEED study of the 
graphene/Ni(111) system reveals a well-ordered p(1×1)-overstructure as expected 
from the small lattice mismatch of only 1.3%. 

 

Fig. 2. Spin-resolved spectra of Ni(111) and graphene/ Ni(111) system measured with photon 
energy of 90eV in normal emission geometry. The inset shows corresponding spin polarization. 

455



After the cracking procedure the Ni(111) surface is completely covered by the 
graphene film as demonstrated by scanning tunnelling microscopy (STM). An STM 
image of the graphitized Ni(111) surface, acquired at room temperature is shown in 
Fig. 1(a). All investigated terraces display the same atomic structure showing three 
different levels of apparent heights (Fig. 2(b)). Section of b is overlaid by the 
honeycomb lattice of graphene. The distance between the two atoms within A or B 
graphene sublattices (bright maxima or dark minima) was measured to be 2.4±0.1Å 
being in good agreement with the expected interatomic spacing of 2.46Å in 
graphene. Investigations by means of angle-resolved photoemission are in excellent 
agreement with previous studies [7] and demonstrate the presence of a single 
graphene layer on the Ni(111) surface. Figure 1(c) shows photoemission spectra 
taken with h =40.8 eV along the 

 

direction of the surface Brillouin zone (inset of 
Fig. 1(c)). 

The modification of the valence band of Ni was studied by means of spin-
resolved photoelectron spectroscopy and results are shown in Fig. 2. This figure 
shows spin-resolved spectra measured at h =90 eV for pure Ni(111) film and for the 
graphene/Ni(111) system in normal emission. The corresponding spin-polarization as 
a function of binding energy is shown in the inset of Fig. 2. The presence of graphene 
overlayer on top of Ni(111) leads to the drastic changes in the spin-resolved 
electronic structure. It is expected since the strong hybridization between Ni 3d and 
graphene p states takes the place in this system. For example the spin-splitting of 
bands is reduced when one goes from Ni to graphene/Ni system that can be 
explained by the reduction of magnetic moment at the interface between graphene 
and Ni surface. This effect is in agreement with the recent electronic structure 
calculation [11] where reduction of surface magnetic moment totally by 23% was 
predicted.  

This work was funded by the DFG, SFB 463 TP B4 and SFB 513 TP B14.  
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 The main purpose of this project is the study of the electronic structure of 

organic molecules (Extended TTF) deposited on a clean Au (111) surface. These 

molecules are characterized by their electronic properties, being electron donor.1 The 

interaction of these molecules with the substrate is an important topic in the context of 

efficient organic solar cells2 that is not yet understood. X-ray absorption (XAS) and X-

ray photoemission (PES) spectroscopies should address this question giving their 

HOMO and LUMO orbitals as a function of the coverage. 

 

In this report we present preliminary results on the photoemission spectra for 
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Fig. 1: S 2p photoemission spectra of 
the Ex-TTF molecules deposited on Au 
(111) as a function of the coverage 

Fig. 2: C 1s photoemission spectra of 
the Ex-TTF molecules deposited on Au 
(111) as a function of the coverage 
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different coverages of Ex-TTF molecules deposited on clean Au (111). Fig.1 shows de 

photoemission S 2p spectra as a function of the coverage. 

 

 The spectra for low coverages (0.5, 

1 and 2 ML) clearly show that each main 

peak of the 2p doublet in the S 2p spectra 

is formed by two peaks, thus indicating 

that two different S atomic positions are 

observed in the spectra. This is in good 

agreement with previous theoretical 

calculation on the predicted Ex-TTF 

molecule arrangement on a Au (111) 

surface,3 in which two of the four S atoms 

of the molecule are in direct contact with 

the Au (111) surface whereas the other 

two S atoms remain upwards (see Fig.3). 

On the other hand, the spectrum 

corresponding to 4 ML of molecules deposited on the Au (111) surface shows a 

narrower peak indicating that only one equivalent atomic position for S atoms 

dominates the spectrum, in agreement with the theoretical model. 

Fig. 3 Spatial representation of the
calculations for an Ex-TTF molecule 
adsorbed on a Au (111) surface 

 

The C 1s photoemission spectra of the Ex-TTF molecule on the Au (111) surface 

are shown in Fig.2. The spectra show a rather complex and asymmetric peak which is 

clearly formed by different contributions, reflecting the different environment of the C 

atoms in the Ex-TTF molecule. In order to obtain more information from these spectra a 

more detailed analysis is needed. However the similarity of the spectra throughout the 

series seems to indicate that C atoms are less affected by the interaction with the 

substrate. 
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The advent of third-generation storage rings with the availability of circularly polarized light has 
opened new frontiers in the study of the properties of chiral systems. This concerns first of all 
systems which exhibit natural circular dichroism, i.e. difference in absorption of left or right 
circularly polarized light. While many experimental and theoretical studies have been performed 
on this phenomenon in the optical region, the investigation of circular dichroism of photon 
absorption processes in the X-ray region is much more difficult, since due to the spherical shape 
of the 1s core orbitals the X-ray circular dichroism at K-edges is much weaker.  

A higher probability of detecting dichroic effects relies on the measurements of photoelectron 
spectra rather then absorption ones. In this case, the parameter to measure is the so-called CDAD 
(Circular Dichroism in Angular Distribution). We chose core level photoemission for these 
CDAD studies because the elemental and chemical-state specificity offered by photoelectron 
binding energies allows one to localize the information on chirality to specific adsorbed species 
on a surface; this is not true for photoemission from the valence states in which contributions 
from substrate and coexistent adsorbed species generally overlap. The main difficulty to detect 
CDAD from adsorbates on surfaces consists of the ability to disentangle “natural” dichroism, e.g. 
dichroism exhibited by species which are chiral “per se” or could become chiral because of 
surface distortion, from dichroism due to the measuring conditions [1,2]. This implies the need 
for a careful choice of the experimental conditions to be sure to dig out the “natural” dichroism 
and avoid the geometry-induced one. 

We have already reported the detection of a relatively strong CDAD effect for the system 
butanediol on Si(100) [3]. The technique used was core-level photoemission, and we measured a 
CDAD effect in the intensity of the C 1s spectral feature. This relative intensity changes sign 
while using right or left polarized light, and also changes sign while using one of the other 
enantiomer for the chiral adsorbate. We have also demonstrated that performing measurements as 
a function of the polar or the azimuthal angle allows one in a well-defined system to rule out 
instrumental effects inducing apparent dichroism. 

In the present study we report an investigation of CDAD effects for another chiral system, 
namely methyl oxirane, adsorbed on Si(100)2×1 multidomain surface. We had already performed 
a spectroscopical study if the electronic and geometrical structure of this adsorbate-substrate 
complex [4]. We demonstrated that methyl oxirane on Si(100) undergoes a ring opening-ring 
formation reaction in which one of the C-O bonds of the three-membered ring is broken, and new 
bonds are formed with the dimers of the Si(100) 2x1 reconstruction. The result is a five-
membered ring positioned in an almost perpendicular geometry with respect to the surface plane. 

On this ground, we performed photoemission experiments on the C 1s core line for methyl 
oxirane with circularly polarized light, in a geometry where we scanned the polar angle in the 
plane containing the five-membered ring, to avoid spurious effects due to handedness introduced 
by the geometry of the experiment. All experiments were carried out in a stainless steel ultrahigh 
vacuum chamber, with a base pressure of below 1×10−10 mbar. The CD measurement has been 
performed using right and left circularly-polarized (RCP and LCP) light at the UE56/2-PGM1 
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beam line. Photoelectron signals ejected from C 1s core levels were recorded using a PHOIBOS 
100 (SPECS GmbH), permitting recording of energy-vs-angle images using a channel plate and 
charge coupled device camera readout.  

To evaluate the circular dichroism in the angular distribution of emitted electrons (CDAD) 
which can be exhibited by such chiral system, we have used the following procedure:  images 
have been obtained fro the two enantiomers with either right or left circularly polarized light. The 
signature of CDAD would be an asymmetry which switches sign by switching either the light 
polarization (for the same enantiomer) or switches sing for the same polarization between the two 
enantiomers. However, experiments perfomed with either right or left circularly polarized light 
on the same enantiomer, or with the same circular polarization on the two different enantiomers, 
have not evidenced a clear CDAD effect.  

In Figure 1 we report the asymmetry factors for the S enantiomer. The emission angles we 
used were normal emission, labeled as 0 degree, and ±9 degrees, ±18 degrees, each with an 
angular span of ±5 degrees. The asymmetry factors are calculated by subtracting the image 
obtained with right circularly polarized light from the image with left circular polarized light. The 
blue color indicates positive value after the subtraction procedure and the red labels negative 
values. We observe that the C1s signal with negative circular polarized light is always stronger. A 
visible difference in the strength of the effect can be found for the C1s components at KE=60.4 
eV, which is stronger, and KE=61.8 eV. However, it is clear that no definite trend hinting for 
CDAD effects is seen, since we would expect a change in sign in the angular range while 
switching between the two polarizations. No such change is observed. Furthermore, the behavior 
of the spectral features related to the C1s core levels is rather similar to the behavior of the 
background, which hints for some instrumental effect rather than a “true” dichroism. 

 

 
Figure 1. Asymmetry factor for the S enantiomer. 
 
As a general consideration, we can state that the observation of CDAD effects in photoemission 
using circularly polarized light is still in its infancy, and there are a lot of open questions 
concerning the strength of the effect, the possibility of disentangling it from instrumental 
artifacts, the distribution of the effect over the whole adsorption site, and the like.  

In particular for the present system, one reason which would explain the weakness of CDAD 
below detection limits is the following: as shown in Figure 2 below, there are two possible 
adsorption geometries with comparable total energy, and, although we prefer the left one, we 
cannot exclude that both structures coexist [4]. If this is the case, the C 1s peak related to the 
atom which is the chiral center is different in the two cases: if the chiral carbon is the one bonded 
to a silicon surface atom (left geometry), the corresponding spectral feature will be the one at 
lowest binding energy. On the contrary, if the chiral carbon is bonded to the oxygen atom, the 
related spectral structure will be the one at highest binding energy. Since we expect that CDAD 
will be stronger for the peaks stemming from the chiral center, and if the C 1s spectrum we 

460



measure is the result of a superposition of the two above described situations, it is likely that the 
effect we try to observe is blurred by such an overlap. 

 

 
 

Figure 2:. Two possible adsorption geometries for methyl oxirane on Si(100). 
 
Another explanation concerns the nature of the adsorbed species itself. Although we would 
expect that the surface plays a role in orienting the adsorbed molecule, and it is even possible that 
the adsorption process in itself induces distortion and therefore chirality, we consider that the 
nature of the molecular adsorbate and the presence of chiral centers in the free molecule are still 
the dominant factors in what concerns the possibility of observing CDAD in adsorbates. All 
reported examples in the literature with various techniques have shown surface chirality for 
adsorbate-substrate systems where the surface is non chiral “per se” only in the case of a chiral 
adsorbed molecule. Therefore, it would be important to evaluate the strength of the CDAD effect 
in the isolated species. Few experiments of this sort have been reported in the literature. For free 
molecules, a missing parameter is the spatial orientation, since they are randomly distributed in 
gas phase. In the case of methyl oxirane, no experimental data have been published for C 1s 
photoemission with circularly polarized light. However, preliminary results obtained with ion 
yield spectroscopy at BESSY have shown that no strong or even detectable CDAD effect [5]. 
Although the reason is not clear at the moment, the lack of CDAD effects in the free species can 
be connected to our observations. 

We can therefore state in general that the field of circular dichroism exhibited by core-level 
photoemission in both isolated and adsorbed chiral molecules is still at the beginning, and much 
more experimental and theoretical efforts are necessary to clarify many important issues. 
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Self-assembled nanostructures are fascinating because of the novel physics comprising 

the related growth processes as well as quantum effects due to the strong carrier confinement, 

allowing a variety of applications. Here we demonstrate that self-organized rare earth silicide 

nanowires on the Si(557) and Si(001)2×1 surfaces are characterized by a different 

dimensionality of their electronic structure. 

On both surfaces nanowires can be formed by rare-earth deposition at coverages 

around one monolayer and subsequent annealing [1-3]. In Fig. 1, STM data are shown for 

dysprosium silicide nanowires on the Si(557) and the vicinal Si(001) surface. Structurally the 

nanowires consist of hexagonal DySi2, which is a layered compound characterized by 

dysprosium layers embedded within graphene-like silicon sheets. However, the orientation of 

the silicide is different for both substrate surface orientations: In the case of the Si(557) 

substrate the c-axis of the silicide is directed normal to its (111) facets [3], while in the case of 

the Si(001) substrate it is perpendicular to the nanowires but lies within the surface [1]. The 

nanowire formation on Si(557) is related to the stepped structure of the clean surface 

consisting of (111) and (112) facets [4], while for the case of the Si(001) surface the 

nanowires form due to the anisotropic strain of the silicide [1]. 

 
 
Fig. 1: STM images of dysprosium silicide nanowires. (a) monolayer coverages and (b) multilayer coverages on 
the Si(557) surface, and (c) monolayer coverages on the vicinal Si(001) surface.  
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These structural differences result in considerable differences in the dimensionality of 

the electronic structure. In Fig. 2, ARPES data are presented, acquired with the toroidal 

analyzer [5] at the BUS beamline (U125/2-SGM) with a photon energy of 41 eV. These plots 

show the electron distribution in k||-space at a constant energy, in this case just slightly 

underneath the Fermi energy. The nanowires on the Si(557) surface are characterized by a 

two-dimensional electronic structure with hexagonal symmetry, which is slightly shifted off-

center due to the angle of about 10° between the Si(557) surface and its (111) facets. In 

contrast, the energy surface of the nanowires on the vicinal Si(001) surface is characterized by 

horizontal lines, indicating negligible dispersion in horizontal direction, which corresponds to 

the direction perpendicular to the nanowires. This clearly demonstrates a one-dimensional 

electronic structure. It should be noted that the nanowires on both surfaces are metallic. 

In Fig. 3, ARPES results on the electronic structure of DySi2 monolayers and Dy3Si5 

multilayers on Si(111) are shown for comparison, together with literature data on the Fermi 

surfaces [6,7]. Dy3Si5 is structurally very similar to DySi2, but has vacancies in the graphene-

like Si sheets, resulting in a °× 30R33  superstructure. It should be noted that also on 

Si(557) thicker layers result in nanowires consisting of Dy3Si5, as it is indicated by the 

different geometry of the nanowire endpieces (dashed and dotted lines in Fig. 1) [3,8]. In Fig. 

3, the electron pockets at the M  and M′  points and the hole pocket around Γ  are clearly 

observed, which are in excellent agreement with the literature data. Also the smaller rotated 

Brillouin zone due to the °× 30R33  superstructure of Dy3Si5 is obvious. 

When comparing Fig. 2(a) and Fig. 3(b), a nice agreement of the data is observed. 

Besides the shift due to the tilt of the facets the images differ mainly in the opening and the 

aspect ratio of the electron ellipses at the M′  points. This effect can be related to slightly 

 
 
Fig. 2: ARPES energy surfaces in k||-space close to the Fermi energy of (a) multilayer coverages of dysprosium 
silicide nanowires on Si(557) and (b) monolayer coverages on vicinal Si(001), clearly showing the different 
dimensionalities of the electronic structures. The plots cover the complete half space where electrons are emitted. 
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different detection energies or to different Fermi energies in the silicide band structure, which 

may e.g. be due to different electronic interactions with the Si(111) and Si(557) surfaces. 

This work was supported by the Deutsche Forschungsgemeinschaft, project number 

Da408/11. BESSY is acknowledged for providing the beamtime. 
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Fig. 3: (a,b) ARPES energy surfaces close to the Fermi energy of the DySi2 monolayer and Dy3Si5 multilayer 
structure on Si(111). In (c,d) the corresponding Fermi surfaces are shown with the electron pockets (green) and 
the hole pockets (yellow).  
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Chemical and physical properties of aerosol particles play an important role in 
environmental sciences [1]. Aerosols may contain a variety of different chemical 
species, which also include inorganic substances, such as salts. Their properties have 
been studied by utilizing a variety of experimental techniques. Core-level excitation 
including X-ray absorption provides a suitable way to probe occurrence and 
properties of species that are present in environmental aerosol samples. The 
advantage of this approach is that chemical species containing the same element are 
element-selectively probed via distinct differences in electronic structure. This 
requires fundamental studies on deposited salt species that can be taken as a reference 
to analyze environmental samples, such as aerosols and cloud particles. Specifically, 
our interest is focused on the soft X-ray photoabsorption of aqueous microparticles 
containing dissolved salt species. In this context it appears to be necessary to gather 
information on the neat samples, i.e. the photoabsorption of the deposited salts, which 
might contain variable amounts of water. We have investigated in this study calcium 
chloride (CaCl2) for the following reasons: (i) Ca has a well-known 2p-edge with 
distinct near-edge features that have been observed before in the isolated atom as well 
as in salts [2, 3]; (ii) Ca2+ is ubiquitous in aqueous solutions including environmental 
samples.  
 

Neat calcium chloride (CaCl2) is dissolved in methanol or water. Subsequently, 
the sample is sprayed into the atmosphere, where the aerosol is deposited on a quartz 
substrate, which has been coated by sodium salicylate. The latter species acts as a 
quantum converter, allowing for photoabsorption measurements of the deposited 
CaCl2 sample. Photoabsorption of monochromatic synchrotron radiation is recorded 
by a photomultiplier (E.M.I. 6256 S) at the beamline UE-52-SGM. Spectra with and 
without CaCl2 are recorded so that background contributions to the attenuation of the 
radiation can be subtracted. The spectra are carefully calibrated by using the Ar 2p → 
4s3/2-transition of argon and the N 1s → π*-transition in molecular nitrogen [4]. 
 

The experimental results are displayed in Fig. 1. The blue dots are the 
experimental data, the solid blue curve corresponds to result of a deconvolution of the 
spectrum into individual transitions. The dashed blue curve at the bottom of Fig. 1 is a 
total electron yield of neat calcium chloride, as taken from ref. [3]. Note that this 
spectrum had to be shifted to lower energy by 1.02 eV, so that the dominant a2-
transition coincides with the corresponding transition in the present data.  
 

Essentially six components are obtained from the deconvolution of the 
experimental data. These are included as red solid curves in Fig. 1 underneath the 
experimental data. These findings are in agreement with theoretical results on the L3,2 
edges of 3d0-compounds, assuming an octahedral crystal field [5].  
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Fig. 1:  Photoabsorption spectrum of calcium chloride in the Ca 2p-regime. The dashed curve at the 

bottom is a reference spectrum taken from ref. [3]. See text for further details. 
 

Besides the significantly different absorption energies, there are other 
discrepancies of the present results compared to previous work [3]: (i) We observe a 
different spin-orbit-splitting between the a2- and b2-transitions (3.44 eV instead of 
3.12 eV, as reported in ref. [3]); (ii) There is a significant broadening of all transitions 
observed in this work, which is not related to the bandwidth of the radiation. This is 
verified by a Voigt profile analysis of the Ar 2p→4s transition. It is rather believed 
that crystal water in the present samples contributes to this broadening. It is currently 
not clear whether the significant spectral shift compared to previous work [3] is due to 
different energy calibration or different solvation of Ca2+; (iii) Additional 
contributions occur mainly on the high-energy side of the spectrum (see green curve 
in Fig. 1). The detailed assignment of the present results requires model calculations 
that are presently under way.  
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Photemission studies of CdS/CdTe interfaces  
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CdTe thin film solar cells are typically prepared in a superstrate configuration. In this setup, the 
semiconductor layer sequence (CdS/CdTe) is deposited on a glass substrate coated with a transparent 
conducting oxide. CdS crystallizes in the hexagonal wurtzite structure and CdTe in the cubic 
zincblende lattice. The lattice mismatch between both materials is larger than 10%. Hence, abrupt 
interfaces between CdS and CdTe show a high density of misfit dislocations. The defects at the 
interface strongly reduce the efficiency of the cell. This problem is usually overcome by an annealing 
step in chlorine containing atmosphere (e.g. CdCl2). This so-called activation step leads to an 
interdiffusion between CdS and CdTe, thereby removing the defects from the interface. The activation 
also leads to a strong reorientation of the films. CdTe and CdS both tend to crystallize with a preferred 
orientation of the hexagonal axis (0001 or 111) perpendicular to the substrate. Best solar cells are 
prepared at high substrate temperature during CdTe deposition, where this preferred (111) orientation 
is less pronounced, indicating the importance of the orientation of the films.  

In order to understand the influence of crystallographic orientation of the CdS/CdTe interface on the 
solar cell properties, we have studied the interface formation between CdTe and CdS single crystals 
using high-resolution photoelectron spectroscopy at the U49/2-PGM2 beamline. CdS single crystals 
with (0001) and (10-10) surface orientation were prepared by repeated argon ion sputtering 
(E=0.5keV) using grazing incidence ions and heating in vacuum at ~400°C. Sample heating and CdTe 
deposition was performed in a separate chamber connected to the SoLiAS endstation. The prepared 
surfaces exhibit the characteristic LEED pattern with a 2x2 reconstructed hexagonal surface. No 
oxygen and carbon contaminations were observed in survey spectra recorded with 630 eV excitation 
energy.  

The S 2p core level spectra of the clean CdS surfaces are shown in Figure 1. Both surfaces exhibit a 
clear surface core level shift, as evident from the shape of the spectra and from the changes of the 
spectral shape with surface sensitivity. The magnitude of the surface core level of the (10-10) surface 
is in good agreement with literature [1].  

 
CdTe was deposited by thermal evaporation of the compound from a home made effusion cell 
equipped with a resistively heated alumina crucible. The substrates were held either at 220, 340 or 
440°C during deposition. In order to obtain reasonable and comparable growth rates the distance 
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between source and substrate was set to d=6cm (substrate temperature 220°C) and d=3cm (substrate 
temperature 340°C and 440°C), and the source temperature to 485°C (substrate temperature 220°C 
and 340°C) and 550-600°C (substrate temperature 440°C), respectively.  

 
For all deposition steps, surface sensitive Te4d spectra were recorded with 100eV excitation energy. 
Normalized background subtracted spectra are shown in Fig. 2. On CdS(0001) the growth of CdTe 
starts with a very broad Te line which becomes narrower with increasing film thickness. On the CdS 
(10-10) surface the Te4d line is already narrow at the beginning of the growth. At 340°C and 440°C 
substrate temperature, the emission line does almost not show any line broadening at the beginning. 
The Te4d spectra indicate strong differences in interface formation between the hexagonal and the 
rectangular orientation. The additional Te4d features at low coverage indicates a high concentration of 
defects at the CdS(0001)/CdTe interface. The absence of such features for (10-10) oriented substrates 
can be explained by a suitable atomic configuration at the interface. Alternatively, interdiffusion might 
occur on (10-10) surface already during deposition.   

The experiments were supported by the Bundesministerium für Umwelt und Reaktorsicherheit. 
Financial support for beamtime assigned by BESSY is gratefully acknowledged.   

[1] S. Wiklund, K.O. Magnusson, Surface core level shifts on CdS (10-10), Surface Science 238 
(1990) 187-191 

468



Optical properties of neodymium- and yttriumhydride 
 
 

H. Schröter, S. Weber, and J. Schoenes 

 
Institut für Physik der Kondensierten Materie,  TU Braunschweig, 
Mendelssohnstr. 3, D-38106 Braunschweig, www.ipkm.tu-bs.de 

 
 
Ellipsometric spectroscopy is a powerful, nondestructive tool to analyze the optical and thus 
the electronic structure of materials. It has various advantages in comparison to many other 
forms of optical spectroscopy, for example a lower dependence on the surface properties of 
the samples than simple reflectivity measurements because the polarisation state of the 
reflected light is detected and not the intensity. Furthermore it simultaneously provides the 
real and the imaginary part of the optical functions without requiring a Kramers-Kronig-
Transformation which is necessary when only the reflectivity is measured. 
 
Many rare earth metals undergoe a metal to insulator transition upon hydrogenation. The 
dramatic change in the electronical properties are accompanied by changes of the optical 
properties: thin metallic film become transparent. In the context of yttrium the term of 
“switchable mirrors” has been established [1].  
For neodymium this metal to insulator transition is even accompanied by a phase transition 
from an antiferromagnetic metal to a ferromagnetic semiconductor. Thus our studies on NdH3 
and YH3 represent the optical characterisation of two rare earth metalhydrides with and 
without magnetic phase transition during hydrogenation. 
 
Neodymium hydride 
 
The neodymium films have been grown by molecular beam epitaxy onto CaF2-substrates. 
They need a palladium cap-layer to prevent the samples from corrosion in ambient air as 
neodymium is a very reactive rare earth metal. Furthermore the palladium-layer allows an ex-
situ loading of the samples to higher H-concentrations. To avoid unloading of the samples in 
vacuum or even ambient air an additional CaF2 layer is used on top of the films. 
This multilayer structure of the samples doesn’t allow a direct measurement of the dielectric 
function of NdH3-δ. The measured data are the pseudodielectric function of the samples which 
need further processing with a multilayer model to reveal the optical properties of NdH3-δ. 
 
Figure 1 shows the pseudodielectric function of three samples with different hydrogen 
concentration. At approximately 9eV and 8.5eV, respectively, a major structure in the spectra 
can be seen which depends strongly on the hydrogen concentration by energy, strength and 
width. Furthermore, a weak shoulder appears at about 7.5eV in the spectra. Negative values of 

2ε  originate from interference effects at the interfaces between the different layers. 
As our measurements show the optical properties of NdH3-δ for the first time there are no data 
which can be compared in order to estimate the hydrogen content. A precise assignment of the 
spectra to hydrogen concentrations is not possible, yet. 
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Fig.1: Real- and imaginary parts 1ε  and 2ε  of the pseudodielectric function  of NdH3-δ for 
three different hydrogen concentrations 
 
Yttrium hydride 
 
Quantitative information about the effective electron mass or electronic transitions, for 
example, can be extracted from the complex optical functions. So optical spectroscopy is a 
powerfull instrument to examine the electronic structure of solids. 
 
The YHX films have been grown on CaF2(111) by Pulsed Laser Deposition (PLD).    
Fig. 3 shows the imaginary part of the dielectric function measured in the range from 4 to 35 
eV for 6 different samples with  hydrogen concentrations from YH1.8 (red curve) to YH2.2 

(orange curve), whereas the real part 1ε  is the dispersive part, the imaginary part 2ε  is the 
absorptive part. These are the second measurements on the new PLD grown layers. They took 
place in two sessions at the VUV/XUV ellipsometer at the BESSY II. During the first 
measurement session at the 3m-NIM1 beamline we determined the dielectric function from 4 
to 9.5 eV.  
In the second session at the U125/2-NIM beamline we determined the dielectric function from 
11 to 35 eV. It has to be recognized, that a difference of only X=0.4 in the hydrogen 
concentration leads to clear changes of the dielectric function. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    
Fig.2 Band structure of YH2 and possible 

optical transitions [2] 

Structures in 2ε  originate from interband 
transitions which is demonstrated here 
for the six peaks we have located in the 
spectra of YH2. This can be interpreted in 
the framework of the band structure 
calculations shown in Fig. 2. [2] 
With the available band structure of YH2
the allocation of  interband transitions for 
energies over 10 eV is not possible. 
For hydrogen concentrations above YH2
no band structure calculations are 
present.  
For the further interpretation of the 
spectra new calculations from theoretical 
side would be necessary.  
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Fig. 3: Imaginary part of the dielectric function in the VUV spectral range of  YHx grown under different H2      

partial pressures 
 
 
 
 

 
 

 
 

Fig. 4: Real and imaginar part of the dielectric function obtained from ellipsometric 
spectroscopy and located optical transitions in YH2 
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L-edge XAFS in thin films of chromium
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X-ray absorption fine structure (XAFS) studies in the soft x-ray region performed by total electron yield
detection enable the observation of surface phenomena due to the surface sensitivity inherent in low energy
electron experiments. It has been shown in the past that valuable information can be obtained about
the electronic structure and magnetism using magnetic x-ray dichroism, and about the local environment
of the absorbing atom using extended XAFS (EXAFS). Whereas most of the XAFS experiments either
concentrated on the near edge or the far edge region we started to investigate thin film structures at and
above the overlapping L-edges of transition state metals.

To deduce the linear absorption coefficient µf of film f on substrate s from total electron yield mea-
surements we follow the ideas of Van der Laan and Thole [1]. They have shown that for bulk samples the
photoelectric yield Y can be described by a µλe dependence

Y = C
µλe

µλe + sinθ
, (1)

where λe is the electron escape depth, θ the angle of incidence relative to the sample surface, and C the
detector response. Obviously the electron yield is getting saturated when µλe À sinθ. This saturation
effect is significant at energies of prominent absorption peaks. In case of a thin film of thickness tf the
total electron yield has a film component and a substrate component and, assuming that λe has the same
value for the film and the substrate, we get:

Y = C

{1− exp[−( 1
λe

+ µf

sinθ
)tf ]

1 + sinθ
µf λe

+
exp[−( 1

λe
+ µf

sinθ
)tf ]

1 + sinθ
µsλe

}
. (2)

For tf = 0 and tf À 0 Eq. (2) yields Eq. (1) with µ = µs and µ = µf , respectively.
Thus, signals of very thin films contain a large background component from the substrate. This com-

ponent has to be taken into account in the analysis. In the following we will consider signals that have
been corrected for intensity variations of the incident photons in time and photon energy normalizing the
measured electron yield to the drain current of the last beam line mirror. To reduce effects caused by signals
from the mirror, caused by different response functions of sample and mirror, or caused by structures in
the substrate signal, the measured yield of the film-substrate sample is divided by the measured yield of
the clean substrate [2]. For this ratio we get from Eq. (2)

Yf+s

Ys
=
{1− exp[−( 1

λe
+ µf

sinθ
)tf ]}{1 + sinθ

µsλe
}

1 + sinθ
µf λe

+ exp[−(
1
λe

+
µf

sinθ
)tf ]. (3)

The system bcc Cr on fcc Ag(100) was chosen in our experiment at beamline UE46-PGM using linear
horizontal polarization of the photon beam with an energy resolution of 0.2 eV. The electron yields YCr+Ag

and YAg were recorded within an energy range of 550-1190 eV at incident angles of θ = 30o and θ = 90o.
For this system the lattice mismatch is only ≈ 0.2 %, there is a wide miscibility gap above the melting
point in the phase diagram of Cr-Ag alloys, and bcc Cr can be epitaxially grown on Ag(100) [3]. Cr films
with thicknesses of tCr = 1.3, 2, 4 Å were grown in situ at a pressure of 5*10−10 mbar and a substrate
temperature of 440 K using an electron beam evaporator calibrated to a quarz balance . Before and after
the Cr measurements the Ag substrate was cleaned by Ar sputtering at 600 eV, annealed at a temperature
of 700 oC, and YAg was recorded within the energy range given above.

With fixed values of λe and tabulated values [4] of µAg the linear absorption coefficient µf = µCr can
be extracted from Eq. (3). We use offsets to adjust µCr in the pre-edge region to tabulated values and
define tCr such that µCr coincides with the tabulated values between 600 eV and 610 eV. With an electron
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escape depth of λe = 23 ± 2 Å the film thicknesses tCr agree very well with the values of the calibrated
quarz balance. It is noted that in Ref. [5] λe was determined to 17± 2 Å for Fe and to 25± 3 for Co and
Ni.

Fig. 1 displays the L2,3 edge energy region of the linear absorption coefficients µ = µCr for the three
Cr film thicknesses measured at θ = 90o (blue lines) and the linear dichroism signals LD = (µ(30o) −
µ(90o))/∆µedge (red dots), where ∆µedge was taken from the tabulated values. With decreasing film
thickness we observe a slight broadening of the edge peaks of µ and a significant increase of LD. The
present experiment does not allow to discriminate between magnetic effects and low-symmetry crystal-field
effects. Assuming that the Néel temperature of TN = 311 K for bulk Cr is decreased with decreasing film
thickness, in thin films LD will be dominated by crystal-field effects.

The final analysis of the EXAFS spectra will be performed by application of the Bayes-Turchin method
[6]. This method allows to analyse overlapping L-edge spectra, takes into account the uncertainties of
experimental data and model functions, and yields a posteriori parameters, a posteriori errors, and error
correlations. As this analysis has not been finish yet, we show in Fig. 2 preliminary experimental EXAFS
oscillations χ for the three Cr layers (open circles). These oscillations were extracted from µCr using the
smoothing procedure described in Ref. [6]. In this procedure orthonormal polynomials are generated to a
weight function by recursion relations on the set of the measured energy points. The absorption coefficient
µCr is expanded in the set of these polynomials. For low polynomial order we get the smooth background
function µ0. We note that µ0 might be disturbed because the L1 edge has not been taken into account
explicitly. The correct procedure of the analysis of overlapping L-edge spectra is described in Ref. [6] and
will be used in the final analysis. From µCr and µ0 we get χ = (µCr−µ0)/µ0. With decreasing average film
thicknesses we observe a decrease of the EXAFS amplitudes, which is due to the reduction of the number
of equivalent scattering paths with decreasing layer number.

To compare the data with model predictions we applied the ab initio XAFS code FEFF [7]. Calculations
were performed for 1, 2, and 3 layers of Cr on Ag were the first Cr layer replaced an Ag layer of an fcc-
Ag(100) hemisphere. The second and third layers were put on top taking into account the bcc-crystal
structure of Cr. We emphasize that the shape of the computed EXAFS oscillations depends on the out-of-
plane position of the absorbing atom. Therefore separate calculations with the absorbing atom positioned in
concerned layers were performed and averaged. The results are shown in Fig. 2 (red lines), where an energy
shift of 7 eV has been applied to match experimental and theoretical energy scales, a Debye temperature
of 450 K has been used, and scattering paths within a hemisphere of radius 9 Å were considered. The
structure observed at roughly 715 eV in the model spectra is caused by the L1 edge, which is not very well
reproduced by the calculations.

These preliminary data indicate that the film with an average thickness of 1.3 Å can be described fairly
well by a monolayer of Cr on Ag(100). The refined analysis of the EXAFS data should determine the Cr-Ag
distance and should yield information about the Debye-Waller factors of thermal and structural disorder.

We thank the BESSY crew for a stable beam and especially Dr. Fentrup for an update of the undulator
table for linear horizontal polarization of 3rd harmonic.
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Figure 1: Energy spectra of absorption coefficient µ (blue lines) and linear dichroism LD (red dots) for
different Cr film thicknesses.
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Figure 2: EXAFS oscillations χ for different Cr film thicknesses measured at θ = 90o (open circles) are
compared to FEFF predictions calculated for different Cr layers (red lines).
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Correlation effects in two electron photoemission 
 
 F.O. Schumann, C. Winkler and J. Kirschner   
Max-Planck Institute of Mikrostrukturphysik, Weinberg 2, 06120 Halle, Germany  
 
A direct approach to study the electron-electron interaction in solids is possible via double 
photoemission (DPE), which is the absorption of a single photon followed by the 
simultaneous emission of an electron pair. A finite DPE intensity requires a finite electron-
electron interaction [1]. The mutual influence of the electrons motion is the consequence of 
the Pauli principle and the Coulomb interaction. In fact, electrons tend to stay away from each 
other, thereby creating a zone of reduced electronic charge around each electron. This 
constitutes the concept of the exchange-correlation (xc) hole [2]. The possibility to probe the 
xc-hole via DPE exists, as a theoretical treatment for a Cu(100) surface showed [3]. This is 
beyond the capabilities of single photoemission.   
We demonstrate that the technique of DPE has reached a status, which allows the complete 
mapping of the xc-hole. This is of fundamental interest for solid state theory, e.g. the xc-hole 
is an integral part of the Local Density Approximation, which is a widely used and a very 
successful description for solids [4]. We have studied a well-ordered Cu(111) surface at room 
temperature. It manifests itself as a depletion zone in the angular distribution of the intensity. 
More precisely the emission direction of one electron is surrounded by a reduced intensity of 
the other electron. 
Our time-of-flight coincidence experiment consists of 3 channelplate detectors [5].Delay line 
anodes allow the determination of the impact positions of electrons. As a pulsed photon 
source serves the BESSY storage ring operating in the single bunch mode at beamline TGM 
4. The photon energy was set to 50 eV. The propagation direction of the linear polarized light 
has an angle of 32° with respect to the surface normal  
The impact positions are charactized by two angles (θ and φ) measured with respect to the 
surface normal. We label one electron "fast" and the other "slow" with the energies Efast and 
Eslow respectively, this implies that Efast ¥ Eslow.  For a 2D-angular presentation of our data, we 
select first values for Efast and Eslow, respectively. In order to select enough coincidence events 
we allow an uncertainty in the energy of ±1.5 eV. As an example we show in fig.1 the angular 
distributions for "fast" and "slow" electrons centered at Efast =23 eV and Eslow=12 eV, which 
focuses on the emission from the 3d-states. Both distributions display the highest intensity, if 
the electrons leave the sample along the surface normal. The intensity drops for increasing 
values of θ. Next, we select only those "fast" electrons, which leave the sample within a 
narrow angular direction. As an example we have drawn a black circle in fig. 1 b), which is 
centered at θ=φ=0 rad. The emission direction is a cone with an angle of 0.18 rad, which is the 
radius of the circle in fig.1 b). In other words: we fix the direction of the "fast" electron and 
ask for the intensity of the "slow" electron around this direction, which is displayed in fig.1 c). 
It is obvious that the intensity on the center detector is lower than on the left and right 
detectors. 
In order to improve the statistics we integrated the data along the φ direction and show the 
resulting line scan along the θ direction in fig.1 d).  The vertical dashed lines mark the 
boundary of the allowed θ values of the "fast" electron. The solid line through the data serves 
as guide for the eye. As already evident in fig.1 c) we observe that the "fast" electron is 
surrounded by a reduced "slow" electron intensity. We find that the intensity reaches a 
constant value at a radius θ∼1.2 rad, which is well inside the angular range of our experiment. 
This is the experimental manifestation of the exchange-correlation hole. Such a behavior was 
theoretically predicted for DPE from a Cu(100) surface [3].   
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Fig.1: We selected Efast =23 eV and Eslow =12 eV. Panel a) and b) shows the 2D angular 
intensity for the "slow" electron and fast electron, respectively. In panel c) we plot the 
intensity for the "slow" electron if the "fast" electron is constraint to be within the area 
defined by the black circle of the center detector in b). From panel c) a line scan can be 
computed, which is plotted in panel d). The solid line is guide to eye, whereas the dashed 
vertical lines mark the boundary of the fixed direction.   
   
It is of course possible to fix the emission direction of the "slow" electron and determine the 
intensity map of the "fast" electron, which gives identical results.   
If we choose the fixed direction to be centered at θ=0 rad the maximum angle of the 
counterpart can not exceed 1.57 rad, if they are to leave the sample surface. However, it is 
possible to detect electron pairs, whose trajectories include larger angles. We can select the 
emission direction of one electron (either "slow" or "fast") anywhere within the angular 
acceptance. We demonstrate this in fig.2.  The fixed emission directions are defined by a 
circle in the 2D angular distribution equivalent to fig.1 b), which again has a radius of       
0.18 rad. The center is either at θ=-1.0 rad for plots 2a) and b), the case θ=1.0 rad is depicted 
in fig.2 c) and d). The vertical dashed lines in fig.2 b) and d) mark the range of the allowed 
θ values for the fixed electron. 
We loose the information of the intensity for θ  values on one side of the selected emission 
direction, but we gain a larger angular range on the other side.We finally derive the 2D 
angular distribution of the "slow" electron around the fixed direction of the "fast" electron. 
These are plotted in fig.2 a) and c). In the case of panel a) we observe a low intensity on the 
left detector, if we move to the center detector the intensity has increased and finally the 
intensity on the right detector is smaller than on the center detector. Again improving the 
statistics via an integration along the φ direction can be performed, the resulting line scan is 
shown in fig.2 b). 
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Fig.2: 2D-angular distributions and resulting line scans are shown for electron pairs with Efast 
=23 eV and Eslow =12 eV. The direction of the fixed "fast" electron is is centered either at   
θ=-1 rad for panels a) and b) or θ=1rad for panels c) and d). The line scans of the intensity 
maps in a) and c) are plotted in panels b) and d). The solid lines are guide to eye, whereas the 
dashed vertical lines mark the boundaries of the fixed emission directions.   
  
Two important observations can be made. First we see that the intensity peaks are θº0.2 rad  
(θº−0.2 rad), while the "fixed" electron is centered at θ=−1.0 rad (θ=1.0 rad). This means that 
the angular size of the depletion zone is ~1.2 rad, in line with the result shown in fig.1 d). 
More importantly, we see that the coincidence intensity drops off again if the angle between 
the two electrons is beyond ~1.2 rad. We can clearly see that the reduced intensity regime 
follows the fixed emission direction. The fall-off of the coincidence intensity for large angles 
between the "fast" and "slow" electron  is expected, because ultimately two electrons are not 
correlated if they are well separated (in angular or momentum space).  We have found no 
significant variation of the angular size of the depletion zone for other values of Efast and Eslow.  
Eventually, the comparison of theory and experiment of the depletion zone may lead to an 
improved description of the exchange-correlation hole in solids  
We thank the staff of the BESSY storage ring for excellent support. 
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Fig.1: 2D electron yield spectrum from a monolayer 
He on Pt(111) (He1s threshold region; Az light). 

Electronic Properties of Physisorbed Helium 
S. Kossler, R. Schneider, P. Feulner 

Physikdepartment E20, TU-München, D-85748 Garching 
 

Many studies exist on the electronic properties of isolated He. Excitation energies 
and oscillator strengths of one-electron excitations are well known [e.g. Chan et al., 
PRA 44, 186]. Two-electron excitations have been recognized as prototypical for the 
strong influence of electron correlation including effects of quantum chaos [see e.g. 
Tanner et al., Rev.Mod.Phys. 72, 497; Jiang et al., J. Phys. B39, L9 and refs.]. Con-
densed He, on the other hand, has been much less frequently studied. One-electron 
excitations of the dense gas [Guzielski et al., CPL 179, 243], the liquid [Surko et al., 
PRL 23, 842], clusters [Joppien et al., PRL 71, 2654; v. Haeften et al., PRL 78, 4371] 
and solids [Arms et al., PRL 87, 156402; PRB 71, 233107] reveal strong “chemical” 
interaction between neighboring atoms for the excited states. No data on two-electron 
excitations existed so far. 
    Our approach was to study physisorbed He. This is a very well defined system for 
which standard electron spectroscopy tools are applicable. Moreover, it is a model 
system for charge and energy transfer between a physisorbed layer and its substrate. 
The experimental challenges are the low sample temperature and the very good vac-
uum that are required, and the fact that physisorbed He is efficiently photodesorbed 
by 300K blackbody radiation from the environment [Niedermayer et al. PRB 71, 
045427 and refs.]. As a result, no data on electronic properties of physisorbed He 
existed so far. 
    Our experimental set-up to overcome these obstacles consists of a pumped l-4He 
cryostat with sample temperatures below 1.2K necessary for the adsorption of two 
layers of He on Pt(111) [Niedermayer, PhD-thesis, TUM 2002], a time-of-flight (TOF) 
spectrometer recording electrons, ions and metastables, and l-N2 cooled radiation 
shields around the whole sample region including the TOF to prevent desorption by 
300K blackbody radiation. Vertically (Axy; E-vector ⊥ surface normal) and horizontally 

(Az; E-vector || surface normal) po-
larized light from the UE112-PGM1 
beamline enters this shield through a 
small aperture, illuminating the 
sample under grazing incidence for 
optimum surface sensitivity.  
    Fig.1 shows near threshold 2D 
electron data of one-electron excita-
tions from a monolayer He/Pt(111). 
Compared with isolated He, the He1s 
binding energy is red-shifted by 
1.45eV by polarization screening. We 
obtain symmetric He1s line shapes 
for submonolayer coverages, but 
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Fig.2: Line shape of He[1s] emission 
(red) for submonolayer (bottom) and 
monolayer coverage (top), compared 
to simulation (blue, see text). 

Fig.3: 2D electron yield spectrum from a bilayer He on 
Pt(111) (He1s threshold region; Az light). 

21 22

 

Axy

Az

H
e*  s

ig
na

l

hν[eV]
 

Fig.4: PSD of He* for increasing He 
coverage (red: dilute bilayer; blue: 
saturated bilayer) 

asymmetric profiles for saturation (Fig.2). We explain this asymmetry by corrugation 
of the monolayer due to repulsive He-He interaction [Niedermayer et al. PRB 71, 

045427 and refs.]. The peak shape can be well 
simulated by assuming coexistence of ground 
and excited states of the He-to-metal vibration in 
combination with 1/z-dependent red- shift by 
polarization screening through the substrate 
(Fig.2). For the monolayer, neutral excitations are 
neither visible for Az (Fig.1) nor for Axy 
polarization (not shown), indicating extreme 
broadening of the resonances in comparison with 
the gas phase due to rapid (sub fs) transfer of the 
resonantly excited electron into the metal sub-
strate. 

    2D electron spectra for one-
electron excitations of the bilayer 
He/Pt(111) are remarkably differ-
ent. The He1s binding energy of 
the second layer is red-shifted by 
only 0.8eV compared with He 
gas and the line shape is sym-
metric (Fig.3). Neutral excitations 
are now clearly discernible. The 
[1s]2p and [1s]3p states of the 
second layer decay into [1s] hole 
state of the first by Interatomic Coulomb Decay. 
[1s]2s derived excitations which are dipole forbid-
den for the isolated atom appear in 2D electron 
spectra for Axy light (not shown), indicating a 
change of symmetry by He*-He interaction in good 
agreement with data for dense He gas [Guzielski 
et al., CPL 179, 243] and calculations for He ex-
cimers [Guberman and Goddard, PRA 12, 1203]. 
The He-He* potential energy (PE) curves exhibit 
intermediate barriers (“volcanic” PEs) due to the 
repulsive interaction between the closed shell of 
the ground state atom and the extended Rydberg 
orbital of He*. Differential condensation shifts for 
distinct excitations result from different barrier 
heights. It has to be kept in mind, however, that 
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Fig.5: Comparison of two-electron excitation 
features for isolated He (EELS) and for the bi-
layer on Pt(111) (PSD of He+). 

neighbor interactions are more complex for the physisorbate than for the dimer be-
cause of the larger number of neighbors. Multiple final states arise, best seen in 
Photon Stimulated Desorption (PSD) of metastable He* due to the excitation of [1s]2s 
derived molecular states (Fig.4). The “molecular” tails at high photon energies vanish 
for decreasing coverage (dilution) of the second layer (Fig.4). 

    2D electron spectra (Az) show for the 
bilayer an IP2 threshold that is red-
shifted by 0.9 eV with respect to He 
gas. He+-PSD reveals a rich structure 
of two-electron excitations converging 
to this threshold (Fig.5; EELS gas 
phase data [dipole: Chan et al., PRA 
44, 186; non-dipole: Liu et al., PRL 91, 
193203] are shown for comparison). 
We observe similar series widths for 
the gas phase and the physisorbate, 
but completely different peak numbers, 
shapes, and areas indicating preva-
lence of “molecular” interaction for the 
excited states in the physisorbate. No 
simple correlation with the doubly ex-
cited Rydberg states of the isolated 
atom exists. Quantum chemical cal-
culations which are in progress will 
provide further insight and correct as-
signments. Alternative reaction routes 
could contribute to PSD of He+: Disso-
ciative decay of electronically excited 

ionimers; Coulomb explosion of doubly charged ionimers after interatomic Coulomb 
decay; desorption of excimers (exciplexes) by the cavity mechanism and subsequent 
autoionization. Discrimination between these alternatives will be possible from PE 
curves (from calculations, see above) and ion kinetic energy distributions (already 
available). 
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Hard x-ray photoemission: Depth-resolution with standing-wave excitation
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Photoemission experiments are highly sensitive to the elemental composition of the sample. 
Additionally,  chemical  states  can  be  distinguished.  Generally,  the  depth  resolution  of 
photoemission experiments is limited to 10-20 Å. Depth-resolved information can be obtained 
by  performing  angle-resolved  photoemission  experiments,  although  for  complex  depth 
profiles, fully quantitative and unambiguous results are often not possible.

Another  method  for  studying  multilayer  structures  is  provided  by  x-ray  reflectivity 
experiments, including the use of x-ray standing waves. The layers thicknesses and also the 
roughness at the interfaces can be determined from the reflectivity as a function of the angle 
of incidence. However, this method requires trial and error fitting to the data, and may not be 
particularly sensitive to  elemental composition or to chemical shifts.

Fig. 1: Schematic illustration of sample and x-ray standing-wave field: The 
incoming and reflected beams,  drawn as plane waves (red lines),  form a  
stationary standing field (green lines) above the multilayer (blue bars). The 
emitted photoelectron intensity of the sample (orange) depends on the local  
strength of the standing field.  For some samples, a wedge-shaped base layer  
also permits scanning the standing wave through the sample by moving the  
x-ray beam along the horizontal axis in the figure.

We have here explored a combination of the two experimental approaches –photoemission 
and x-ray reflectivity– that combines advantages of both methods. This combination has been 
achieved by locating the sample to be studied is on top of an x-ray multilayer mirror which 
reflects the incoming photons (Fig. 1). The reflected beam interferes with the incoming, and a 
standing-wave  field  is  formed  above  the  multilayer  mirror.  The  measured  photoemission 
signal strength depends on the emitting atom's position relative to the standing wave field.  In 
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some of our measurements, the sample also contains one layer in wedge profile, with this 
permitting a scan of the standing wave simply by moving the x-ray beam across the sample. 
Prior work of this type has involved soft x-rays [1, 2], but we have here for the first time used 
hard x-rays in the 2-4 keV regime.

A reflectivity of the order of a tenth of a percent is sufficient to obtain a signal modulation 
distinguishable from the noise in the spectra. Sufficient reflectivities can be achieved at the 1st 

order  Bragg  condition  from such multilayers.  At  the  Bragg  angle  the  wavelength  of  the 
standing-wave field equals the multilayer period. This feature allows tailoring the wavelength 
of the x-ray standing-wave field independently from the photon energy simply by varying the 
multilayer period. Therefore, the photon energy can be tuned to the element specific transition 
to be studied, where high photoelectron intensities are obtained from the sample.

In  one  of  our  experiments,  we  chose  a  photon  energy  of  4  keV  at  the  BESSY-HIKE 
experiment and a GaAs/AlAs multilayer with a period of 44.9 Å. On top of this multilayer 
was grown a wedge of Fe and a constant thickness overlayer of MgO.  The relatively high 
excitation energy allows recording the photoemission signal from buried layers in the sample, 
as e.g. Mg 1s and Fe 2p. The reflectivity of the multilayer and, thus, the modulation of the 
signal, are expected to increase with increasing photon energy, a further advantage of working 
at higher energies.

The standing wave field has to be moved through the sample in order to record a modulation 
of the photoemission intensity, which contains the information about the layers' thicknesses 
and the interface roughness. There are two methods to achieve this modulation. First,  the 
reflectivity can be changed by varying the angle of incidence. In this case, the spectra are 
recorded by varying the angle of incidence from below to above the Bragg angle to generate a 
rocking curve. Right at the Bragg angle, the reflectivity and the phase between incoming and 
reflected beam vary strongly. The phase may change by up to 180°. Thus, the photoemission 
signal shows a modulation as a function of the angle of incidence (Fig. 2). 

Fig. 2:  Rocking curve of the Mg 1s photoemission 
signal.  The graph shows the spectrum around the  
Mg 1s signal as a function of the photon angle of  
incidence.

Fig. 3: Modulation of the Fe 2p signal. The signal 
intensity is shown as a function of the sample 
position relative to the beam. The height of the MgO 
layer and the MgO/Fe interface above the mirror is  
changed with the position because the sample is  
wedge-shaped (see Fig. 1).

The  second  method  uses  samples  which  contain  a  wedge-shaped  layer  with  a  thickness 
variation of a few standing-wave (i.e. multilayer) periods over the whole width of the sample 
of several mm, as shown in Fig. 1. The photon beam has a diameter of less than 0.5 mm, and 
the sample is ca. 8 mm in dimension. Therefore, the standing wave phase and intensity at the 

hν = 4 keV

hν = 4 keV
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top of the wedge-shape sample (dark orange layer in Fig. 1) varies as the sample is moved 
through the beam. Accordingly, the photoemission signal is modulated in a sinusoidal manner 
(Fig. 3).  These data are presently being analyzed using x-ray optical theory in order to derive 
layer thicknesses and interface properties.

The project  was funded by the Land Nordrhein-Westfalen,  the U.S.  Dept.  of  Energy,  the 
Alexander  von  Humboldt  Foundation,  and  the  Helmholtz  Association.  The  beamtime  at 
BESSY was funded by the BMBF (FK05 ES3XBA/5). We thank the BESSY staff for their 
support.
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Orbital moment and magnetic anisotropy 
in tetragonally distorted Fe1-xCox alloy films 
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2 – Institut für Experimentalphysik, Freie Universität Berlin, 14195 Berlin, Germany 

3 - Department of Physics, Fudan University, Shanghai, China 
 

Magnetic anisotropy is related to the magnetic orbital moment (ml) and spin-orbit 
interaction. Due to symmetry reasons, almost no orbital moment remains in bulk ferromagnets 
of cubic symmetry. However, the quenching of the orbital moment can be removed by an 
appropriate symmetry reduction. 

We demonstrate that the orbital magnetic moment and the magnetic anisotropy can be 
strongly enhanced due to a tetragonal distortion in a system with bulk-like coordination [1]. A 
model system is provided by Fe1-xCox alloy films which are distorted due to their 
pseudomorphic growth on substrates of mismatching lattice constant. As the Pd(001) or 
Rh(001) in-plane lattice constant is larger, the Fe1-xCox overlayer lattice has to expand in-
plane for pseudomorphic growth. To keep the atomic volume constant, the film contracts in 
the direction of the c-axis which leads to a c/a ratio of less than √2. 

By measuring magneto-optical Kerr hysteresis loops, we found a dependence of the 
perpendicular magnetic anisotropy on the chemical composition of the Fe1-xCox alloy films, 
on their tetragonal distortion and on the film thickness. The films show a strong perpendicular 
anisotropy in a wide thickness and composition range with a maximum around x = 0.5 [2]. In 
particular, the films of this composition grown on Rh(001) substrate exhibit a perpendicular 
easy magnetization axis at room temperature (RT) up to a thickness of dc = 15 monolayers 
(ML). The thickness dc, which is related to the volume magnetocrystalline anisotropy, 
depends on the film composition. 
   Magnetic circular dichroism in soft x-ray (XMCD) measurements of the Fe1-

xCox/Rh(001) samples were carried out at the UE56/2-PGM2 beamline at BESSY. Absorption 
spectra were recorded by directly detecting the sample current while scanning the photon 
energy of the circularly polarized light. The energy resolution was set to 0.25 eV for 
absorption both at the Fe and Co L3,2 edges. XMCD measurements were performed in 
magnetic remanence after a magnetic field pulse of about 50 mT along the normal of the film 
plane has been applied (no magnetic field could be applied during the XMCD measurements 
with our experimental setup). The spectra were recorded at RT for 6 ML thick films of 
varying composition. 

By analyzing XMCD spectra at the L3,2 edges, we found a dependence of the Co and 
Fe magnetic orbital moments on the chemical composition of the Fe1-xCox alloy films grown 
on Rh(001) [3]. The values of the spin moment ms, orbital moment ml, and the ratio between 
ml and ms for Co and Fe atoms obtained at RT for the films of varying composition are 
plotted in Figure. For the 6 ML thick films with 0.35 < x < 0.6, 100% remanent magnetization 
was found at RT indicating the preservation of the spin alignment along the perpendicular 
field applied before. The saturation values of ms, which is in fact the effective spin moment 
including also the dipolar term, show rather weak composition dependence both in the case of 
Co and Fe. The application of the sum rules gives a magnetic spin moment of (1.6+/-0.09) μB 
per Co atom and 2.13+/-0.13 μB per Fe atom. It is worth noting that the average magnetic spin 
moment is of the order of 1.89 μB for x = 0.6 which is less than the theoretical value expected 
for the Fe1-xCox alloys of this composition. However, it must be taken into account that our 
XMCD spectra were measured at RT for films of only 6 ML thickness, and thus the values of 
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the magnetic moment could be underestimated due to the magnetic finite-size effect. In 
contrast to the cubic structure where the orbital moment is nearly completely quenched, a 

strong enhancement of the Co orbital moment, 
ml, occurs in the tetragonally distorted Fe1-

xCox films with a maximum at x = 0.6. In the 
case of x = 0.65 film, the easy axis of 
magnetization is not normal to the film plane 
anymore. Thus, this film was not magnetically 
saturated in remanence and only the 
projections of the Co and Fe moments to the 
film normal were probed. In this case, the 
measured values of ml are reduced in 
comparison to the value obtained for x = 0.6 
both for Co and Fe. In order to extract a 
possible change of ml itself, the ml/ms ratio 
was calculated and plotted vs. film 
composition (Figure). The composition 
dependencies of the orbital moments and of 
the ml/ms ratios of Co and Fe coincide well 
with the composition dependence of the dc 
which is related to the strength of the uniaxial 
magnetocrystalline anisotropy. Both ml/ms and 
dc increase up to x = 0.6 and start to decrease 
above this composition. Since the XMCD 
experiments were performed for films of 
constant thickness, an increase of the magnetic 
orbital moment with increasing Co content is 
related to the adjustment of the Fermi level 
with respect to the energy levels of the 
relevant orbitals. 

A larger orbital magnetic moment 
forces the spin moment stronger to a 
perpendicular alignment and consequently the 
magnetic anisotropy energy is larger. By 
studying how the orbital moment and the 

magnetic anisotropy develop with increasing film thickness, we were able to relate the 
enhanced moment to the tetragonally distorted film fraction. With changing film thickness, 
the distortion also changes and influences the magnetocrystalline anisotropy independently of 
the composition. 

To summarize our results, since both the anisotropy energy and the magnetic orbital 
moment show similar composition dependence, it confirms that both quantities are directly 
related. Our experiments show that the adjustment of the Fermi level (i.e. a proper choice of 
the alloy composition) is decisive for the large magnetic orbital moment and for a large 
magnetic anisotropy in tetragonally distorted structures.  
 
References: 
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[2] A. Winkelmann, M. Przybylski, F. Luo, Y. Shi, J. Barthel, Phys. Rev. Lett. 96, 257205  
      (2006) 
[3] F. Yildiz, F. Luo, C. Tieg, R. M. Abrudan, X.-L. Fu, A. Winkelmann, M. Przybylski, 
      J. Kirschner, Phys. Rev. Lett. 100, 037205 (2008). 
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Magnetic properties of ultrathin Fe3Si films on MgO and GaAs: an

XMCD study of a Heusler-like system
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Fe3Si is considered a promising candidate for future spintronic devices

Figure 1: Schematic of

the ideal Fe3Si structure.

that require spin injection of considerable efficiency into semiconduct-
ing materials. With its Curie temperature of TC = 840 K well above
room temperature (RT) Fe3Si exhibits a high thermal stability. Spin
injection into the semiconductor GaAs at room temperature has suc-
cessfully been demonstrated [1]. In order to incorporate this Heusler-like
system in real spintronic applications the quality of the interface to the
substrate is of high importance. Therefore, we aim to reduce the thick-
ness of the Fe3Si layer in our samples down to the ultrathin limit of a
few monolayers (ML) where the interface properties become more and
more important compared to the bulk ones.

Fe3Si films can be grown epitaxially in the ultrathin limit with well ordered structure by co-
evaporating Fe and Si in the appropriate mass ratio [2–4]. On GaAs(001) the lattice mismatch
is extremely low – only 0.4 % and the lattice directions of Fe3Si[001] appear parallel to the
lattice directions of the substrate. Growing on MgO, the lattice directions are rotated by 45◦

leading to a lattice mismatch of 5.2 % when considering half of the MgO lattice parameter.
In the bulk, perfectly ordered Fe3Si exhibits a D03 structure, which can basically be described
by four interpenetrating fcc sublattices with origins at (0, 0, 0), (0.25, 0.25, 0.25), (0.5, 0.5,
0.5), and (0.75, 0.75, 0.75) as schematically shown in Fig. 1. In bulk Fe3Si, the Fe atoms on A
sites have a magnetic moment of 1.19µB, whereas on B sites Fe shows a magnetic moment of
2.38µB. The Si moment is expected to be aligned antiparallel to the Fe moment with a value
of −0.07µB [5].

To prepare the samples for the present investigations, we co-evaporated Fe and Si at a substrate
temperature of Tsub = 250 K and a growth rate of ∼ 1.2 Å per minute. A layer of 20 Å MgO
on top is supposed to protect them from air during transfer to the UHV chamber in which the
X-ray absorption measurements at the helical undulator beamline UE56/2-PGM2 were carried
out.

In Fig. 2a we show X-ray absorption spectra (XAS) and X-ray magnetic circular dichroism
(XMCD) of 57 ML Fe3Si on Ga-terminated GaAs(001) with a (4 × 6) surface reconstruction
in comparison to 57 ML Fe3Si on MgO(001) (Fig. 2b). The two samples were prepared si-
multaneously in one of our laboratory MBE chambers so that the layers are identical and the
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Figure 2: Left: Normalized XAS (dashed lines) and XMCD (solid lines) at RT of 57 ML Fe3Si (a) on GaAs(001)

and (b) on MgO(001). Right: (c) Normalized XAS (dashed lines) and XMCD (solid lines) at 78 K of 4 ML and

8 ML Fe3Si/GaAs(001). The 57 ML sample serves as the bulk-like reference, measured at RT.

only difference between them is the substrate. The new experiments complement recent fer-
romagnetic resonance measurements on this system from which we determined the magnetic
anisotropy fields [4, 6–8]. The hard axis lies in the out-of-plane direction, the easy axis is in-
plane along [100]. From element-specific hysteresis loops at the Fe L2,3 edges (not shown in this
report) we determine a coercive field of ∼ 14 Oe for our samples in agreement with reported
results from MOKE measurements [4, 9].

As a first thickness-dependent study going closer to the ultrathin limit of a few monolayers
only, we show in Fig. 2c the normalized XAS (dashed lines) and the corresponding XMCD
(solid lines) of 4 ML and 8 ML Fe3Si on GaAs(001) measured at T = 78 K. A thick sample
of 57 ML Fe3Si serves as a bulk-like reference and was measured at room temperature. The
spectra show two effects when reducing the thickness: (i) the white line which is a measure
for the unoccupied electronic states per atom decreases, indicating that the number of d-holes
decreases. This may be explained by a charge transfer from the film to the substrate and/or
the cap layer. When reducing the thickness, such an interface effect will contribute more and
more to the overall signal.

In this annual report we can only show a few first results of our experiment. A more detailed
analysis is still in progress. In our final analysis we aim to determine spin and orbital moments
via XMCD sum rules. However, already from the spectra shown on the left hand side in Fig. 2
it is clear that the magnetic moment per Fe atom in Fe3Si/GaAs is lower than the one on MgO.
Together with results from a Mössbauer lab experiment we can conclude that the magnetic
ordering is higher on the MgO(001) substrate than on the Ga-terminated GaAs(001)-(4 × 6)
substrate. One explanation for this result is a possible larger interdiffusion occurring at the
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interface to the GaAs substrate. In the near future, we aim to extend the X-ray investigation
on MgO especially with respect to the thickness-dependence in the ultrathin limit.

In summary, we show our preliminary results on our XAS/XMCD study of Fe3Si films. First,
we compare the magnetic properties on the two substrates GaAs(001)-(4 × 6) and MgO(001)
and second, we investigate the thickness-dependence of XAS and XMCD at the Fe L2,3 edges
on GaAs(001)-(4×6). Together with Mössbauer results we conclude that the magnetic ordering
in Fe3Si is better on the MgO substrate than on GaAs. A full detailed analysis is to follow and
future investigations will include the thickness-dependence on MgO(001).

Financial support of this work by Deutsche Forschungsgemeinschaft (SFB 491) and Bundesmin-
isterium für Bildung und Forschung (05 KS4 KEB/5) is gratefully acknowledged.
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Study of Fe@Rh and Rh@Fe nanoparticles (Projects n°2007-1-60628 and n°2007-2-70195) 
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a: LCC-CNRS, 205, route de Narbonne, 31077 Toulouse, France 
b: Max-Planck-Institut für Metallforschung Heisenbergstr. 3, 70569 Stuttgart, Germany 
 
To understand the variation of the magnetic properties of binary nanosystems in relation with their surface state, 
their crystallographic structure and chemical arrangement, the FeRh system, which endeavours 
ferromagnetic/antiferromagnetic transitions [1] according to composition and/or temperature, was pointed as a 
good target to explore the relation between chemical arrangement inside the particles and magnetic properties.  
We have thus developed organometallic routes to control the synthesis of binary nanoparticles[2]: two metal-
organic precursors have been decomposed simultaneously in organic solvents, in the presence of ligands as size-
control agents, in the ratio corresponding to the target composition of the final nanoparticles [3]. More 
specifically, in the case of the FeRh system, we have designed two decomposition routes which enable us to 
kinetically control the order of decomposition of the two precursors in solution. Hence, three compositions have 
been synthesized: Fe80Rh20, Fe50Rh50, and Fe20Rh80, and for each composition, we have produced nanoparticles 
with a core enriched in Rh atoms (Rh@Fe nanoparticles) or the reverse (Fe core and surface enriched in Rh: 
Fe@Rh nanoparticles), while keeping a mean size around 2.5nm. The particles have been characterized by 
transmission Electron Microscopy (TEM-Figure 1), Wide Angle X-Ray Scattering (WAXS-Figure 2, left and 
center) and Extended X-Ray Absorption Fine Structure (EXAFS) measurements, magnetic measurements by 
SQUID (Figure 2, right). 

 

         
 
 
 
Interestingly, the structure of these particles varies not only according to the composition (Figure 2, center) but 
also according to their chemical order, as evidenced by WAXS (Figure 2, left). Combining WAXS and EXAFS 
measurements we showed that the Rh@Fe nanoparticles consist in a fcc Rh core surrounded by a structurally 
disordered Fe shell. On the reverse, the Fe@Rh system consists in an Fe polytetrahedral core surrounded by a Rh 
shell of the same structure, but for the Rh rich composition which displays a fcc structure as a result of Fe-Rh 
interdiffusion. (Table 1) 
Magnetization clearly varies when the chemical order changes in the particles (Figure 2, right). Fe being very 
sensitive to structure and Rh sensitive to 3d/4d interactions, it is very difficult to interpret the data without any 
element specific method.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: TEM images of Fe@Rh particles (scale bar 100 nm) ; from left to right: 80/20; 50/50, 20/80 

Fe@Rh  
Rh@Fe  

50/50 Fe@Rh

Figure 2: Effect of the chemical order on the structure (left); effect of composition on the 
structure (middle), effect of chemical order on magnetic properties (right) 
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 Fe@Rh 

Composition Fe80Rh20 Fe50Rh50 Fe20Rh80 
dTEM (s) (nm) 2.4(0.5) 1.9(0.3) 1.9(0.2) 

crystalline structure polyTd polyTd fcc 
Nr. of Rh 

atoms 
125 144 216 

Nr. of Fe 
atoms 

497 144 53 

Nr. of shells <1 Rh 1 Rh Interdiff. 

model 
cluster 

  
 
 

  

 
 

Table 1: Schematic description of the nanoparticles core-shell Fe@Rh structure (Fe in green, Rh in blue) 
 
The particles were then dispersed in an organic solvent under carefully controlled conditions (oxygen and water 
free conditions) to prepare a thin layer of nanoparticles on a HOPG substrate by drop casting of this solution in a 
dedicated glove-box. The glove-box was directly connected to the measurement chamber to allow the transfer of 
the sample without exposition to air. XMCD data have been recorded at 3Tesla, 10Kelvin. e.g. Figure 3. 
Hysteresis curves have been recorded as well (not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: XANES and XMCD data at Fe L2.3edge, 3T, 10K (left) and Rh L2.3, 6T, 10K (right) for Rh@Fe sample of Fe80Rh20 composition. 
 
The Fe magnetic moments have then been obtained from total yield-XMCD at the L2,3-edge. Applying sum-
rules, we have determined separately the spin and orbital contributions. The main results are reported Table 2 
(after extrapolation to 6T according to the hysteresis curves). Complementary experiments carried out at Rh edge 
at ESRF, allowed us to determine the Rhodium polarisation in these systems. Taking into account the magnetic 
contribution of Fe and Rh determined via XMCD for the Rh@Fe systems, the overall magnetisation of the 
system is in very good agreement with that determined by SQUID measurements. Comparison to literature data 
also confirms the non-alloyed character of the nanoparticles. [1] 
  
 
 
 
 
 
 
 
 
 
 

Table 2: Magnetic moments determined from XMCD measurements at Fe L2.3 edge. 
 

Rh@Fe µFe (nholes=3.5) µFe (nholes=3.5) Fe@Rh 
µL 0.09 0.1 µL 
µS 0.92 1.9 µS 

Fe80Rh20 
 

µtot 1.01 2 µtot 

Fe80Rh20 
 

µL 0.02 0.35 µL 
µS 0.19 2.45 µS 

Fe50Rh50 

µtot 0.21 2.80 µtot 

Fe50Rh50 

Fe20Rh80 Not measured 
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The magnetic moment at Fe is much lower when the Fe shell grows on top of the fcc Rh core. This is consistent 
with experimental results obtained on thin films of Fe deposited on Rh surfaces, [4] and is largely related to the 
structural features of this shell. On the reverse, when Fe is buried in the core of the nanoparticles, its magnetic 
moment reaches higher values. This value increases when the core size is decreased suggesting that size 
reduction plays an important role. A precise understanding of this effect on the respective spin and orbital 
contribution are still under study, and will require theoretical calculation.  
 
[1] (a) G. Shirane; C. W. Chen; Flinn, P. A.; Nathans, R., Phys. Rev. 1963, 131, 183-190; (b) G. Shirane, C. W. 
Chen, P. A. Flinn, Phys. Rev., 1963, 34, 1044. 
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Organometallic Chemistry and Catalysis in "Series: Topics in Organometallic Chemistry", Vol. 16 Coperet, 
Christophe; Chaudret, Bruno (Eds.) 2005 pages 233-260; (b) Organometallic approach to nanoparticles synthesis 
and self-organization, B. Chaudret, C.R. Physique 2005, 6, 117 ; (c) D. Zitoun, M. Respaud, C. Amiens, B. 
Chaudret, A. Serres, M.-J. Casanove, M.-C. Fromen, P. Lecante, Magnetic Enhancement in Nanoscale CoRh 
Particles, Phys. Rev. Lett., 2002, 89(3), 37203. 
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Chaudret , One-pot synthesis of core-shell FeRh nanoparticles, Chem. Mater., 2007, 19(19) 4624. 
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The function of organic devices is 
determined by both properties of opto-
electronic active organic films and their 
interfaces with inorganic substrates and/or 
top contacts. Particularly the latter 
interfaces, e.g. the metal-on-organic films 
ones, are generally less controlled, defined, 
and poorly understood. They may be, 
however, decisive to the performance of 
organic devices. Phthalocyanines have 
been attracted considerable interest mainly 
as molecules for model growth studies of 
well-controlled organic thin films under the 
ultra-high vacuum (UHV) conditions.1,2,3,4 In 
this report the interface between the copper 
phthalocyanine (CuPc) film as substrate 

and an indium top contact will be 
addressed.  

10 nm thick CuPc films grown at RT on 
Si(111) substrates were employed in the 
role of substrates. The organic film 
thickness was evaluated via monitoring the 
growth rate (being about 0.2 nm/min) using 
a quartz microbalance. The pressure was 
better than 2×10-9 mbar during the CuPc 
growth. The organic films grow in a laminar 
mode as evidenced by the evolution of the 
Si2p and C1s core level emission 
intensities with the film thickness. Onto 
such films indium was stepwise evaporated 
at RT at an evaporation rate of 0.1 nm/min 
and at a pressure of about 1×10-8 mbar. 
The In4d, C1s, N1s, and O1s core level 
photoemission spectra were recorded after 
each In evaporation step. The entire 
sample preparation and its characterization 
by electron spectroscopies were performed 
in situ in the MUSTANG end station 
coupled to the Russian-German Beam Line 
in BESSY. 
Fig. 1 displays the evolution of the In 4d 
core level photoemission spectra for the 
stepwise deposited indium onto the CuPc 
film. The curve fitting of the spectra 
revealed three components. This is 
illustrated in Fig.2 where the spectrum of 
the 3.0 nm thick indium film and the 
corresponding components labelled M, S1, 
and S2 are shown. The component M 
located at 16.9 eV is what is expected for 
metallic indium.5 The components S1 and 
S2 are shifted towards higher binding 
energy by about 1.5 and 3 eV, respectively, 
with respect to the metallic component. 
While the S1 and S2 components prevail 
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FIG.1. The In4d core-level photoemission 
spectra for 0.3, 0.7, 1.5, and 3 nm-thick In 
films deposited onto a thick CuPc layer. 
The spectra were recorded at the photon 
energy of 68 eV. The spectra were 
normalized to the beam current.  
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the M one during the onset of growth, the 
latter dominates at higher indium coverage. 
None of the components may be attributed 
to Auger transitions, as their binding 
energies remained constant with varied 
photon energy.  
A very similar behaviour of the In/CuPc 
system in the In4d region was observed 
recently and it was interpreted as a 
formation of a reactive layer at the In/CuPc 
interface.2 In contrast, our inspection of the 
In/CuPc system at different photon 
energies reveals that the components S1 
and S2 observed in the In4d core level 
emission are located rather at the surface 
of In than at the In/CuPc interface. This is 
supported by Fig. 3, where a nominally 3 
nm thick In film on CuPc is probed at 
photon energies of 68 and 335 eV. The In 
4d spectrum shows a dramatic change in 
the line shape with photon energy. The 
components S1 and S2 are more 
pronounced, i.e. their relative intensity with 
respect to the metallic component is higher, 
for the surface-sensitive mode (hν = 68 eV) 
compared to the bulk-sensitive mode (hν = 
335 eV). Notably, the intensity evolution of 
the In4d core level suggests a near laminar 
growth of the In film.  

As no oxygen was detected on the studied 
system, carbon and nitrogen are the only 
candidates for the reaction with indium. 
However, both the C1s and N1s spectra 
recorded at photoelectron kinetic energy of 
about 50 eV showed minor changes upon 
indium deposition as far as their line shape 
and the intensity (normalized to the beam 
current) are concerned. Both core levels 
shifted after the first In deposition step by 
0.1-0.2 eV and remain stable upon further 
deposition (see Fig. 4). This indicates a 
weak bonding between the CuPc 
molecules and indium.   
In order to explain the presence of the S1 
and S2 components (Fig. 2) the following 
model inspired by the observed behaviour 
of discontinuous aluminium layer on a 
sexiphenyl film6 can be proposed. The high 
BE shift of the components can be induced 
not due to a chemical shift but due to the 
charging of isolated indium clusters which 
electrically float at the surface of the CuPc 
film.  
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FIG. 2. The decomposition of the In 4d 
core level for the 3.0 nm thick indium 
film grown onto the CuPc layer. 
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FIG. 3. The In 4d core level photo-
emission of the 3nm thick In on CuPc film 
recorded at photon energies of 65 and 
335 eV. The spectra were normalized and 
vertically shifted for easy comparison. 
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The weak interaction between the CuPc 
molecules and indium appears in contrary 
to the reportedly strongly interactive 

In/CuPc system, however, with the CuPc 
grown on the Au(100) substrate.2 The 
molecules in such CuPc film were claimed 
to assume a lying-down geometry which 
results in exposing their π-orbitals to the 
evaporated indium. The molecular 
orientation in the CuPc films employed in 
this study was estimated by NEXAFS to be 
about 60° with respect to the surface. We 
conclude that the different orientation of 
CuPc molecules, either flat-lying or near 
standing-up, accounts for the distinct 
reactivity of the molecular film with the top 
indium contact.  

The work was supported by the BMBF 
under contract no. 05 ES3XBA/5. 

  
1 H. Peisert, X. Liu, D. Olligs, A. Petr, L. 

Dunsch, T. Schmidt, T. Chasse, and M. 
Knupfer, J. Appl. Phys. 96, 4009-4011 
(2004). 

2 V. Y. Aristov, O. V. Molodtsova, V. M. Zhilin, 
D. V. Vyalikh, and M. Knupfer, Phys. Rev. 
B  72, 165318-7 (2005). 

3 H. Yamane, Y. Yabuuchi, H. Fukagawa, S. 
Kera, K. K. Okudaira, and N. Ueno, J.  Appl. 
Phys. 99, 093705-5 (2006). 

4 O. D. Gordan, T. Sakurai, M. Friedrich, K. 
Akimoto, and D. R. T. Zahn, Org.  Electron. 
7, 521-527 (2006). 

5 B. V. Crist, Monochromatic XPS Spectra. 
The Elements and Native Oxides, Wiley & 
Sons, Chichester, 2000. 

6 J. Ivanco, B. Winter, F. P. Netzer, M. G. 
Ramsey, L. Gregoratti, and M. Kiskinova, 
Appl. Phys. Lett. 85, 585-587 (2004). 

 

288 286 284

 
N

or
m

al
iz

ed
 In

te
ns

ity
   

(a
.u

.)

 

 

Binding Energy  (eV)

C 1s
hν =

 335 eV Δ ~ 0.15 eV

0

0.3
0.7

1.5

3 nm

 

402 400 398 396

 

N
or

m
al

iz
ed

 In
te

ns
ity

  (
a.

u.
)

Binding Energy  (eV)

Δ ~ 0.1 eV

N 1s
hν = 450 eV

0

0.3

0.7
1.5

3 nm

 
 
FIG. 4. The C1s and N1s photoemission 
spectra of the CuPc film upon indium 
deposition. The spectra were normalized 
with respect to the beam current and 
vertically shifted for easy comparison.  
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On the Electronic Structure of Vanadia Supported on CeO2(111) Thin Films and of 
Silica Supported Ceria Nanoparticles. 

 
M. Baron, D. Stacchiola, A. Uhl, H. Kuhlenbeck, S. Shaikhutdinov, H.-J. Freund 

 
Fritz-Haber-Institut der  Max-Planck-Gesellschaft, Faradayweg 4-6, Berlin D-14195 
This work is supported by the Deutsche Forschungsgemeinschaft through SFB 546 
 
Ceria is well known for its superior oxygen storage and release properties utilized in many 
technological applications like sensors, catalysis, etc [1]. Recently it has been reported in the 
literature that gold particles supported on nanostructured ceria (nano-ceria) showed two orders 
of magnitude higher activity in oxidation reactions than Au on conventional ceria supports 
[2]. It seems plausible that the electronic structure of the ceria may be crucial for 
understanding these effects. In addition, also vanadia “monolayer” catalysts showed 
exceptional activity in methanol to formaldehyde reaction when supported on ceria [3]. In 
attempts to rationalize the role of ceria in these reactions, in this work we employ planar 
model systems which are based on well ordered thin oxide films, in particular ceria films as 
support for vanadia, and ceria nano-particles supported on inert silica films. Photoelectron 
spectroscopy (PES) of core levels, when applied to oxide surfaces, is a powerful tool for the 
determination of the oxidation state of the metal cations and the average oxide stoichiometry. 
In addition, analysis of angular resolved spectra may provide useful information on the depth 
distribution of the different species. 
 
Well-ordered thin ceria films were grown on Ru(0001) single crystal following the original 
recipe of Mullins et al. [4] and modified by Lu et al. [5] in that significantly higher oxidation 
temperatures were required to form large terraces with a low density of the point defects 
assigned to oxygen vacancies. Further improvement was achieved by using low temperature 
deposition of cerium at the first step [6] which ultimately leads to the extremely wide terraces 
of fully oxidized CeO2(111), as shown in scanning tunneling (STM) image (Fig. 1). 
 
Deposition of vanadia onto these films leads to the formation of isolated, randomly distributed 
vanadia species. These species occupy atop sites with respect to the lattice of protrusions 
imaged on ceria surface (Ce cations) (see Fig. 1). This is consistent with the formation of 
monomeric vanadyl (V=O) species observed by infrared spectroscopy [7]. With increasing 
vanadia coverage two dimensional structures were observed by STM (not shown). This is in 
contrast to the alumina and silica films where vanadia forms three dimensional particles from 
the onset [8]. 
 
A PES study of vanadia deposited on the ceria films at 300 K with low coverage revealed 

 

Figure 1. Scanning tunneling microscopy image of 
vanadia clusters deposited onto thin a CeO2(111) film. 
The inset shows that vanadia forms isolated 
monomeric species. 
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Figure 2. V2p3/2 photoelectron spectra as a 
function of vanadia coverage on the ceria 
films. 
 

vanadium only in the oxidation state 5+ (BE around 517.5 eV, see Fig. 2). At increasing 
coverage, both V(3+) and V(5+) states are formed, which is likely associated with the 
clustering of the vanadia species as revealed by STM. Interestingly, the (3+) species can be 
transformed into V (5+) by oxidation in 10-7 mbar of oxygen at 600 K. 
 
Comparison of the PE-spectra obtained on different vanadia systems previously studied by us 
at BESSY shows that the ceria surface stabilizes the most highly oxidized state of vanadium, 
i.e. 5+. This finding, in addition with the highly dispersed (monomeric) morphology of the 
supported vanadia, sheds some light on the difference observed between the low reactivity of 
alumina supported vanadia and highly reactive vanadia/ceria systems. Corresponding studies 
on methanol adsorption on ceria-supported vanadia will help us to the oxy-dehydrogenation 
reaction on vanadia catalysts. 
 
Ceria nanoparticles were prepared by reactive Ce deposition onto well ordered silica films, 
well characterized in our previous studies [9]. In order to prevent strong interaction of Ce 
adatoms with the ultra-thin silica film, Ce was deposited on to the ice precovered silica 
surface [10]. The ice film also behaves as an oxidative agent that helps to fully oxidize Ce. 

 

Figure 3. The V 2p region in the PE spectra of 
different vanadia systems as indicated. 
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The PES results for Ce 3d and 4d levels of the ceria films reproduce well those reported in the 
literature [4]. Meanwhile, the spectra for the ceria nanoparticles, although of the low intensity 
and with poor resolution, are found to be completely different from those of ceria films. These 
results are somewhat unexpected and at this moment cannot be fully understood. Further 
systematic and careful PES studies have to be done in order to explain the observed 
significant differences between two ceria systems. 
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NEXAFS study of terephthalic acid adlayer on the mixed terminated 
ZnO(10-10) surface 

A. Nefedov, J. Götzen, Zh. Wang and Ch. Wöll 
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The terephthalic acid (TPA) molecule has demonstrated its capability to form strong and 
directional linear hydrogen bonds (H bonds) in bulk. Consequently, it is a versatile molecular 
linker, notably employed to fabricate highly organized supramolecular systems and metal-
organic frameworks (MOFs). It has received considerable attention in the design of three-
dimensional (3D) self-assembled porous frameworks stabilized by metal-carboxylate bonds, 
as well as in two-dimensional (2D) supramolecular architectures at surfaces. When such a 
building block is adsorbed on a surface, the substrate chemical activity and symmetry have an 
influence in the final variety of molecular architectures. Furthermore, the carboxyl functional 
end groups do not only exhibit H bonding by dimerization of self-complementary carboxyl 
groups, but other bond motifs can be supported if the species in question is deprotonated and 
present in its carboxylate state. An absorption of a terephthalic acid [C6H4(COOH)2, TPA] on 
a mixed ZnO(10-10)  surface has been investigated by means of near-edge x-ray absorption 
fine structure spectroscopy (NEXAFS) under ultrahigh vacuum conditions at room 
temperature.  

The ZnO(10-10) crystal was introduced into the preparation system (base pressure of 
10−9  mbar) of the NEXAFS endstation of the HE-SGM beamline at the Berlin synchrotron 

radiation facility BESSY II. Before deposition the cleanliness of the crystal was checked by 

XPS on the freshly prepared sample. TPA powder was deposited by organic molecular beam 
epitaxy (OMBE) from a stainless-steel crucible heated to 450 K meanwhile the crystal kept at 
300 K. The deposition time was 3 min. Then the sample was transferred to the analysis 
chamber (base pressure of 10−9 mbar), where measurements were carried out. The [0001] 
direction of the ZnO substrate was oriented normal to the synchrotron radiation plane. The 
widths of the monochromator slits have been set to 200 µm. The NEXAFS data were recorded 
in the partial electron yield mode (retarding voltage of 150 V) with a homemade electron 

detector based on a double channel plate (Galileo) with an energy resolution of ~0.35 eV. A 
carbon-contaminated gold grid provided a characteristic peak (BE of 285 eV) that was 
registered simultaneously with each spectrum and served as a reference. The raw NEXAFS 

data have been treated by the following procedure: A constant background signal, which was 
present without illumination, was subtracted from all spectra. Then the spectrum of the clean 
ZnO crystal was subtracted from the adlayer spectra. The resulting data was divided by a 
spectrum of a freshly sputtered gold wafer to compensate the energy dependence of the 
transmission function of the photon flux. Finally, the intensities were normalized to an edge 
jump of 1, i.e., the intensity difference between 280 and 330  eV. This processing provides 
information exclusively on the adsorbed adlayer.  

Figure 1 shows a series of carbon K-edge NEXAFS spectra. Eight peaks have been labeled in 
the figure: A, B, C, D, and E (at BEs of 284.9, 285.5, 286.8, 288.3, and 290.2  eV, 
respectively) were assigned to C 1s→π* transitions and F, G, and H (at BEs of around 293.2, 
297.7, and 301  eV, respectively) to C 1s → σ* transitions [1]. The set of spectra shows a 
clear θ dependence of the peak intensities. In particular, the pronounced dichroism of peaks A 
and B, which are related to the phenyl ring, and of peak D, which is connected to the carbonyl 

group, indicates standing molecules. To be more precise, the least square deviation fit of the 
experimental intensities to the theoretical curves for a vector-type orbital indicates an 

average tilt angle of α=55° and the azimuthal angle φ=30° in respect to [1-210] ZnO 
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direction. For this calculations we took the two-fold substrate symmetry and a polarization of 
the exciting light of 0.82 into account. 
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Fig. 1 C K-edge NEXAFS spectra for a TPA monolayer adsorbed on a ZnO(10-10) surface. 
The polarization dependence of the resonances is evidenced by the spectra recorded at grazing 
(θ=30°), θ=55°, and normal (θ=90°) photon incidence angles. Peaks A, B, C, D, and E are 
associated to C 1s→π* transitions. F, G, and H correspond to C 1s → σ* transitions.  

We expected that the TPA molecule absorbed on the ZnO(10-10) surface similar to CO2 
molecule [2], because carbonyl group of the TPA is similar to CO2 (see Fig. 2). Typically, the 
transition moments related to C 1s→π* transitions are oriented perpendicular to the molecular 
plane, defined here as the plane made up of the C atoms of the phenyl ring. In the ideal case 
for the vertically standing TPA molecule (Fig. 2), these peaks should vanish completely for 
θ=0°. In our case, however, it is very likely that the TPA molecules oscillate, similar to the 
case of CO2 adsorption on ZnO(10-10) [2]. In addition, molecules at the step edges and at 
impurity or dislocation sites contribute to the NEXAFS signal and can have a more tilted 
geometry. Thus, we suggest that the adsorption geometry of the TPA molecules on ZnO(10-
10) may be almost normal to the surface (α=90°), than tilted on 55° deduced from the angular 
intensity dependence.  
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Fig.2 A 1,4-benzenedicarboxylic acid [terephthalic acid (TPA)] molecule on 
ZnO (10-10) surface. The [0001] direction of the ZnO substrate was oriented 
normal to the synchrotron radiation plane. 
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Optical components for suppression of higher harmonics in the 
vacuum ultraviolet and soft x-ray spectral regions 

Minghong Yang, Christoph Cobet, Christoph Werner, Norbert Esser
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Synchrotron radiation has been well accepted as continuous light source in the vacuum 
ultraviolet and soft x-ray spectral region. In the soft x-ray region, however, no material is free 
from absorption and also the reflectance of the material is extremely low. These 
characteristics preclude the use of transmission optics, and therefore force the use of so-
called grazing angle optics. Usually grazing incidence grating monochromators can cover a 
wide photon energy range, e.g., from 8 eV to 200 eV for a typical toroidal grating 
monochromator [TGM]. Since the angle of incidence has to be small enough to reflect at the 
highest photon energies, there is an abundance of higher-order diffracted light at the low end 
of the photon energy range. Multi-reflection metal mirrors with cutoff above certain photon 
energy and rare gas filters have been proposed. However, such filters suppress a wide 
energy band, and also tend to have a low transmission in the interested photon energy 
range, which may cause problems for experimental investigations. 

Reflection-type polarizers have been widely used in the VUV and soft x-ray synchrotron 
radiation research. The devices reported to date are mostly based on triple reflector 
configuration of Au or Pt coatings. Triple or quadruple reflection-type polarizers consisting of 
Au films are used. They provide promising performance, i.e. the highest degree of 
polarization in the energy range of 10 – 100 eV. Incident angles are accordingly correlated 
with α=2*β-90 to achieve linearly polarized light. 

We propose an integrated polarizer with higher-order suppression. The principle is based 
on the cutoff effect in reflectance above the plasma energy. Instead of the typical Au 
reflector, we present a hybrid Au-Si-Au configuration to optimize its optical performance. The 
centre mirror as shown in Fig.1. Silicon, which has lower plasma energy, is used and acts as 
the blocking element for higher photon energy. In other words, an additional filter is no more 
required; higher-harmonics can be suppressed directly with the proposed polarizer.

Fig.2 plots the calculated transmission and polarization (ratio of different (Rs-Rp) to sum 
(Rs+Rp) of s- and p- components) of the Au-Si-Au system with 60°-30°-60° angle 
configurations. For comparison, transmission of typical triple Au polarizer with 67.5°-45°-
67.5° angle configuration is also shown as well. The triple Au system shows a broadband 
transmission up to 50 eV, which enables the higher-order diffraction light to transmit, and 
therefore causes disruption for experimental measurements.  However, when silicon is 
employed, the capability of whole system to suppress and block higher-order diffraction light 
is obvious. From Fig.2 we find that for the Au-Si-Au system, higher-order diffraction light in 
photon energy down to 30 eV can be totally blocked, meanwhile strong suppression can be 

Fig.1 Construction of the proposed optical 
component

Fig.2 Performance of throughput and 
polarization of the proposed optical component
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concluded till 20 eV as compared with the triple Au system. For example, the transmission 
with triple Au reflecting polarizer at 12 eV is 6.4%, while 7.7% for the second order 
harmonics at 24 eV and 4.4% for the third harmonics at 36 eV. However in the case of Au-Si-
Au hybrid polarizer, the transmission at 12 eV, 24 eV and 36 eV are 10.1%, 0.92% and 
0.03% respectively, which demonstrates the strongly damping of higher harmonics.

However, pure silicon is chemically unstable in air. Oxidation on the silicon surface will 
naturally happen, and thus generate an oxidized layer on the silicon surface. 2 nm SiO2 layer 
is usually assumed as result of oxidation, which is absorptive in the VUV and soft x-ray 
spectral region. This oxidation layer will decrease drastically the throughput of transmittance, 
and therefore should be avoided as far as possible. Thus we introduce a hydrogen 
passivation treatment for silicon surface preparation. The silicon surface was firstly cleaned 
with ethanol and DI-water to remove organic contamination, and then was dipped in a 
solution of HF-H2O-ethanol (1:1:10) for 20 minutes to remove natural oxide.  Fig.3 shows the 
oxidation thickness evolution of silicon surface after this treatment. Thus oxidation can be 
prevented within the first 10 minutes.

We measured the dielectric function of hexagonal GaN in the UV and VUV spectral 
ranges accessible with the synchrotron ellipsometer. MgF2-Rochon prism polarizers were 
employed to determine the dielectric function in the lower energy region up to 10 eV. Owing 
to its perfect polarization ability of 99.99%, the measurement with MgF2 polarizer can be 
regarded as benchmark for data evaluation. In the VUV spectral region up to 25 eV, we 
measured with a triple Au polarizer and the newly developed Au-Si-Au polarizer. Imaginary 
parts of the pseudo-dielectric function of wurtzite-structured GaN thin film are plotted in Fig.4. 

A first impression on Fig.4 is that the amplitude measured with Au-Si-Au polarizer is in 
accordance with those derived from MgF2 polarizer determination. In comparison to results 
from triple-reflecting Au polarizer characterization, improvement in measurements can be 
concluded. In a detailed review on the experimental results, one can extract the effect of the 
second-order light on experimental measurements. In case of the GaN sample, the dielectric 
function between 10 eV and 18 eV determined with triple Au polarizer has been disrupted 
due to the contribution of the second-order harmonics. A quantitative deduction from the 
intensity-related Fourier coefficients which are measured by ellipsometry shows fraction of 
67% of second-order light at 12 eV while measuring without the proposed Au-Si-Au polarizer. 
This corresponds to the disruption in the dielectric function as showed in Fig.4. 

In summary, we have proposed a hybrid Au-Si-Au optical polarizer capable of filtering 
synchrotron spectrum with intended photon energy range, and therefore suppressing higher-
order diffraction light typically found in grazing incidence toroidal grating monochromator. In 
other words, this polarizer has an integrated filtering effect, and the additional filter is no 
more required; higher-harmonics can be suppressed directly with the proposed polarizer.

[1] R.Filho et.al, J. Electron Spectr. Rel. Phenom. 144, 1125-1127 (2005)
[2] M. Yang, C. Cobet, and N. Esser, J. Appl. Phys. 101, 053114 (2007)
[3] M. Yang, C. Cobet, C. Werner, and N. Esser, Appl. Phys. Lett. 92, 011110 (2008)  

Fig.3 surface oxidation evolution of silicon after 
hydrogen passivation process

Fig.4 Comparison of experiments shows a clear 
suppression of higher-order harmonics
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Spectroscopic Identification of Carbonate on the mixed-terminated ZnO(10-10) surface 
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Towards many adsorbates the mixed-terminated ZnO(10-10)  surface is the most inert 
crystal face of ZnO. Therefore, it was surprising that a tridentate carbonate was found with 
high resolution electron enegery loss spectroscopy, helium atom scattering and thermal 
desorption spectroscopy as well as DFT-calculations [1], explaining also early results from 
laboratory photoelectron spectroscopy (XPS) [2].  
 
Now, photoelectron spectroscopy (XPS and NEXAFS) with synchrotron radiation (HESGM 
beamline at BESSY II) provided the basis for a spectroscopic identification of the carbonate, 
indicates the strong excitation of a low-energy frustrated translational mode of the adsorbed 
molecule and gives some insight into the reactivity of surface defects. As can be seen in 
Fig.1, the clue for the identification of carbonate is the O1s XPS peak of CO3

2-, which is 
clearly separated by 1.7 eV from the O1s peak of the substrate and by 2.8 eV of the O1s 
peak of condensed linear CO2. Although expected in the same range, contributions from 
adsorbed CO can be ruled out on the basis of NEXAFS results.  

 
 
 
 
 
In NEXAFS, CO and CO2 are clearly distinguishable by their π* resonance positions of 285.0 
and 290.2 eV, respectively. At temperatures of ≥160 K CO could only be adsorbed after cold 
sputtering of the crystal, and thereby inducing reactive oxygen vacancies, see Fig. 2. The 
carbon π* resonance positions of linearly physisorbed CO2 and carbonate are nearly 
identical, however, a check with XPS shows that also after longer exposure times exclusively 
carbonate is present. Also beam damage could be excluded. Analyzing the dependence of 
NEXAFS intensity on the incident angle of the X-ray light, Fig. 3, reveals an apparent tilt of 
carbonate molecules of 58°  from the surface, which is not in accord with previous 
experiments and calculations, clearly indicating upright molecules (90°). This situation can be 
explained by excited low energy frustrated translational motions of the carbonate.  

Fig. 1: O1s spectra (XPS) of linear
CO2 and carbonate on ZnO. 

Fig. 2: NEXAFS spectra of CO and
CO2 on defect-rich ZnO(10-10) 
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Fig. 3: Dependence of NEXAFS intensities on incident angle of the light for carbonate on /ZnO(10-10) 
 
In addition, the surface sensitivity of the synchrotron light reveals the presence of reactive 
defect or step sites, on the same crystal, which had been judged as a good quality ZnO 
crystal on the basis of previous experiments with other adsorbates. Part of these sites bind 
carbonate more strongly than terrace sites as seen from higher carbonate desorption 
temperatures; part of them reduce the CO2 completely to graphitic carbon, even at the lowest 
temperatures of the experiment of 162 K. A detailed analysis of these results is accepted for 
publication in the Zeitschrift für Physikalische Chemie [3]. 
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measurements provided by BMBF through Grant No. 05ESXBA/5 are gratefully 
acknowledged.  
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I. INTRODUCTION

In recent years the scientific community has started to
apply soft X-ray techniques to liquid systems to an in-
creasing extent, which has been made possible through a
number of technical breakthroughs. Small molecules of
biological relevance in aqueous solution have thereby be-
come very interesting objects of study, much due to the
fact that they can be studied in their natural aqueous
environment, while the molecules still retain the degree
of simplicity preferable of model systems for new tech-
niques.

In this work we have measured the O1s x-ray ab-
sorption of urea ((NH2)2CO), formamide ((NH2)HCO)
and formaldehyde (H2CO) in water at varying concen-
trations. The three molecules are structurally similar
and have each been extensively studied separately [1–3].

Specifically we are interested in the transition from 1s
→ π∗ associated with the double bonded oxygen of the
solute molecules. This is well separated from the water
oxygen resonances, appearing at several electron volts
lower excitation energy.

II. EXPERIMENTAL

The NEXAFS measurements on the oxygen K-edge
of urea, formamide and formaldehyde in aqueous solu-
tions were conducted at U41-PGM high-flux undulator.
The BESSY in-house liquid NEXAFS endstation LIQ-
UIDROM was used for all experiments. The setup has
been described in detail elsewhere [4, 5]. Briefly, the so-
lution is circulated in an UHV chamber in a stainless
steel tubing, forming a closed system. Thereby the irra-
diated liquid sample is constantly renewed with a speed
of 1L/min. In the interaction region the X-ray radia-
tion hits the sample flowing behind a 150nm thick Si3N4

∗Also at BESSY m.b.H., Albert-Einstein-Strasse 15, 12489 Berlin,

Germany
†Electronic address: olle.bjorneholm@fysik.uu.se; Project

leader

membrane. The absorption is recorded by total fluores-
cence yield (FY) using a 5 × 5mm2 GaAsP photodiode.
Due to the long attenuation length of the X-ray radia-
tion, being in the order of a few µm, the method is bulk
sensitive and surface effects can safely be excluded. The
aqueous solutions were prepared freshly before each ex-
periment using highly de-mineralized water and solute
chemicals of the highest purity commercially available
(Sigma Aldrich). The system was flushed with dem-
ineralized water every time between switching solutions.
Pure water reference NEXAFS spectra were frequently
recorded to confirm stability and reproducibility.

Due to the high abundence of oxygen in the solutions
here studied the spectra suffer from some amount of sat-
uration of the stronger features. This poses no problem
to our interpretation of the data, since we are interested
in the appearance or absence of the O1s → π∗ of the car-
bonyle group, as well as it’s energy position. Even though
information concerning the local surrounding of the so-
lute water molecules could be extracted from a quantita-
tive analysis of the absorption spectra, no such effort is
pursued in this work.

III. RESULTS

Figure 1 shows the O1s NEXAFS of urea, formamide
and formaldehyde in water at varying concentrations. In
figure 1a), spectra of urea in water at 1, 4, 8 and 16m
concentration is given. The spectra exhibits four main

TABLE I: Summary of the O1s π∗ transition energies of urea,
formamide and formaldehyde in the gas phase and aqueous
solution. The absence of the transition for formaldehyde in
the aqueous phase is a electronic fingerprint of the hydrolisa-
tion of the molecule in the aqueous environment.

Egas [eV] Eaq. [eV] ∆E [eV]
Urea 532.5a 533.4 0.9
Formamide 531.5b 532.6 1.1
Formaldehyde 530.8c – –

afrom ref. [1]
bfrom ref. [2]
cfrom ref. [3]
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FIG. 1: O1s NEXAFS of urea, formamide and formaldehyde in water at varying concentrations. The intensities have been
normalized with respect to the water pre-edge.

features: The three major features at 535, 537–538, and
540–541 eV are the pre-, main- and post edge of liquid
water which has been carefully studied for both pure wa-
ter [6] as well as simple aqueous solution. Another feature
appears at 533.4 eV excitation energy and co-varies with
the solute concentration. This is the the transition from
the urea oxygen 1s → π∗ of the carbonyle group. As
shown in table 1, the shift relative to gas phase is 0.9 eV,
which mainly has it’s origin in the spacial confinement
of the core-excited solute wave function, imposed by the
first solvation shell.

In figure 1b) similar measurements on formamide in
water is presented, at 1, 2, 4, 8 and 16m concentrations.
The O1s core excitation of the carbonyle group here ap-
pears at 532.6 eV which is 1.1 eV higher than the gas
phase analogous, i.e. a 200 meV larger shift compared
to the same excitation in aqueous urea. This small, but
clearly distinguishable difference could tentatively be ex-
plained by that the first hydration shell in the local sur-
rounding of the oxygen of formamide is slightly smaller
than that of urea.

Finally, figure 1c) shows measurements of formalde-
hyde in water, analogous to those of urea and formamide.
The most striking observation is that the expected 1s
→ π∗ transition is absent, while it is clearly visible in
gas phase mesurements at 530.8 eV. This is attributed to
the hydrolisation of formaldehyde to methelyndiol, i.e.
where the C=O group is substituted by a OH–C–OH
structure. This process is previously known experimen-
tally, based on NMR measurements [7]. Our NEXAFS
measurements are however the first experiment to our
knowledge, that directly probes the electronic structural
change on a molecular level associated with this hydroli-
sation of the solute molecules.

The present NEXAFS data is still under analysis,
and additional experiments and theoretical modeling are
planned to provide a deeper understanding of the hy-
drolisation process. For example, it would be desirable
to perform carbon K-edge NEXAFS of formaldehyde of
various concentrations in water, since this could be used
to distinguish between hydrated oligomer structures, that
are known to vary as a function of concentration [8].
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Introduction 
Heterogeneous rare gas clusters, i.e. finite bound ensembles of two (or more) types of rare gas atoms offer a 
variety of phenomena that can be studied – compared to single component homogeneous rare gas clusters. 
Mixed systems of this kind can be used to develop methodology to study surface-core phase separation of 
the constituents, which is important for potential applications of nanoscience. Functionalization and 
stabilization of nanoparticles can be achieved by adding functional groups to the particle. Knowledge about 
the geometric and electronic structure of mixed clusters (rare gas mixed clusters being the simplest) also is 
useful for studies of photochemistry with fast sample-renewal. 
The well known properties of the noble gases and the unidirectionality of the inter-atomic van der Waals 
bond make mixed clusters of this kind suitable as model systems for more complex systems, such as mixed 
molecular or metal clusters. Clusters composed of two rare gases have more degrees of freedom than single 
component clusters: the mixing ratio between the components; the ”compatibility” between the sizes of the 
constituent atoms, and the strength of their interactions [1]. By varying the cluster production method – 
both equilibrium structures and non-equlibrium structures can be realized [2]. 
The aims of the current study are two-fold: (1) to investigate small Ar/Xe mixed clusters (2) at different 
mixing ratios of the primary gas mixture. Presented below are data recorded with different temperatures 
and stagnation pressure conditions for the expansion of 2.5%, 5% and 9% mixtures of xenon in argon. For 
the highest Xe concentration, valence and core level photoelectron spectra at two different (p,T) conditions 
were recorded, whereas the other concentrations have data recorded at three different sets of conditions. 
The analysis is carried out by comparison to both pure cluster data and previously published findings of the 
same system and a simulation of the polarization screening in the final state. 
Experimental 
The experiments were carried out at the UE112 undulator beamline. A Scienta 200 hemisperical electron 
energy analyzer mounted in the magic angle was used to collect Xe 4d5/2 and Ar 3p electron spectra. The 
total energy resolution was 70 meV and 50 meV for the core and valence photoelectron spectra. The cluster 
source was cooled with liquid nitrogen and heated with a resistive heater allowing thermostatic operation of 
the nozzle through feedback electronics. The cluster source nozzle had a diameter of 50 µm and 15◦ 
opening angle. Clusters were produced for a number of different mixing ratios and expansion conditions, 
see table I: 

 
Table I: Expansion conditions used for the different cases. The mean cluster size given is what a pure argon 
cluster beam would exhibit under this set of circumstances. 
Results and discussion 
Figure 1 presents argon 3p and xenon 5p valence photoelectron spectra, whereas figure 2 presents xenon 4d 
core photoelectron spectra. Features from both uncondensed atoms and clusters can be discerned, the latter 
at a lower binding energy than the corresponding atomic feature. 
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Figure 1: Xe 5p and Ar 3p UPS spectra for different expansion conditions (see table I). 

 
Figure 2: Xe 4d XPS spectra of mixed Ar/Xe clusters for different expansion conditions (see table I). 

Based on previous results for rare gas clusters, supplemented by calculations, we tentatively draw the 
following provisionary conclusions. Mixed argon/xenon clusters created from a coexpansion have been 
observed at smaller sizes than reported previously [3]. Stagnation conditions reported here range from such 
that create large clusters, which are similar to those used in the previous study, to such that produce very 
small clusters, which exhibit chemical shifts not observed before. The core level spectra allowed the 
assignment of spectral features to interfacial and ”on top” sites of xenon coordinated to argon. These site 
types have been observed earlier using fluorescence spectroscopy [4] with xenon doped argon clusters. 
Here the assignment was made utilizing molecular dynamics simulations of the polarization screening on a 
model cluster with a monolayer of argon on top of a pure xenon bulk with a xenon impurity on top of, 
inside and below the surface, which together with the curve fitting gives the correct assignment of ”on top”, 
surface, interface and bulk sites and their chemical shifts. By changing the source conditions (and Xe 
concentration in the mixture) a gradual shift in behavior of the argon gas towards being a buffer gas is 
observed – i.e. argon has progressively smaller probability to end up in cluster part of the final distribution. 
In the end of this limit only xenon clusters would be produced. 
[1] A. S. Clarke, R. Kapral, and G. N. Patey, J. Chem. Phys. 101, 2432 (1994). 
[2] A. Lindblad, H. Bergersen, T. Rander, M. Lundwall, G. Öhrwall, M. Tchaplyguine, S. Svensson, and O. 
Björneholm, Phys. Chem. Chem. Phys. 8, 1899 (2006). 
[3] M. Tchaplyguine, M. Lundwall, M. Gisselbrecht, G. Öhrwall, R. Feifel, S. L. Sorensen, S. Svensson, N. 
Mårtensson, and O. Björneholm, Phys. Rev. A 69, 031210(R) (2004). 
[4] M. Lengen, M. Joppien, R. Müller, J. Wörmer, and T. Möller, Phys. Rev. Lett. 68, 2362 (1992). 
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Azobenzene and its derivatives are an important class of molecular switches. The cis–trans photo-
isomerization of azobenzene in gas phase or solution is one of the best-understood light-induced
molecular functions [1,2]. In this process, the molecules undergo a reversible conformational transi-
tion of the N=N double bond between an extended trans and a compact cis conformation upon
irradiation with light of ~ 320 and ~ 420 nm wavelength. With the prospect of a bottom-up assembly
of molecular electronics, azobenzene molecules are attracting increased interest as molecular switches
converting light into mechanical motion, for which the molecules have to be contacted and supported.
An important issue is thus the interaction with the environment, in particular, the adsorption on a solid
surface, and its effect on the switching process.

We present an angle-resolved near-edge X-ray absorption fine structure (NEXAFS) study of 3,3'-
di(methoxycarbonyl)azobenzene (also formulated as carboxymethylester-azobenzene or CMA, see
inset of Fig. 1), adsorbed as thin layers on Au(111) and Cu(001) single crystal surfaces. X-ray absorp-
tion (XA) spectroscopy has the advantage of elemental selectivity, and from the angular dependence
of the spectral features, the orientation of the corresponding molecular orbitals relative to the surface
normal can be determined. Assuming that the measurement averages over all possible azimuthal
orientations of adsorbed molecules, and that all molecules are adsorbed in the same manner, we
calculate the angle between the molecular !* orbitals and the surface normal from the angular depend-
ence of the corresponding spectral features [3].

Figure 1 compares, from top to bottom,
the C K  edge absorption spectra of a
reference CMA bulk sample, of 3 ML
CMA evaporated onto Au(111), and of 1
ML CMA on Cu(001). The latter two
were acquired at 20° grazing incidence
with respect to the surface normal. The
CMA films on Cu(001) were prepared at
room temperature and on Au(111) at 150
K. In the case of Cu(001), the amount of
adsorbed molecules saturates after a
certain deposition time, as monitored by
X-ray photoelectron spectroscopy. We
refer to this coverage as one molecular
monolayer (1 ML) in the following. This
is consistent with estimates of the film
thickness by the edge jump of C K-edge
absorption spectra, taking into account
the different background absorption
signal caused by the different substrates.

Fig. 1: From top to bottom, C K-edge absorption spectra of
CMA bulk on In foil, 3 ML CMA on Au(111), and 1 ML
CMA on Cu(001). The spectra were measured at θ = 20°,
except for the bulk spectrum (θ = 90°).
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All three spectra consist of a series of !* reso-
nances at photon energies between 280 and 290
eV, and the broader σ* resonances at photon ener-
gies above 290 eV. The fact that the shapes of the
spectra are qualitatively quite similar indicates that
the carbon atoms are not significantly influenced
by the adsorption of the molecules to the substrate.

In Fig. 2, we present the angle-dependent
NEXAFS spectra of the N K absorption edge.
Panel (a) shows the angular dependence measured
for a 15 ML thick film, panel (b) that of a 3 ML
film of CMA, both on Au(111), and panel (c) that
for 1 ML CMA on Cu(001). A strong angular
dependence is found for CMA on Au(111). For the
3 ML of CMA on Au(111), the tilt angle between
the surface normal and the !* orbital of the LUMO
results as 24°, calculated from the ratio of the
absorption intensities at 398.1 eV. The order
remains for thicker films of up to 15 ML. Since a
molecular disorder would cause a decrease in the
angular dependence, we conclude the formation of
a highly ordered molecular crystal.

From the N K edge XA spectra of 1 ML CMA on
Cu(001) (Fig. 2 (c)), we can see that the nitrogen
bonds are significantly influenced by the adsorp-
tion of the molecule on the copper substrate. The appearance of additional spectral features at 396.7
and 399.8 eV, indicating perpendicular bonds of the N atoms, points towards a hybridization of nitro-
gen-related molecular orbitals with the electronic states of the metallic substrate.

We conclude that CMA chemically bonds to the Cu(001) surface, either involving one or both of the
nitrogen atoms. Such chemisorption most likely comes along with a change in the molecular confor-
mation. This is reflected in the observed angular dependence of the spectra: The tilt angles to the
surface normal of the orbitals corresponding to the peaks at 396.7 and 398.1 eV are evaluated as 71°
and 40°, respectively, while the analysis of the C K edge XA spectra yields an angle of ~54° (data not
shown). This means that the molecules are adsorbed on the copper surface in a bent geometry, with the
benzene rings in an upright position, while the N=N bond hybridizes with the substrate and stays more
parallel to the surface plane.

[1] T. Ikeda and O. Tsutsumi, Science 268, (1995) 1873.
[2] J. Wachtveitl, S. Sporlein, H. Satzger, B. Fonrobert, C. Renner, R. Behrendt, D. Oesterhelt, L.

Moroder, and W. Zinth, Biophys. J. 86, (2004), 2350.
[3] J. Stöhr, NEXAFS Spectroscopy (Springer, Berlin 1992).

Fig 2: Angular dependence of N K - e d g e
absorption spectra of (a) 15 ML CMA on Au, (b)
3 ML CMA on Au(111), and (c) 1 ML CMA on
Cu(001). Full (dotted) lines correspond to
spectra acquired at 80° near normal (20°
grazing) X-ray incidence.
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Due to their interesting optical and electronic properties, metalloporphyrins are widely used in 

various organo-electronic thin film devices like OLEDs, OFETs and sensors. For improved 

device performance, this requires highly ordered films and suitable interface coupling. In the 

present NEXAFS study the growth and film morphology of ultrathin films Sn(OH)2TTBPP 

(5,10,15,20-tetra(p-tert.butylphenyl)porphyrinatodihydroxotin(IV)) on Ag(100) is investigated. 

In contrast to many other metalloporphyrins, the investigated molecule has two hydroxyl 

groups bound to the central metal ion which may cause sterical hindrance. Thus, the angle-

dependent NEXAFS gives indications for the molecular orientation to conclude on the film 

morphology. The experiments were carried out at the BESSY HE-SGM beamline. Long-

range ordered films of varying thickness were prepared by organic molecular beam deposi-

tion onto a clean Ag(100)-oriented single crystal at room temperature. 

Results and Discussion 

Angular dependent C K-edge NEXAFS spectra recorded from a thin film (thickness close to 

monolayer coverage) of Sn(OH)2TTBPP are shown in Fig. 1. The spectra reveal several dis-

tinct resonances. According to ref. [1] and additional unpublished theoretical data the lowest 

resonance is attributed to an excitation into the LUMO centered on the porphyrin core. The 

final state of the 287.6 eV resonance is also porphyrin-centered, while the resonances 

around 285.3 eV originate from excitations on the phenyl rings in the porphyrin perimeter. In 

order to evaluate the angular dependence quantitatively, the spectra were fitted with a sum 

of nine Gaussian functions and a Boltzmann-type step function (assuming constant energies 

and widths for all resonances). This gives a good representation of the region below 288 eV. 

The resulting angle-dependent intensities were fitted with A[Pcos2
θ(1-1.5sin2

α)+0.5sin2
α][2], 

resulting in an average tilt angle α of a π*/σ* orbital with respect to the substrate surface plane 

(θ denotes the incident angle of x-rays with respect to the surface). 

Fig. 1: Angle-dependent C K-

edge NEXAFS spectra of a 

monolayer of Sn(OH)2TTBPP 

adsorbed on Ag(100) for differ-

ent incidence angles, inset: fit 

of peak intensities to derive 

the average tilt angle. 
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In the monolayer case (coverage is concluded from the Ag substrate intensity in XPS) the 

extracted average tilt angle of the porphyrin ring system is around 15°, while the phenyl rings 

(corresponding resonances at 285.0 and 285.3 eV, respectively) are tilted towards the sur-

face by around 53°, resulting in a dihedral angle of 70°. Since the almost flat lying geometry 

of the porphyrin core deviates from the bulk-like behavior in multilayer films, we conclude on 

a strong influence of the interface. The interaction of the central metal and the porphyrin core 

with the underlying metal is strong enough to twist the phenyl substituents resulting in a 

smaller porphyrin-surface-distance (as concluded from NIXSW studies of related metallopor-

phyrins [3]). 

 

 

 

 

 

 

 

Fig. 2: Angle-dependent N K-

edge NEXAFS spectra of 

Sn(OH)2TTBPP multilayer films 

for different angles of incidence θ. 

 

N K-edge NEXAFS spectra for the multilayer regime are shown in Fig. 2. A different orienta-

tion is deduced for the porphyrin core: the average tilt angle is found to be around 35°, 

whereas for the phenyl rings the tilt angle is 56° with respect to the surface plane as derived 

from the corresponding C NEXAFS spectra. Thus, the dihedral angle is around 90° in accor-

dance with the bulk structure [3].  

It should be noted that we could not detect any O K-edge NEXAFS signal which indicates 

that the hydroyxyl ligands are removed from the molecule upon adsorption to the Ag-

substrate. This also explains the mostly flat lying geometry of the molecule in monolayers, 

which is further corroborated by a sufficiently strong π-interaction with Ag d-electrons. If the 

monolayers were prepared by annealing of multilayer films, an even more planar configura-

tion is deduced (α = 15°) confirming some molecular mobility within the monolayer. In both 

cases, long-range ordered domains were found in monolayer films. 
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Fig. 1: Fe L2,3 XAS and XMCD spectra recorded at room
temperature for different coverages of Fe-porphyrin
molecules on 5 ML Co/Cu(100) (a, b) and on 15 ML
Ni/Cu(100) (c, d).
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Porphyrins have attracted the attention of the scientific community since long. Initially, this interest
originated from their biological significance and catalytic capabilities. Lately, 3d-metal porphyrins
have generated much interest due to their structural and magnetic properties. Possible applications of
specific porphyrins in molecular spintronics as switchable magnetic molecules [1] have given a new
dimension to the studies that investigate their electronic structure and magnetic properties.

We have carried out systematic x-ray absorp-
tion spectroscopy (XAS) and x-ray magnetic
circular dichroism (XMCD) investigations by
preparing different coverages (sub-monolayer
to 1.5 ML) of 2,3,7,8,12,13,17,18-Octaethyl-
porphyrin-Fe(III) chloride (Fe-OEP) on fer-
romagnetic thin films (Co and Ni) epitaxially
grown on Cu(100) [2,3]. Figure 1 shows,
from top to bottom, the Fe L2,3 helicity-aver-
aged XAS and XMCD spectra taken for
thicknesses t = 0.4, 0.6, 1.0 and 1.5 ML on Co
(panels a, b) and Ni magnetically saturated
substrates (panels c, d), measured at room
temperature from a consecutive deposition
series. In order to stress the thickness depend-
ence of the whiteline intensity and the edge
jumps, the shown x-ray absorption spectra
were only normalized to the pre-edge region.
It should be noted that the same angular
dependence of the N K XAS signals was
found for the four thicknesses, proving that
the molecules are always lying flat on the
substrate. In the case of the XMCD, the spec-
tra were obtained as the difference of either
the corresponding XAS signals for left- and
right-circularly polarized light or the spectra
obtained by inverting the direction of the
external magnetic field. Due to the in-plane
and out-of-plane magnetic easy axes for Co
and Ni, the respective spectra were measured
at grazing and normal incidence, respectively,
as indicated by the insets in panels (a) and (c).
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Fig. 2: Fe L2,3 XAS and XMCD spectra of 0.8 ML Fe-
OEP molecules deposited on 5 ML Co/Cu(100) (black)
and on 5 ML Ni/5 ML Co/Cu(100) (red) substrates. All
spectra were recorded at room temperature. From Ref.
[3].

Fig. 3: Fe-OEP coverage dependence of the integrated intensities
of Fe L3 XMCD normalized to the whiteline intensity on the 5
ML Co/Cu(100) (black) and 15 ML Ni/Cu(100) (red) substrates.
The values obtained at the lowest coverage are normalized to
unity in both cases. From Ref. [3].

The line shapes for the Co and Ni sub-
strates are different, because at grazing
and normal incidence different unoccu-
pied Fe-3d orbitals are probed. This is
readily proven by comparing the spectra
taken on Co and Ni in the same geometry
(Fig. 2). By preparing a 5 ML Ni film on
a 5 ML Co film, the Ni magnetization is
forced to the in-plane direction by the Co
film. The Fe L2,3 XAS and XMCD spectra
of 0.8 ML Fe-OEP on Co and Ni
measured at grazing incidence show
exactly the same line shape.

Figure 3 shows the integrated intensities
of the Fe-L3 XMCD signal normalized to
the whiteline intensity as a function of
coverage for Co and Ni substrates. The
values obtained at the lowest coverage are
normalized to unity in both cases. It can

be seen that the magnetic signal of the deposited Fe-porphyrin molecules originates mostly from the
first molecular layer only: on Co, the ratio remains constant (within the error bars) for 0.4 and 0.6 ML
and only decreases for films thicker than ~1 ML. In the case of Ni, the XMCD/XAS ratio decreases
monotonically with thickness, suggesting a weaker substrate/molecule coupling as compared to the Co
case.

In order to compare the coupling energies, we also measured the temperature dependence of the XAS
and XMCD signals. We have plotted in Fig. 4 the integrated Fe, Co and Ni L3 XMCD signals
normalized to the whiteline intensities as a function of temperature, scaled to the signals at low tem-
peratures. These signals are basically proportional to the magnetization of each element. The Curie
temperatures of 5 ML Co and 15
ML Ni films are reported to be
around 850 K [4] and 550 K [5],
respectively. This explains the
slightly larger reduction in Ni
XMCD signal as compared to that
of Co. This can also be seen by the
two solid curves, which are drawn
using the mean field approxima-
tion and serve as guides to the eye.
Regarding the Fe magnetization
on Co, it follows that of the sub-
strate by decreasing ~10% at 300
K. In contrast, the Fe XMCD on
Ni shows a much larger reduction
of ~50% than the one of the Ni
magnetization. This difference of
the Fe XMCD signal of molecules
deposited on Ni as compared to
Co indicates the presence of dif-
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ferent coupling strengths in the
two cases. The Fe L2,3 spectra
shown in Fig. 2 for Co and
Ni/Co substrates, both with in-
plane magnetization, show an
Fe-XMCD signal for the Ni/Co
substrate that is approximately
half of that on Co, with almost
the same XAS intensity. Thus,
the weaker coupling of Fe-por-
phyrin molecules to the Ni sub-
strate is not related to the dif-
ferent magnetization directions
but to the electronically differ-
ent surfaces. As a possible
explanation for the reduced
coupling energy in the Ni case,
we can consider the 60%
smaller magnetic moment of Ni
surfaces as compared to the Co
ones [6,7].

[1] J. V. Barth, G. Costantini, and K. Kern, Nature 437, 671 (2005).
[2] H. Wende, M. Bernien, J. Luo, C. Sorg, N. Ponpandian, J. Kurde, J. Miguel, M. Piantek, X. Xu,

P. Eckhold, W. Kuch, K. Baberschke, P. M. Panchmatia, B. Sanyal, P. M. Oppeneer, and O.
Eriksson, Nature Materials 6, 516 (2007).

[3] M. Bernien, X. Xu, J. Miguel, M. Piantek, P. Eckhold, J. Luo, J. Kurde, W. Kuch, K. Baberschke,
H. Wende, and P. Srivastava, Phys. Rev. B 76, 214406 (2007).

[4] P. Bruno, in Magnetic Thin Films, Multilayers and Surfaces (1992), vol. 231 of MRS Proceed-
ings, p. 299.

[5] K. Baberschke, Appl. Phys. A 62, 417 (1996).
[6] A. Ney, K. Lenz, P. Poulopoulos, and K. Baberschke, J. Magn. Magn. Mater. 240, 343 (2002).
[7] A. Ney, A. Scherz, P. Poulopoulos, K. Lenz, H. Wende, K. Baberschke, F. Wilhelm, and N. B.

Brookes, Phys. Rev. B 65, 024411 (2001).

Fig. 4: Temperature dependence of the Fe, Co, and Ni
magnetizations obtained from integrated XMCD signals
normalized to the corresponding white lines. The signals obtained
at low temperatures have been normalized to unity. Full lines
represent M(T) for Co and Ni as obtained from a mean field
approximation. The dashed lines serve as guides to the eye. From
Ref. [3].
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Investigation of the role of the magnetic anisotropy energy (MAE) in the restoration the Morin 
transition of hematite in Au/Co/Fe2O3 films. 
 
A.Barbier, O.Bezencenet 
CEA/Saclay, 91191 Gif-Sur-Yvette, France 
P.Ohresser, S. Stanescu  
Synchrotron SOLEIL, 91191 Saint Aubin, France  
 
 

In previous X-ray absorption experiments, using circular (XMCD) and linear (XMLD) 
dichroic measurements we demonstrated that within particular thickness ranges for Au capped 
Co/α-Fe2O3 a partial Morin transition can be observed. The magnetic history of the sample 
was also found to be important. Hysteresis loop measurements on the Co L2,3 edges showed 
that this behavior is not simply linked to a change in easy magnetization direction of the Co 
films but must be related to more subtle magnetic properties in the Au/Co/α-Fe2O3 stacking. 
Changes in the magnetic anisotropy energy (MAE) with respect to sample preparation 
conditions (thickness, magnetic history etc) appear as a good candidate to explain these 
observations. To progress in our understanding of this effect we have performed MAE 
measurements for specific samples using the French TBT cryomagnet installed at BESSY.  

 
The Fe2O3 thin films were prepared in a dedicated oxygen plasma assisted MBE chamber 

available in our laboratory. They were regenerated by an in situ annealing under molecular 
oxygen in the TBT setup.  
 

The magnetic anisotropy energy can be deduced from XMCD measurements (at the Co and 
Fe L2,3 edges) taken at several incidence angles. We performed such measurements for several 
samples:  
 

1°) An ex situ prepared 2nm Au/3.5 nm Co/10 nm Fe2O3/Pt(111) sample. This sample has been 
characterized by various techniques (Auger and photoelectron spectroscopies, reflexion high 
energy electron diffraction etc.) prior measurements at Bessy. Data were taken for 6 different 
incidence angles. 

2°) In situ prepared samples for several Co thicknesses. Again XMCD measurements were done 
for at least 6 incidence angles at the Co and Fe L2,3 edges. 

Such measurements require very stable beam conditions since the XMCD signal is extracted 
from the difference between two spectra taken with different light helicities. This condition was 
not always fulfilled but enough data could be taken to fulfil the proposal.  
 

Although a relatively large dispersion of the experimental data was obtained, the Co 
magnetic anisotropy energy could be fitted using the Bruno model. It shows that the 
temperature influences the Co magnetic anisotropy energy. At 5 K the direction out of the 
plane is energetically more favourable. This tendency is compatible with the spin 
reorientation of hematite below the Morin transition temperature. To the contrary no 
significant effect of the Au layer could be identified.  
 
Acknowledgments: 
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(I3) IA-SFS project “Integrating Activity on Synchrotron and Free Electron Laser Science”, 
contract number R II 3.CT-2004-506008. 
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Electronic structure of the SrTiO3/LaAlO3 interface 

revealed by resonant soft x-ray scattering 
 

H. Wadati1, D. G. Hawthorn1, J. Geck1, T. Higuchi2, H. Y. Hwang2, S.-W. Huang3,  
D. J. Huang3, H.-J. Lin3, C. Schüßler-Langeheine4, H.-H. Wu3,4, E. Schierle5,  

E. Weschke5, G. A. Sawatzky1 
1Department of Physics and Astronomy, University of British Columbia, Vancouver, Canada 

2Department of Advanced Materials Science, University of Tokyo, Kashiwa, Japan 
3National Synchrotron Radiation Research Center, Hsinchu, Taiwan 

4II. Physikalisches Institut, Universität zu Köln, Köln, Germany 
5Hahn-Meitner Institut c/o BESSY, Berlin, Germany  

 
Introduction: The interfaces of hetero-junctions composed of transition-metal 
oxides have recently attracted great interest. Among them, the interface between 
two band insulators SrTiO3 (STO) and LaAlO3 (LAO) is especially interesting 
due to the metallic conductivity [1] and even superconductivity [2]. There has 
been intense debate on the origin of this metalicity, that is, whether it is due to 
oxygen vacancies (“extrinsic”) or due to the polar nature of the LAO structure 
(“electronic reconstruction”). In this study we investigated the electronic 
structure of the STO-LAO superlattice by resonant soft x-ray scattering [3], 
which has recently been used to study SrMnO3-LaMnO3 superlattices [4]. 
 
Experiment: The superlattice sample consisted of seven 
periods of 12 unit cells (uc) of STO and 6 uc of LAO. The 
present samples was grown on a STO (001) substrate by 
the pulsed laser deposition technique at an oxygen 
pressure of 1.0×10-5 Torr and a substrate temperature of 
800 oC. A schematic view of the fabricated superlattice is 
shown in Fig. 1. The resonant soft x-ray scattering 
experiments were performed at the BESSY undulator 
beam line UE 46-PGM and at NSRRC (Hsinchu, Taiwan) 
EPU BL 5. The spectra were taken at 80 K. The incident 
light was polarized in the scattering plane (π 
polarization) with the detector integrating over 
both final polarizations, i.e., both the π→σ and 
π→π scattering channels.  

Figure 1: Schematic view 
of the SrTiO3/LaAlO3 
superlattice sample. 
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Results and discussion: Figure 2 shows 
the photon-energy dependence of the 
(003) peak at the Ti 2p edge. The 
structure factor for this (003) peak is 
proportional to (fTiO2, int - fTiO2 + fAlO2, int - 
fAlO2), where fTiO2 and fAlO2 are the 
scattering factors of the TiO2 and AlO2 
planes of the STO and LAO layers, 
respectively, and the subscript “int” 
means the scattering factor for the 
interface. The (003) reflection is 
forbidden by symmetry as long as the 
interface form factor is the same as the 
bulk. The existence of this peak in Fig. 2 
therefore means that some kind of 
reconstruction occurs at the interface. 
Figure 3 shows the energy dependence of 
the (003) peak position at the Ti 2p 
edge and its comparison with the 
simple multilayer model of just the 
repetition of STO and LAO. The 
overall agreement is fairly good, but 
there are some discrepancies. The 
discrepancies are considered to 
come from the electronic 
reconstruction at the interface. At 
the La 3d edge, we obtained good 
agreement between experiment and 
calculation, which may be connected 
to the atomic sharpness at the interface. 
 
References:  
[1] A. Ohtomo and H. Y. Hwang, Nature 427, 423 (2004). 
[2] N. Reyren et al., Science 317, 1196 (2007). 
[3] P. Abbamonte et al., Science 297, 581 (2002). 
[4] S. Smadici et al., Phys. Rev. Lett. 99, 196404 (2007). 

Figure 2: Photon-energy dependence 
of the (003) peak at the Ti 2p edge. 
The inset shows the Ti 2p absorption 
spectra and the arrows show the 
photon energy at these measurements.  

Figure 3: Photon-energy dependence 
of the (003) peak position at the Ti 2p 
edge and its comparison with the 
calculation.
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Microscopic investigation of exchange bias in NiFe/FeMn bilayers by PEEM

F. Kronast, J. Schlichting, F. Radu, S.K. Mishra, T. Noll, H.A. Dürr and W. Eberhardt 
BESSY GmbH, Albert-Einstein-Straße 15, 12489 Berlin, Germany

The direct exchange interaction at the interface between an antiferromagnet and a ferromagnet 
allows  us  to  tailor  magnetic  properties  of  the  ferromagnet  i.e.  it  causes  a  change of  the 
coercitivity and a shift of the hysteresis loop the so called exchange bias. But the microscopic 
origin of exchange bias is still under discussion. Recent photoelectron emisssion microscopy 
(PEEM) studies  of Co/FeMn bilayers could provide deeper insight to the arrangement  of 
magnetic moments near the interface by element specific magnetic imaging [1]. They exhibit 
the presence of uncompensated Fe and Mn spins at the interface of the antiferromagnet [1]. So 
far PEEM investigations could only be preformed at remanence. However, experiments in an 
applied saturating magnetic field on similar systems indicate that the exchange bias is most 
likely caused by a small fraction of uncompensated spins pinned to the antiferromagnet while 
the majority of spins follow the ferromagnetic layer [2], i.e. the external field. Due to the lack 
of spatial resolution in these experiments [2] the origin of the pinning could not be revealed so 
far.

Fig. 1 PEEM images displaying the evolution of magnetic domains in an exchange biased 
NiFe layer as a function of applied magnetic field. The field of view is 15µm and the colour 
code represents the x-ray magnetic circular dichroism measured at the Fe L3  edge. Images A 
and D were recorded during the field reversal, at magnetic fields close to zero. In the images 
B  and  C  the  magnetization  of  the  NiFe  layer  was  saturated  in  opposite  directions.  The 
hysteresis shown in the centre was obtained by averaging over the indicated region.
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Here we report on a first PEEM study of exchange bias in Ni0.81Fe0.19/FeMn bilayers using a 
applied magnetic field to switch the magnetization of the ferromagnetic layer during imaging. 
By measuring the hysteresis of the Ni0.81Fe0.19 layer with PEEM we can map local variations of 
the exchange bias down to the nm scale. A schematic drawing of the SPEEM sample holder 
equipped with a small magnetic yoke is shown on the left side of Fig.2. It was designed to 
provide magnetic fields at the sample surface that can reach up to several hundred Oe without 
reducing the spatial resolution during imaging significantly. Therefore its magnetic yoke was 
especially designed with a micro-gap in order to reduce the magnetic stray field, minimizing 
the deflection of photoelectrons by the Lorentz force. 

Fig. 2 On the left a schematic drawing of the magnetic sample holder with the small magnetic 
yoke  and  coils  is  displayed.  The  right  image  shows  a  colour  plot  of  the  exchange  bias 
obtained from pixel by pixel analysis of a stack of x-ray magnetic circular dichroism (XMCD) 
images taken at different magnetic fields. The exchange bias is displayed in units of Oe. 

We prepared the Ni0.81Fe0.19/FeMn bilayers that we investigated in this first test experiment in 
the BESSY magnetron sputtering chamber.  We grew polycrystalline  films of  30nm thick 
FeMn onto MgO with a 50nm thick Cu buffer layer underneath. We applied no magnetic field 
during growth in order to obtain a random orientation of antiferromagnetic domains in FeMn 
film which we finally covered by a 5nm thick NiFe layer.

In this  experiment we used the circular polarization of x-rays to image the ferromagnetic 
order in NiFe and at the FeMn interface exploiting the magnetic and chemical sensitivity of x-
ray  magnetic  circular  dichroism  (XMCD)  at  the  Fe  and  Mn  L3 edges.  Focussing  on  a 
particular area of the sample we monitored the evolution of magnetic domains as s function of 
applied magnetic field. Deflections of the electron beam by the magnetic stray fields, which 
still occurred, could be compensated by the electron optics of the SPEEM without significant 
reduction of the image quality. As shown in Fig.1 we were able to measure a full hysteresis 
loop of the ferromagnetic NiFe layer. The non-saturated images in Fig.1 already indicate that 
the switching field of the ferromagnetic NiFe layer varies across the selected area on our 
sample. Analysing the hysteresis of each pixel in the recorded XMCD images we could obtain 
a map of the local exchange bias, displaying the shift of the hysteresis loop as displayed in 
Fig.2.  In  some areas  we observe  a  large  exchange bias  of  the  NiFe  film confirming the 
presence of magnetic interlayer coupling with the antiferromagnetic FeMn film underneath. 
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The  exchange  bias  is  strongly  inhomogeneous  following  the  random  orientation  of 
antiferromagnetic domains in the FeMn film.  These first results indicate the possibilities that 
will open up if magnetic fields can be applied during PEEM imaging. We will need further 
measurements to study the influence of the NiFe film thickness and the antiferromagentic 
domain configuration on the magnetic interlayer coupling.  Magnetic fields high enough to 
saturate  the  ferromagnetic  layer  will  help  us  in  future  to  investigate  the  presence 
uncompensated spins pinned at the interface of the antiferromagnet. These could be correlated 
with the observed variations of the exchange bias.
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[2] H. Ohldag et al., PRL 91, 017203 (2003)
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Project Leader Institute Project Title

Achour Adnane Karolinska Institutet Structural Studies of TCR/MHC class I-

dependent mechanisms for viral escape and 

virus-induced autoimmune diseases.

Addadi Lia Weizmann Institute of Science Mg K-edge NEXAFS study of magnesium/calcium 

carbonate minerals. Relevance to the 

stabilization of metastable phases in 

biomineralization.

Adelhelm Christoph Max-Planck-Institut für 

Plasmaphysik

NEXAFS study of amorphous carbon films 

relevant to nuclear fusion applications

Agrestini Stefano University of Warwick Measurement of number of holes in charge 

compensated perovskite

Amiens Catherine LCC-CNRS Investigation of the FeRh diagram at the 

nanoscale

Amiens Catherine LCC-CNRS Investigation of the magnetic properties of 

Fe3Rh1 nanoparticles

Andriyevskyy Bohdan Technical University of 

Koszalin

Investigation of phase transition in triglycine 

sulphate crystal by its optical spectra in the 

range of 9 - 30 eV

Ariffin Ahmad Humboldt-Universität zu Berlin XAS studies of the CuO2 layer of Bi-2201 and 

Bi(Pb)-2201

Ariffin Ahmad Humboldt-Universität zu Berlin A systematic study of polarization dependent x-

ray absorption of the CuO2-layer of Bi-2201

Aristov Victor IFW Dresden Empty and filled states of pristine and 

potassium doped metal-ptalocyanines: MnPc, 

NiPc, CoPc and FePc

Back Christian Universität Regensburg Time- and element-resolved ferromagnetic 

resonance

Back Christian Universität Regensburg Time- and element-resolved study of 

magnetization dynamics CoPd/FeRh

Bär Marcus University of Nevada Las 

Vegas

Tailoring buried interfaces in thin film solar cells 

by organic interlayers and wet-chemical 

substrate surface treatments - an X-ray 

emission, photoemission, and X-ray absorption 

study

Barbier Antoine CEA/Saclay Investigation of the role of the magnetic 

anisotropy energy (MAE) in the restoration the 

Morin transition of hematite in Au/Co/Fe2O3 

films.

Bartl Franz Universitätsklinikum Charité FTIR spectroscopic investigations of the 

biological signal transduction in rhodopsin and 

of the dynamic of hydrogen bonds

Batchelor David Fritz-Haber-Institut der Max-

Planck-Gesellschaft

New insight to Auger decay using dispersive Soft 

X-Ray dispersive spectroscopy

Baumgärtel Peter Universität Potsdam Extension of the UVIS Experimental Station by 

the Method of Multiple Polarisation Modulation 

(MPM)

Baumgärtel Peter Universität Potsdam CD spectra of carbohydrates in solution and 

films below 170 nm

Baumgärtel Peter Universität Potsdam Improvement of the UVIS Endstation by Dual 

Polarization Modulation

Bechstein Kai Leibniz Universität Hannover Investigation of lacquer systems and paint layers 

with regard to layer thickness and elemental 

distribution

Bechstein Kai Leibniz Universität Hannover Analysis of proteins in corrosion layers of 

implanted alloys with high resolution.

Bechstein Kai Leibniz Universität Hannover Investigation of novel polymer layered systems 

with regard to layer thickness and elemental 

distribution
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Project Leader Institute Project Title

Bechstein Kai Leibniz Universität Hannover Investigation of in-vivo and in-vitro interaction of 

proteins with magnesium implants by spatially 

resolved FT-IR analysis of organic structures in 

and on corrosion layers

Bernhardt Ricardo Technische Universität 

Dresden

Analysis of local bone mineralisation differences 

around biofunctionalised titanium implants with 

high spatial resolution

Birkholz Mario IHP-Microelectronics Combined analysis of chemical and electronic 

defects in solar cells

Biswas Chhayabrita BESSY GmbH Angle-resolved photoemission study of Co 

nanodots on the Au(887) surface

Biswas Chhayabrita BESSY GmbH Investigation of quantum-well states in thin Al 

adlayers on the W(110) surface and mutual 

influence of Al sp-derived quantum-well states 

and Mn 3d states

Björneholm Olle Uppsala University Electron-transfer mediated decay (ETMD) in the 

inner-valence-excited states in clusters

Björneholm Olle Uppsala University Soft X-ray absorption (SXA) of water and 

aqueous solutions study with synchrotron 

radiation 

Bodenthin Yves Paul Scherrer Institut Time resolved study of order-disorder transitions 

of amphiphiles in a metallo-supramolecular 

complex 

Bodenthin Yves Paul Scherrer Institut Temperature resolved energy-dispersive x-ray 

scattering of metallo-supramolecular assemblies

Boeglin Christine Université Louis Pasteur  

Strasbourg

Exchange coupled oxide layers NiO / Cu-wedge/ 

Fe3O4(111).

Boeglin Christine Université Louis Pasteur  

Strasbourg

TEMPERATURE DEPENDENT MAGNETIC 

DOMAINS IN COUPLED NiO/Fe3O4(100).

Boeglin Christine Université Louis Pasteur  

Strasbourg

Ultrafast precessional dynamics excited by 

femtosecond laser pulses in ferromagnetic 

Nanoparticles.

Böhm Kerstin Max-Delbrück-Centrum für 

Molekulare Medizin

PX-CRG: Structural analysis of the substrate 

binding of the phytase of Klebsiella Sp. strain 

ASR1

Böhm Kerstin Max-Delbrück-Centrum für 

Molekulare Medizin

PX-CRG: Structural analysis of the phytase of 

Klebsiella Sp. strain ASR1

Borisenko Sergej IFW Dresden Commissioning of the He3 cryostat for the \"one-

cubed\" endstation of the UE112-PGM-2b 

beamline.

Borisenko Sergej IFW Dresden Commissioning of the \"1-cubed ARPES\" setup 

at the UE112-PGM-b.

Borucki Berthold Freie Universität Berlin Conformational changes in the formation of the 

activated state in bacterial photoreceptor 

proteins detected with UV Circular Dichroism

Bostedt Christoph Technische Universität Berlin Photoelectron spectroscopy of size-selected and 

neutral diamond clusters

Böttcher Jark Philipps-Universität Marburg Design of selective non-peptidic inhibitors of 

Human Transglutaminase 2

Böttcher Jark Philipps-Universität Marburg Structural analysis of HIV-Protease mutants in 

complex with pyrrolidine-based inhibitors

Braak Heiko Forschungszentrum Jülich 

GmbH

Magnetic characterization of Ge films doped with 

two-dimensional Mn, (Mn,Fe)-layers

Braun Wolfgang Paul-Drude-Institut für 

Festkörperelektronik

III-V channels on Si for future CMOS devices

Braun Wolfgang Paul-Drude-Institut für 

Festkörperelektronik

Growth kinetics of Ge(001)

Braun Wolfgang Paul-Drude-Institut für 

Festkörperelektronik

Analysis of the growth and interface structure of 

rare earth oxide compounds on Si (001)
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Braun Wolfgang Paul-Drude-Institut für 

Festkörperelektronik

Analysis of the formation of the interface of 

praseodymium oxide on Si (001)

Braun Wolfgang Paul-Drude-Institut für 

Festkörperelektronik

Surface, interface and layer structure of iron 

silicide and iron cobalt silicide during its 

heteroepitaxy on GaAs

Braune Markus Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Angle resolved electron emission measurements 

in resonantly excited H2 and O2 molecules.

Braune Markus Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Highly correlated excitation or multi-

photoionisation processes studied by electron 

spectrometry with a magnetic bottle electron 

spectrometer

Broekmann Peter Universität Bonn Surface Redox-Chemistry of Viologens monitored 

by SXPS 

Brokmeier Heinz-Guenter Technische Universität 

Clausthal

Investigation on the residual stress distribution 

after mechanical surface treatments and after 

the cyclic fatigue test

Brück Sebastian Max-Planck-Institut für 

Metallforschung

Correlation of interfacial uncompensated 

moments and exchange bias in Fe/MnPd 

bilayers.

Brück Sebastian Max-Planck-Institut für 

Metallforschung

A quantitative approach to understand a new 

facet of exchange bias

Brzhezinskaya Maria BESSY GmbH Study of fluorinated multi-walled carbon 

nanotubes by x-ray absorption and photoelectron 

spectroscopy 

Brzhezinskaya Maria BESSY GmbH Study of carbon nanotubes with 3d atoms (Cr, 

Fe, Ni) by x-ray absorption and photoelectron 

spectroscopy 

Bukhtiyarov Valerii Boreskov Institute of Catalysis In situ X-ray photoelectron spectroscopy (XPS) 

and mass-spectrometry study of mechanism of 

propane oxidation to synthesis-gas over nickel 

proceeding in self-oscillation mode

Buschhorn Stefan Ruhr-Universität Bochum Precession of magnetic moments in patterned 

magnetic films

Calvani Paolo University of Rome La 

Sapienza

Search for charge-order excitations in the very-far-

infrared conductivity of manganite single 

crystals.

chadefaux celine Centre de Recherche et de 

Restauration des Musées de 

France- UMR 171

X-ray microtomography on the effect of 

consolidation treatment on archaeological bone, 

ivory and reindeer antler.

Cherifi Salia CNRS Magnetic coupling and anisotropy in high Tc 

GeMn nano-columns

Cobet Christoph ISAS - Institutsteil Berlin Strain dependency of excitons in bulk AlN and 

(Al,GaN) layer structures investigated by means 

of synchrotron ellipsometry

Cobet Christoph ISAS - Institutsteil Berlin Temperature dependent crystal dynamics: 

Electronic states and optical response of GaAs 

and GaN at finite temperatures

Cobet Christoph ISAS - Institutsteil Berlin Characterization of (Al,Ga)N layer structures by 

means of synchrotron ellipsometry

Cobet Christoph ISAS - Institutsteil Berlin Commissioning and test of a new variable angle 

spectroscopic ellipsometer for the VUV and XUV 

spectral range

Constantinescu Bogdan National Institute for Nuclear 

Physics and Egineering \'Horia 

Hulubei\'

Archaeological gold provenance studies - the 

case of Carpathian Mountains native gold

Corbiere Tristan Universität Zürich Oxidation States of Copper Ions in the Historic 

Pigment ¿Chinese Purple¿
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Cramm Stefan Forschungszentrum Jülich 

GmbH

Improvements of UE56-1/SGM: 1) Laser 

synchronization 2) Undulator Synch. 3) Spectral 

Flux 

Cramm Stefan Forschungszentrum Jülich 

GmbH

Detection of voltage-controlled magnetization 

switching in Fe/Si/Fe trilayers by linear and 

circular magnetic X-ray dichroism.

Crespo López-Urrutia José Max-Planck-Institut für 

Kernphysik

Resonant photoexcitation and photoionization of 

highly charged ions by synchrotron radiation

Dähne Mario Technische Universität Berlin Anisotropic electronic structure of one-

dimensional silicide nanostructures on high-

index silicon surfaces

Dalhus Bjorn Institute of Medical 

Microbiology

Defining the structural biology of AP-site repair in 

S. pombe 

Dalhus Bjorn Institute of Medical 

Microbiology

DNA backbone incision of endonuclease

Darowski Nora Hahn-Meitner-Institut Berlin 

GmbH

Reorientation transition in Fe/Pt multilayers 

studied by means of depth-selective x-ray 

magnetic dichroism

de Brito Arnaldo Laboratorio Nacional de Luz 

Sincrotron

Laser cooled target recoil ion momentum 

spectroscopy using synchrotron excitation

Dedkov Yury Technische Universität 

Dresden

Spin-resolved photoelectron spectroscopy study 

of Fe and Co quantum wires on stepped Cu 

surfaces

Dedkov Yury Technische Universität 

Dresden

Spin motion of photoelectrons

Dedkov Yury Technische Universität 

Dresden

Spin-resolved photoemission of skutterudites

Denecke Reinhard Universität Leipzig Adsorption and reaction studies on oxidized 

surfaces using in-situ high-resolution XPS in 

combination with a supersonic molecular beam

Denecke Reinhard Universität Leipzig Reaction and oxidation on stepped Pt surfaces 

studied by in-situ high-resolution XPS in 

combination with a supersonic molecular beam

Denecke Reinhard Universität Leipzig Surface oxidation of stepped Pt surfaces and 

Pd(111) studied by X-ray emission spectroscopy

Denks Ingwer Hahn-Meitner-Institut Berlin 

GmbH

Development of the stress scanning method

Doerner Reinhard Johann Wolfgang Goethe-

Universität Frankfurt

Core Hole Localization in Neon Dimers

Dohnalek Jan Institute of Macromolecular 

Chemistry of the Academy of 

Sciences of the Czech 

Republic

Structural studies of cold active enzymes: beta-

galactosidase from Arthrobacter sp. C2-2

Donner Constanze Freie Universität Berlin Influence of DNA base adsorption on metal 

deposition processes

Duda Laurent Uppsala University Resonant inelastic x-ray scattering studies of in-

situ Li-ion inserted battery materials

Dupuis Veronique Universite Claude Bernard Lyon 

I

Magnetic anisotropie in mixed CoPt clusters

Dürr Hermann BESSY GmbH Electron-magnon coupling at the Cr(110) surface 

probed by high-resolution photoemission 

spectroscopy

Dürr Hermann BESSY GmbH Characterization of FEL photocathodes with XPS

Dürr Hermann BESSY GmbH Spectroscopic identification of bulk Mn species 

in in (GaMn)As ferromagnetic semiconductors

526
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Dürr Hermann BESSY GmbH Is there a spin-dependent quasiparticle 

renormalization in 3d ferromangets?

Efimov Vadim Joint Institute for Nuclear 

Research

Oxygen K-edge and Co2,3-edges XAS study of 

Co3+/Co4+ spin state transitions in the layered 

La1-xSr(Ca)xCoO3-d 

Ehrlich Hermann Technische Universität 

Dresden

PE and NEXAFS studies of natural and novel 

biomimetically derived silica-based composite 

materials

Eichinger Andreas Technische Universität 

München

Structure determination of the periplasmic 

domain of CadC

Eisebitt Stefan BESSY GmbH X-ray Spectro-Holography in Reflection Geometry

Eisebitt Stefan BESSY GmbH Soft x-ray spectroscopy in liquid environments:

Eisebitt Stefan BESSY GmbH X-Ray Holographic Imaging of Low-Contrast 

Objects

Elmers Hans-Joachim Johannes-Gutenberg-

Universität Mainz

Temperature dependence of sublattice 

magnetization in Heusler alloys

Elsaesser Thomas Max-Born-Institut für 

Nichtlineare Optik und 

Kurzzeitspektroskopie

Ultrafast infrared-pump/x-ray probe spectroscopy 

of water

Emmerling Franziska Bundesanstalt f. 

Materialforschung und -prüfung

In situ SAXS/WAXS studies of aggregation 

processes 

Emmerling Franziska Bundesanstalt f. 

Materialforschung und -prüfung

Aggregating Nanostructures

Engel Michael Freie Universität Berlin PX-CRG: Demonstration of structural molecular 

mimicry in HLA class I/peptide complexes

Engel Michael Freie Universität Berlin PX-CRG: Structure Analysis of the Novel Protease 

Milin

Engel Michael Freie Universität Berlin PX-CRG: The structure of a primase in complex 

with a DNA-template

Engel Michael Freie Universität Berlin PX-CRG: Crystallographic studies of 

cyanobacterial photosystem II

Engel Michael Freie Universität Berlin PX-CRG: Structural studies of proteins required 

for homeostasis of copper in Enterococcus hirae

Ensling David Technische Universität 

Darmstadt

High resolution in situ SXPS and SXAS studies 

on the influence of the intercalation reaction on 

the electronic structure of the Li1-xCoO2 

cathode material integrated in an all-solid-state 

battery operating under UHV conditions   

Erdelyi Zoltan University of Debrecen Beginning of the phase growth in Ni-Si system

Ernst Oliver Universitätsklinikum Charité PX-CRG: The crystal structures of proteins 

involved in visual signal transduction and protein 

homologues

Fadley Charles University of California Davis Spectromicromicroscopy with depth resolution 

via standing wave excitation

Fälber Katja Forschungsinstitut für 

Molekulare Pharmakologie

free SMY2-GYF domain and complex with 

peptide ligands

Fälber Katja Forschungsinstitut für 

Molekulare Pharmakologie

ProlinRichMotif recognizing domains (PRD) in 

complex with small molecules

Fauth Kai Universität Würzburg Magnetic moments in 3d-5d transition metal 

alloy clusters

Fedorov Roman Medizinische Hochschule 

Hannover

Isoform-specific regulation of motor proteins. 

Structural studies.
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Feifel Raimund Uppsala University Multi-electron-ion and X-ray-emission-

photoelectron coincidence spectroscopy of 

atoms and molecules using a versatile magnetic 

bottle set-up

Felser Claudia Johannes-Gutenberg-

Universität Mainz

High energy photoemission and spin polarised 

photoemission from Heusler compounds

Felser Claudia Johannes-Gutenberg-

Universität Mainz

High energy photoemission of Heusler 

compounds and thin films for magneto-electronic 

devices: From materials to TMR devices.

Feulner Peter Technische Universität 

München

Photon stimulated desorption of ions and 

neutrals from thin layers of He atoms and 

hydrogen molecules on metal surfaces

Feyerherm Ralf Hahn-Meitner-Institut Berlin 

GmbH

Sodium superlattice formation in NaxCoO2 (x = 

0.5 ¿ 1)

Feyerherm Ralf Hahn-Meitner-Institut Berlin 

GmbH

Study of the interplay of RE and Mn magnetic 

ordering in the multiferroic RE(Mn,Ga)O3 (RE= 

Tb, Dy, Gd) by X-ray resonant magnetic 

scattering

Fink Jörg BESSY GmbH Static Electronic Stripes in (La,Eu)2-xSrxCuO4

Fink Jörg BESSY GmbH Metal-Insulator Transition in Doped Mott-

Hubbard Systems and Surface Electronic 

Structure of Cleaved YBa2Cu3O7-d

Fink Jörg BESSY GmbH ARPES on the Pseudogap State in High Tc 

Superconductors

Fink Rainer Universität Erlangen-Nürnberg Substrate-molecule interactions in 

metalloporphyrin monolayers

Fischer Christian-Herbert Hahn-Meitner-Institut Berlin 

GmbH

Depth profiling of composition in chalcopyrite 

thin film solar cell components by high energy 

high resolution x-ray photoemission (HIKE)

Fleissner Gerta Johann Wolfgang Goethe-

Universität Frankfurt

Microdiffractometry characteriaztion of the 

crystallinity and crystalline orientation of iron-

mineral particles in the beaks of homing birds

Föhlisch Alexander Universität Hamburg Resonant inelastic X-ray scattering as a probe of 

excited states in matter

Follath Rolf BESSY GmbH Characterisation of SMU-chamber after Mirror-

exchange

Follath Rolf BESSY GmbH Characterizing the polarisation of UE112-PGM2a

Fonin Mikhail Universität Konstanz Electronic Properies  of well-ordered Monolayers 

of Mn12 Single Molecule Magnets on the 

Au(111) Surface

Fonin Mikhail Universität Konstanz Investigation of Magnetic Properties of a 

Monolayer of Mn12-Complex

Francuski Djordje Freie Universität Berlin Crystal structure of RelE and RelB Toxin-Antitoxin 

(TA) system from E. coli

Freydank Henrik Hahn-Meitner-Institut Berlin 

GmbH

Investigation of Residual Stress States in Steel 

Deep Drawn Cups 

Friedrich Marion Technische Universität 

Chemnitz

Substrate Influence on the Dielectric Response 

of Organic Ultra Thin Films Studied by VUV 

Spectroscopic Ellipsometry 

Gago-Fernandez Raul Universidad Autónoma de 

Madrid

XANES study of intrinsic and extrinsic doping in 

wide band-gap functional metal oxides: 

correlation with optical and electrical properties
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Ganev Valentin Bulgarian Academy of Sciences Micro-XAS and High Resolution XRD 

investigations of structural and crystallochemical 

features of metamorphic white K- micas from 

Ograzhden Mountain (SW Bulgaria).

Gaupp Andreas BESSY GmbH Commissioning of Kerr detector

Gavrila Gianina BESSY GmbH High Kinetic Energy Photoelectron Spectroscopy: 

a tool for the determination of bulk electronic 

structure in organic semiconductors.

Gavrila Gianina BESSY GmbH Metal-organic semiconductor interfaces: impact 

of the chemical modification on the electronic 

properties, chemistry and carrier injection.

Geck Jochen University of British Columbia Complex ordering phenomena in GdBaCo2O5.5 

and NaxCoO2

Geibel Sebastian Freie Universität Berlin PX-CRG: Structure and Function of the Replisome 

of Plasmid RSF1010

Gensch Michael ISAS - Institutsteil Berlin Chemical Reactions and Stimuli Response in 

mixed polyelectrolyte brush films

Genzel Christoph Hahn-Meitner-Institut Berlin 

GmbH

Residual stress gradient analysis by energy-

dispersive diffraction - depth profiling by variation 

of the scattering angle 2theta

Geue Thomas Paul Scherrer Institut Formation of 3D colloidal layers on structured 

substrates from colloidal dispersions

Gibmeier Jens Hahn-Meitner-Institut Berlin 

GmbH

Determination of diffraction elastic constants 

and stress factors using energy dispersive 

diffraction

Gibmeier Jens Hahn-Meitner-Institut Berlin 

GmbH

Commissioning: second test bench + 

servohydraulic testing device

Gibmeier Jens Hahn-Meitner-Institut Berlin 

GmbH

Commissioning time for new equipment: 2D-axis 

rig for in-plane detector movement

Glass-Maujean Michele Université Pierre et Marie Curie Photon-energy calibration for the 10m-NIM 

beamline by establishing an atlas of H2 

absorption lines between 85 ¿ 72 nm (14.5 ¿ 

17.3 eV)

Goering Eberhard Max-Planck-Institut für 

Metallforschung

Magnetic effects of defect formation and Li co-

doping  in  ZnO:Co5% 

Golden Mark University of Amsterdam k-space microscopy of quantum electron matter: 

layered colossal magnetoresistant manganates.

Gomoyunova Marina Russian Academy of Sciences Electronic and magnetic properties of iron 

silicides formed at the Fe/Si interface

Gonzalez-Doncel Gaspar CENIM,    C.S.I.C. Residual stress profiles with annealings from a 

T4 condition in aluminum matrix composite.

Gorgoi Mihaela BESSY GmbH High Kinetic Energy Core Photoelectron Studies 

on x-Ray Multilayer Mirror Interfaces

Gottberg Alexander Freie Universität Berlin Electronic structure of MgO films

Gottberg Alexander Freie Universität Berlin Electronic structure of 3d transition metal 

monoxide thin films

Götting Martin Universität Kassel Analysis of local bending stress distributions for 

the highly textured Mg-base alloy AZ31 by means 

of energy dispersive diffraction

Groll Michael BESSY GmbH Natural and Synthetic inhibitors of the eukaryotic 

20S proteasome

Groll Michael BESSY GmbH Crystal structure determination of the 

multisubunit Translocase of the Outer membrane 

of Mitochondria (TOM-complex) from Neurospora 

crassa
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Grupp Rainer Hahn-Meitner-Institut Berlin 

GmbH

In-situ analysis of particle rearrangements during 

sintering by synchrotron tomography

Gruyters Markus Humboldt-Universität zu Berlin Spin-glass-like behaviour in CoO and the origin of 

exchange bias in layered CoO/ferromagnet 

structures

Gutiérrez Alejandro Universidad Autonoma de 

Madrid

X-ray Spectroscopy Studies of Noble-Metal (Oxy-

)nitrides Deposited by the Pulsed-Arc Technique

Guttmann Peter Universität Göttingen X-ray microscopy with a PGM/condenser-system 

at the UE46-PGM beamline

Haas Sylvio Hahn-Meitner-Institut Berlin 

GmbH

Calibration of the 7T-MPW-SAXS beamline for 

absolute scattering intensity measurements

Hahn Oliver Bundesanstalt f. 

Materialforschung und -prüfung

Non-destructive Investigation of Glass Corrosion 

in ¿Reverse Paintings on Glass¿

Hahn Oliver Bundesanstalt f. 

Materialforschung und -prüfung

Non-destructive Investigation of the Writing 

Materials of the Qumran Scrolls 

Haibel Astrid Deutsches Elektronen-

Synchrotron DESY

In-situ investigation of void growth during the 

thermal treatment of Nb3Sn superconductors by 

synchrotron tomography

Hansson Per Uppsala University Soft X-ray spectroscopy studies of gel forming 

polymer-surfactant mixtures

Haraszti Tamas Universität Heidelberg Investigation of metal ions in melanosomes by 

XRF and XAFS.

Hartnig Christoph Zentrum für Sonnennenergie- 

und Wasserstoff-Forschung

Investigation of water evolution in operating fuel 

cells by means of in situ synchrotron radiography 

Hasek Jindrich Institute of Macromolecular 

Chemistry of the Academy of 

Sciences of the Czech 

Republic

Natural Killer Cell Activation Receptors NKR - 

P1a,b

Haug Joerg Martin-Luther-Universität Halle-

Wittenberg

Investigation of the structure and the kinetics of 

formation and of melting behaviour of Ag and 

Ag/Au nanoparticles in glasses

Haumann Michael Freie Universität Berlin light-driven assembly of the manganese complex 

of photosynthesis studied by XAS

Hauser Karin Universität Freiburg Structure solution of PorB, a channel forming 

membrane protein from Corynebacterium 

glutamicum

Havermeier Tilo Johann Wolfgang Goethe-

Universität Frankfurt

Photoionization of Helium Dimers

Heine Andreas Philipps-Universität Marburg Structure determination of aldose reductase 

inhibitor complexes

Heine Andreas Philipps-Universität Marburg Structure-based combinatorial library design for 

serine proteases Thrombin and Trypsin

Heine Andreas Philipps-Universität Marburg Structural Characterization of Ectoine 

Hydroxylase (EctD) from Salibacillus Salexigens

Heine Andreas Philipps-Universität Marburg Redesign of Carbonic Anhydrase and 

Thermolysin to Perform Novel Catalytic Functions 

Heinemann André Hahn-Meitner-Institut Berlin 

GmbH

A long term decomposition kinetic study of the 

Ni34Fe66 Invar alloy by element sensitive SAXS.

Held Georg University of Reading Characterising chiral interfaces using 

synchrotron radiation: cysteine adsorption on 

Cu{531}
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Hellwig Olav Hitachi Global Storage 

Technologies 

Magnetic reversal and dynamics in perpendicular 

anisotropy systems when approaching the Curie 

point using coherent scattering and spectro 

holography

Hellwig Olav Hitachi Global Storage 

Technologies 

Studying magnetic interactions in 

Ferromagnet/Insulator/Superconductor thin film 

structures

Henriksen Anette Carlsberg Laboratory Substrate specificity of plant acyl-CoA oxidases

Henriksen Anette Carlsberg Laboratory Structure of the multifunctional protein from 

plant beta-oxidation

Hergenhahn Uwe Max-Planck-Institut für 

Plasmaphysik

Photoionisation an einem freien Clusterstrahl

Hergenhahn Uwe Max-Planck-Institut für 

Plasmaphysik

Koinzidente Photoelektron-Auger Elektron 

Messungen

Hertwig Andreas Bundesanstalt f. 

Materialforschung und -prüfung

Optical constants in the UV wavelength range of 

chemically deposited thin fluoride films

Himcinschi Cameliu Technische Universität 

Chemnitz

VUV Ellipsometry of ultrathin dielectric and 

metallic layers for advanced interconnects

Hinrichs Karsten ISAS - Institutsteil Berlin Molecular Orientation in organic films for Au-

molecular layer-GaAs Diodes

Hinrichs Karsten ISAS - Institutsteil Berlin In-situ IR synchrotron mapping ellipsometry on 

stimuli-responsive mixed polymer brushes

Hinrichs Karsten ISAS - Institutsteil Berlin Analysis of the bonding geometry of a synthetic 

biosensor by IR synchrotron mapping 

ellipsometry

Hoell Armin Hahn-Meitner-Institut Berlin 

GmbH

Investigation of lightweight Al-alloys with 

anomalous small-angle scattering

Hoffmann Patrick Hahn-Meitner-Institut Berlin 

GmbH

Organic ferroelectric material for non-volatile 

memories

Hofmann Stephan University of Cambridge High pressure XPS of catalytic graphene 

nucleation and carbon nanotube formation

Hopfner Karl-Peter Ludwig-Maximilians-Universität 

München

Proteins involved in DNA damage recognition, 

signaling and DNA repair

Hunger Ralf Technische Universität 

Darmstadt

Photoelectron spectroscopy of interfaces for 

silicon/organic hybrid devices

Huppmann Michael Technische Universität Berlin Hot extruded magnesium alloy AZ31: 

deformation mechanisms and behaviour at cyclic 

loading

Imbihl Ronald Leibniz Universität Hannover In situ high pressure XPS study of  the 

electrochemically induced oxygen spillover on 

Pt/YSZ catalysts

Ionov Andrey Russian Academy of Sciences Studies of electronic structure of metal 

decorated vicinal Si surfaces.

Ivanco Jan Technische Universität 

Chemnitz

Influence of the molecular orientation on the 

electronic properties of organic/inorganic 

heterostructures

Jiang Linqin Max-Planck-Institut für 

Metallforschung

Surfactant graphitization and surface magnetism 

in colloidal magnetic nanoparticles

Kamenz Carsten Humboldt-Universität zu Berlin 3D in-situ comparisons of scorpion book-lung 

architecture

Kampen Thorsten SPECS GmbH Switching of Isomerization and Chirality

Katsikini Maria Aristotle University of 

Thessaloniki

X-ray fluorescence study of human nails from 

patients suffering from pulmonary diseases.

Keckes Jozef University of Leoben Temperature dependence of residual stress 

depth profiles in hard coatings.

Kera Satoshi Chiba University High-resolution NEXAFS and PES investigation of 

pi-conjugated organic thin films
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Kielich Witoslaw Universität Kassel Interferenzeffekte zwischen Zerfallskanälen 

benachbarter lebensdauerverbreiterter 

vibronischer Zustände nach 

Innerschalenelektronenanregung  von CO.

Kildemo Morten NTNU Optical Characterisation of nanostructured GaSb

Klappenberger Florian Technische Universität 

München

Di-cyano-polyphenyl molecules on Ag(111): 

Supramolecular ordering and Co-directed 

assembly

Klappenberger Florian Technische Universität 

München

Conformation and electronic structure of tetra-

arylporphyrins on the Ag(111) and Cu(111) 

surface

Klaus Manuela Technische Universität Berlin  

Fakultät III 

Prozesswissenschaften

Depth resolved X-ray residual stress analysis in 

layered structures by means of the low incidence 

beam angle method (LIBAD)

Klaus Manuela Technische Universität Berlin  

Fakultät III 

Prozesswissenschaften

Energy dispersive residual stress analysis in 

multilayer structures on the basis of the sin2psi -

technique 

Kleibert Armin Universität Rostock Exploring the origin of the high temperature 

magnetic stability of iron nanostructures on 

Cu(111)

Kleibert Armin Universität Rostock First test measurements with the new soft x-ray 

scattering octupole end station

Klein Andreas Technische Universität 

Darmstadt

Lattice mismatch and interdiffusion at CdS/CdTe 

heterointerfaces

Kleineberg Ulf Universität Bielefeld Actinic defect inspection of EUVL multilayer 

mask blanks by EUV-PEEM

Klepka Marcin Institute of Physics Chemical state of minority elements in minerals 

used for white pigment production 

Klumpp Stephan Universität Kassel Absolute emission cross section of the XeII 

satellites with individually resolved autoionizing 

doubly excited XeI states

Kneipp Janina Bundesanstalt f. 

Materialforschung und -prüfung

Surface-enhanced infrared absorption study of 

biological models and eukaryotic cells using gold 

and silver nanoparticles

Kneipp Janina Bundesanstalt f. 

Materialforschung und -prüfung

Ultrasensitive spectroscopic investigations of 

the interaction of nanoparticulate structures with 

eukaryotic cells

Kneipp Janina Bundesanstalt f. 

Materialforschung und -prüfung

Characterization and identification of pollen by 

synchrotron FTIR microspectroscopy

Knop-Gericke Axel Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Commissioning of the Innovative Station for In-

situ Spectroscopy (ISISS-PGM)

Koch Norbert Humboldt-Universität zu Berlin Localized charge transfer between molecular 

acceptors and polymer donors

Koch Norbert Humboldt-Universität zu Berlin The effect of fluorination of conjugated organic 

molecules on electrode/molecule interface 

energetics

Koch-Mueller Monika GeoForschungsZentrum 

Potsdam

Crystal chemistry and high-pressure stability of 

OH-bearing minerals

Koch-Mueller Monika GeoForschungsZentrum 

Potsdam

OH in geologically relevant minerals

Koelsch Patrick Universität Heidelberg Terahertz spectroscopy of lipid bilayer vesicles

Koitzsch Andreas IFW Dresden k-dependent f-hybridization in the heavy fermion 

superconductors CeTIn5 (T=Co,Rh,Ir) 

Koitzsch Andreas IFW Dresden Electronic properties of interfaces for organic 

spintronic

Kolbe Michael Max-Planck-Institut für 

Infektionsbiologie

PX-CRG-MPIIB: Structural studies on effector 

protein complexes from Shigella flexneri
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Kolbe Michael Max-Planck-Institut für 

Infektionsbiologie

PX-CRG-MPIIB: Structural analyis of extracellular 

components of the TTSS

Kolbe Michael Max-Planck-Institut für 

Infektionsbiologie

PX-CRG-MPIIB: Structural aspects of Toll-

Reception

Kolbe Michael Max-Planck-Institut für 

Infektionsbiologie

PX-CRG-MPIIB: Structural analysis of type three 

secretion systems

Kolbe Michael Max-Planck-Institut für 

Infektionsbiologie

PX-CRG-MPIIB: Structure of bacterial ion 

channels

Koller Georg Karl-Franzens-Universität Graz Band Structure Determination of Single 

Crystalline Organic Thin Films

König Bettina Max-Delbrück-Centrum für 

Molekulare Medizin

PX-CRG Proposal: Protein-nucleic acid interaction

Konovalov Igor Universität Leipzig Defect-related modulated x-ray photoconductivity 

of intentionally doped semiconductors

Konovalov Igor Universität Leipzig Study of the origin of deep electronic states in 

semiconductors using X-ray photoconductivity

Kötschau Immo Hahn-Meitner-Institut Berlin 

GmbH

Real time in-situ growth studies of 

Cu(In,Ga)(S,Se)2 and Cu2(Zn,Sn)S4 thin films

Kötschau Immo Hahn-Meitner-Institut Berlin 

GmbH

Grazing incidence X-ray diffraction of 

Cu(In,Ga)Se2 thin films

Krauß Norbert Humboldt-Universität zu Berlin, 

Charité

PX-CRG Studies on enzyme mechanisms by 

crystallographic methods.

Krauß Norbert Humboldt-Universität zu Berlin, 

Charité

PX-CRG Structure analysis of bacterial [NiFe] 

hydrogenases and hydrogenase maturation 

proteins

Krauß Norbert Humboldt-Universität zu Berlin, 

Charité

PX-CRG Structure analysis of bacterial 

phytochromes

Kreier Matthias Humboldt-Universität zu Berlin Angle resolved photoemission on Cd(x)Hg(1-x)Te 

(110)

Kreyßig Andreas Technische Universität 

Dresden

Magnetic order in GdMn2Ge2

Kromm Arne Bundesanstalt f. 

Materialforschung und -prüfung

Investigations into the transformation kinetics of 

low transformation temperature filler materials 

using high-energy synchrotron radiation

Kronast Florian BESSY GmbH Valence band spin polarization at the 

Co2MnSi/MgO tunnel-junction interface probed 

by spin-polarized photoemission microscopy

Kronast Florian BESSY GmbH Probing the phase separation in the perovskite 

manganite La1-xCaxMnO3 by X-PEEM

Kronast Florian BESSY GmbH Spin detector commissioning

Kuch Wolfgang Freie Universität Berlin Magnetic domain structures in lithographically 

prepared trilayered microstructures

Kuch Wolfgang Freie Universität Berlin Electronic and magnetic properties of spin 

crossover molecules adsorbed on metallic 

surfaces

Kuch Wolfgang Freie Universität Berlin X-ray absorption spectroscopic and spectro-

microscopic investigation of adsorbed switchable 

molecules

Kuch Wolfgang Freie Universität Berlin Zeit- und lagenaufgelöste 

Magnetisierungsdynamik in magnetischen 

Mehrschichtsystemen

Kudlinzki Denis Institut für Mikrobiologie und 

Genetik  GZMB

Structural determination of the human 

spliceosomal DExD/H-Proteins hPRP22 and 

hPRP2

Kuemmel Daniel Max-Delbrück-Centrum für 

Molekulare Medizin

Proteins involved in vesicle transport & tethering
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Kühbacher Markus Hahn-Meitner-Institut Berlin 

GmbH

Chemical imaging of mammalian spermatozoa 

from different parts of the epididymis with 

compound refractive lenses and hard X-rays

Kühbacher Markus Hahn-Meitner-Institut Berlin 

GmbH

Spatial resolved elemental analysis of mutant 

mice brains serving as models for Parkinsons 

disease type of neurodegeneration

Kuhlenbeck Helmut Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Electronic properties of thin film ceria, nano-

ceria, and metal particles deposited on ceria

Kuhlenbeck Helmut Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Investigation of an aluminum silicate model 

catalyst

Kumpugdee Vollrath Mont Technische Fachhochschule 

Berlin

Study of the structure of shed snake skins which 

are used as model membranes for medical 

applications

Lablanquie Pascal Université Pierre et Marie Curie Highly correlated excitation or multi-

photoionisation processes studied by electron 

spectrometry with a magnetic bottle electron 

spectrometer 

Lakomek Kristina Institut für Mikrobiologie und 

Genetik  GZMB

ExoIII homologue from the archaeon 

Methanosarcina mazei

Lakomek Kristina Institut für Mikrobiologie und 

Genetik  GZMB

The tRNA modifying enzyme ThiI from 

Thermotoga maritima in complex with a RNA 

minimal substrate

Lakomek Kristina Institut für Mikrobiologie und 

Genetik  GZMB

Novel Uracil-specific DNA repair enzyme MTH212 

from Methanothermobacter thermoautotrophicus 

in complex with a DNA substrate

Lau Tobias Technische Universität Berlin Transition Metal Clusters at the Molecular Limit

Lau Tobias Technische Universität Berlin Quantum size effects in doped silicon clusters 

Lau Tobias Technische Universität Berlin Electronic Structure and Bonding of Pure and 

Metal-Doped Gas Phase Metal Clusters

Lau Tobias Technische Universität Berlin Change of Valence d-Electron Occupation 

Numbers in Small Gasphase Copper, Silver, and 

Gold Clusters

Lauermann Iver Hahn-Meitner-Institut Berlin 

GmbH

In-situ monitoring of chemical reactions at 

interfaces between liquids and chalcopyrite 

surfaces by x-ray emission spectroscopy

Le Messurier Daniel University of Wales 

Aberystwyth

In-situ ASAXS study of the formation of alumina-

zirconia-silicate nanoceramics.

Lee Jongseok Seoul National University Diagnostics of the coherent synchrotron 

radiation with an electro-optic sampling 

technique and its application to the time-

resolved spectroscopy

Lee Jongseok Seoul National University Unusual Electrodynamics of the Metallic 

Perovskite Ruthenates Possibly Related to the 

Quantum Critical Fluctuations

Lee Jongseok Seoul National University Applications of local heating and temperature 

sensing with a VO2/Al2O3 film on the liquid 

crystal and some biological cells

Leiros Hanna-Kirsti S. University of Tromsø  

Norwegian Structural Biology 

Centre

Epithiospecifier protein (ESP) from Arabidopsis 

thaliana and MutT from Vibrio salmonicida. Part 

of a Grouped beam time application form The 

Norwegian Structural Biology Centre (NorStruct), 

University of Tromsø, Norway.
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Leiros Hanna-Kirsti S. University of Tromsø  

Norwegian Structural Biology 

Centre

Copper homeostasis and enzymes of 

commercial interests, will bee explored in 

structure-function studies, as part of a Grouped 

beam time application form The Norwegian 

Structural Biology Centre (NorStruct), University 

of Tromsø, Norway. 

Leisner Thomas Universität Heidelberg X-ray Absorption Spectroscopy of Trapped 

Semiconductor Nanoparticles 

Leitenberger Wolfram Universität Potsdam Realization of sub-micrometer apertures for high 

resolution X-ray experiments

Lengefeld Jan Universität Potsdam Database, extended ultra-violet circular 

dichroism spectroscopy on proteins

Lewera Adam University of Illinois at Urbana-

Champaign

Studies of Novel Catalysts for a New Generation 

Fuel Cells by Synchrotron High-Resolution XPS

Lewerenz Hans Hahn-Meitner-Institut Berlin 

GmbH

Initial Phases of Metal Electrodeposition on H-

terminated and Step-Bunched Silicon Surfaces 

Investigated by SRPES

Lin Peng Ru Linköping University Synchrotron study of fatigue damage 

mechanisms for dual-phase materials subjected 

to ultra-high cycle fatigue

Loan Mitch University of Limerick In situ time-resolved diffraction studies of the 

factors controlling silica mineral dissolution in 

caustic liquors at 250oC and 50 bar pressure

Locht Robert Université de Liège Photoionization mass spectrometry and 

fluorescence spectroscopy of fluoro- and 

bromoethylenes.

Manke Ingo Technische Universität Berlin Synchrotron-Radiography at Bragg-edges

Martin Tobias Universität Regensburg Time- and layer-resolved study of magnetization 

dynamics in exchange-coupled ferromagnetic 

layers at high excitation amplitudes.

Martinez Molina Daniel Karolinska Institutet Structural investigations into integral membrane 

proteins

Martins Michael Universität Hamburg Magnetic properties of small, size-selected, 

deposited transition metal clusters

Matsushima Uzuki Iwate University Development of a combination method of 

synchrotron X-ray tomography and cold neutron 

tomography to observe structure and water flow 

in plant stems

Maul Jochen Johannes-Gutenberg-

Universität Mainz

Transmission X-Ray absorption 

spectromicroscopy of hemocyanin in a wet cell 

Mayer Thomas Technische Universität 

Darmstadt

Elementary Processes in Contact Formation at 

Semiconductor/Electrolyte Interfaces.

Mayer Thomas Technische Universität 

Darmstadt

Electronic structure of organic/inorganic 

composites for photovoltaic application

Mayer Thomas Technische Universität 

Darmstadt

Electronic structure of organic/inorganic 

semiconductor semiconductor interfaces

Menzel Andreas Paul Scherrer Institut Soft-X-Ray Photon Correlation Spectroscopy of 

Critical Fluctuations

Merkle Rotraut Max-Planck-Institut für 

Festkörperforschung

In-situ XPS/XAS study of adsorbed oxygen 

species on (La,Sr)(Fe,Co,Ti)O3-d perovskites 

Meyer Michael Centre Universitaire Paris-Sud Correlation Effects in the Photoionization of 

Laser-excited Atoms

Meyer Michael Centre Universitaire Paris-Sud Pump-probe studies on the photodissociation 

dynamics of core-excited molecules 

Michette Alan King\'s College London Broadband multilayer polarisers and phase 

shifters for soft x-rays.
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Miele Adriana University of Rome La 

Sapienza

Structural biology for biotechnology: Crystal 

structures of biotechnologically relevant enzymes 

from plants, human and pathogenic bacteria, 

protozoan and platyhelminths.

Miglierini Marcel Slovak University of Technology Phase Transformations of Rapidly Quenched Fe-

B-Based Alloys Subjected to Heat Treatment

Mijovilovich Ana Universtität Utrecht Sulfur speciation of heavy oil fractions by X-ray 

absorption spectroscopy

Mikhlin Yury Russian Academy of Sciences SR-XPS and XANES examination of the Au-S 

nanostructures produced via the interaction of 

aqueous gold complexes with sulphide ions

Mikoushkin Valery Ioffe Physico-Technical 

Institute

N2 ¿nanobubbles in GaAs 

Mitzner Rolf Westfälische Wilhelms-

Universität 

Time and element-resolved study of photo-

induced intervalence charge transfer dynamics in 

mixed valence compounds 

Moche Martin Karolinska Institutet/Structural 

Genomics Consortium

Structural Genomics on Human Proteins

Modi Mohammed Synchrotron Soleil thermal stability and interface reactions in 

NbC/Si multilayers

Möhlmann Sina Institut für Mikrobiologie und 

Genetik  GZMB

Crystallographic studies on the human 

spliceosomal DEAD-box protein hPrp28 (U5-

100k)

Molodtsov Serguei Technische Universität 

Dresden

Hybridization of 4f and valence-band states in 

rare-earth systems

Molodtsov Serguei Technische Universität 

Dresden

Spectroscopic studies of chemical interactions 

and magnetic phenomena in metallized 

biological nanostructures

Molodtsov Serguei Technische Universität 

Dresden

Electronic structure of DNA-based metallic wires 

and networks 

Monecke Thomas Institut für Mikrobiologie und 

Genetik  GZMB

Determination of the crystal structure of the 

active m7G-cap specific dimethyltransferase 

Tgs1 in complex with its substrates m7GTP, S-

adenosyl-L-methionine and the substrate 

analogue sinefungin

Mueller Markus Ludwig-Maximilians-Universität 

München

Damage recognition in formamidopyrimidine-DNA 

glycosylase from Lactococcus lactis

Mueller Thomas Universitat Würzburg - 

Biozentrum

Structure of the ternary complex of GDF-5 bound 

to its receptors BRIB and ActRIIB

Mueller Thomas Universitat Würzburg - 

Biozentrum

Structure of the BMP modulator protein 

Crossveinless-2 in complex with BMP-2

Mukherji Debashis Technische Universität 

Braunschweig

Formation of carbides in Co-Re-based alloys and 

their stability at high temperatures

Müller Beate Humboldt-Universität zu Berlin Energy dependence of one-dimensional 

electronic structure effects of single and double-

layer cuprates Bi(Pb)-2201 and Bi(Pb)-2212

Müller Jürgen Max-Delbrück-Centrum für 

Molekulare Medizin

PX-CRG: Structural determinants of protein 

folding and stability

Müller Leonard RWTH Aachen Search for critical slowing down in shape 

memory alloys by coherent x-rays

Müller Sebastian Brandenburgische Technische 

Universität Cottbus

Adsorption of ultrathin Chromium and Cobalt 

layers on Titanium Dioxide

Muller Yves Universität Erlangen-Nürnberg Crystal structure of corticosteroid-binding 

globulin (CBG)

Muller Yves Universität Erlangen-Nürnberg Allosteric mechanism of Tet-Repressor action
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Nazerzadeh-Yazdi Arvin University of British Columbia Resonant Coherent X-Ray Imaging of Red Blood 

Cells

Neeb Matthias BESSY GmbH Electronic structure, reactivity and geometry of 

deposited coinage metal clusters

Neeb Matthias BESSY GmbH Extended X-ray absorption fine structure of 

supported mass-selected metal clusters

Neeb Matthias BESSY GmbH Photoemission spectroscopy on deposited 

endohedral fullerene clusters

Nefedov Alexei Ruhr-Universität Bochum Controlled Growth of Metal-Organic Frameworks 

on Functionalized Surfaces

Nefedov Alexei Ruhr-Universität Bochum Time resolved XRMS studies from patterned 

magnetic films 

Nefedov Alexei Ruhr-Universität Bochum Application of soft x-ray resonant scattering to 

study charge-density waves in Cr/V multilayers

Nefedov Alexei Ruhr-Universität Bochum Controlled Growth of Metal-Organic Frameworks 

on Functionalized Surfaces

Neumann Christian Museum für Naturkunde zu 

Berlin

3D visualisation of fossil insects embedded in 

historical amber collections affected by ¿amber 

aging¿

Neumann Christian Museum für Naturkunde zu 

Berlin

Fossil and Recent echinoderm skeletal tissue 

responses to parasite infestation: Clues for 

understanding the evolution of parasite-host 

systems

Niedner-Schatteburg Gereon Technische Universität 

Kaiserslautern

The spin and orbit contribution to the magnetic 

moments of isolated clusters (GAMBIT)

Niemann Hartmut Universität Bielefeld InlB / Met complex

Niemeyer Barbara Staatliche Museen zu Berlin The application of gildings in antiquity. Are low 

mercury contents in gilding layers on antique 

silver objects really a definite indication for fire-

gilding?

Nitschke-Pagel Thomas Technische Universität 

Braunschweig

Determination of residual stress depth fields in 

welded joints after different mechanical surface 

treatments

Novikova Natalia Russian Academy of Sciences Arrangement of trace metal contaminations in 

thin protein films studied by X-ray standing wave 

technique

Oberkofler Martin Max-Planck-Institut für 

Plasmaphysik

NEXAFS and photoemission study of amorphous 

carbon films relevant to nuclear fusion 

applications

Ogata Hideaki Max-Planck-Institut für 

Bioanorganische Chemie

X-ray crystallographic study of hydrogenase and 

sulfate reductases

Ohta Taisuke Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Electronic properties of single and multilayer 

graphene

Ohta Taisuke Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Ultrahigh resolution angle resolved 

photoemission spectroscopy study of graphite

Ortega Enrique NanoPhysics Lab San 

Sebastian

Testing molecular levels with distinct 

supramolecular environements in self-

assembled monolayers

Ortega Enrique NanoPhysics Lab San 

Sebastian

One-dimensional, supramolecular assemblies on 

vicinal surfaces

Ortolani Michele University of Rome La 

Sapienza

Time-resolved, broadband infrared spectroscopy 

of high-Tc superconductors

Ortolani Michele University of Rome La 

Sapienza

Far-Infrared and sub-Terahertz determination of 

the energy gap of the novel superconductors 

CaAlSi and B:diamond

Ortolani Michele University of Rome La 

Sapienza

Infrared mapping of the accumulation layer in 

perovskite-based field-effect transistors.

537



Project Leader Institute Project Title

Ortolani Michele University of Rome La 

Sapienza

Optically-active Terahertz modes in double-

stranded DNA

Ossipyan Yurii Russian Academy of Sciences Intermolecular energy-band dispersion in  

organic CoPc multilayer

Ossipyan Yurii Russian Academy of Sciences Mechanism of interface formation between 

magnetic metals and CuPc substrate

Paloura Eleni Aristotle University of 

Thessaloniki

Study of Fe- and Zn-rich vitrified industrial wastes 

by micro-XRF and micro-XAFS   

Paloura Eleni Aristotle University of 

Thessaloniki

X-ray absorption studies on In implanted GaN

Panzner Tobias Universität Siegen Energy dispersive X-ray-Photon-Correlation-

Spectroscopy using a energy dispersive CCD-

Devise

Panzner Tobias Universität Siegen Korrelationsspektroskopie mit weißer 

Synchrotronstrahlung

Paris Oskar Max-Planck-Institut für Kolloid- 

und Grenzflächenforschung

Position-resolved and in-situ structural 

investigations of biological and bio-inspired 

materials

Paris Oskar Max-Planck-Institut für Kolloid- 

und Grenzflächenforschung

Scanning SAXS/WAXS/XRF of biological tissues

Paul Markus Universität Würzburg Hard X-ray photoemission on Magnetite (Fe3O4)

Peisert Heiko Eberhard Karls Universität 

Tübingen

Growth of the organic molecule diindenoperylene 

on single crystalline and polycrystalline titanium 

dioxide: Interface properties and electronic 

structure 

Peisert Heiko Eberhard Karls Universität 

Tübingen

Electronic structure of columnar discotic 

phthalocyanines and their interfaces (CRG 

proposal)

Penent Francis Université Pierre et Marie Curie Observation and lifetime determination of helium 

parity forbidden doubly excited states excited in 

electric field.

Pettenkofer Christian Hahn-Meitner-Institut Berlin 

GmbH

PES studies of the doping of ZnO by nitrogen

Pettenkofer Christian Hahn-Meitner-Institut Berlin 

GmbH

Angular resolved photoemission on epitaxial ZnO 

surfaces

Pettenkofer Christian Hahn-Meitner-Institut Berlin 

GmbH

Electronic structure of chalcopyrite surfaces

Pettenkofer Christian Hahn-Meitner-Institut Berlin 

GmbH

Valence band dicontinuities and electronic 

structure of epitaxial CuInSe2 (CIGSE).

Pettenkofer Christian Hahn-Meitner-Institut Berlin 

GmbH

XPEEM investigations of polycristalline thin film 

solar cell absorbers

Piancastelli Maria Novella Uppsala University Circular Dichroism in Adsorbates

Pichler Thomas Universität Wien Doping dependence of basic correlation effects 

in graphite

Pichler Thomas Universität Wien Electronic structure of bundled versus aligned 

and individualized functionalized single wall 

carbon nanotubes

Pinto Haroldo Max-Planck-Institut für 

Eisenforschung GmbH

Internal Stress Evolution during Oxide Layer 

Growth on Iron Poly and Single Crystals

Pinto Haroldo Max-Planck-Institut für 

Eisenforschung GmbH

Resdiual stresses in oxide layers grown on Fe-

single crystals and Fe-polycrystals

Podlesnyak Andrei Hahn-Meitner-Institut Berlin 

GmbH

Orbital ordering in the layered Co-based 

perovskite TbBaCo2O5.5

Pontius Niko BESSY GmbH Real-time probing of the photoinduced electron 

charge transfer in photoconductive C60-doped 

H2-Phthalocyanine

Przybylski Marek Max-Planck-Institut für 

Mikrostrukturphysik

Correlation between lattice distortion, alloy 

composition and magnetic moments in Fe(x)Co(1-

x) alloy films
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Puettner Ralph Freie Universität Berlin Comparative study of mechanism of H2S 

detection by low-temperature electrochemical 

sensors with chalcogenide working electrodes

Rademann Klaus Humboldt-Universität zu Berlin Optically active sub-nanometer-sized gold and 

silver clusters in silicate glasses: XANES studies 

of noble metal cluster formation 

Rademann Klaus Humboldt-Universität zu Berlin Formation of optically active nanoparticles in 

gold and silver doped silicate glasses: ASAXS 

studies of synchrotron activated growth  

Rademann Klaus Humboldt-Universität zu Berlin Optically active sub-nanometer-sized gold and 

silver clusters in silicate glasses: In-situ SAXS 

studies of the initial stages of synchrotron 

activated cluster formation 

Rader Oliver BESSY GmbH Study of the magnetic phase transitions in (a) 

FeRh/MgO(100) and (b) Fe/Cu(100)

Rader Oliver BESSY GmbH Implications from spin-orbit coupling for the Gd-

W interface

Rader Oliver BESSY GmbH Spin-orbit interactions at a buried interface: 

Quantum-well states in Au/W(110)

Rader Oliver BESSY GmbH Spin-resolved Mn3d density of states in dilute 

GaMnAs

Rader Oliver BESSY GmbH Is bcc Mn ferromagnetic? 

Rader Oliver BESSY GmbH Can spin-orbit split states be created at a metal-

metal interface? - A comparison of Mg/W(110) 

and Mg/Mo(110)

Rader Oliver BESSY GmbH Electron-phonon interactions in graphene and 

alkali-doped fullerenes

Radnik Joerg Leibniz-Institut für Katalyse 

e.V.  an der Universität 

Rostock

In situ investigations on the particle growth of Pd-

based catalysts for the gas phase acetoxylation 

of toluene

Radtke Martin Bundesanstalt f. 

Materialforschung und -prüfung

Materials research based on Sy-XRF

Radu Florin BESSY GmbH Reversal behavior of  bulk AF spins and rotatable 

AF spins at the  interface of  exchange biased 

bilayers.

Radu Florin BESSY GmbH Temperature dependence of  ferromagnetic and 

antiferromagnetic domains  in  CoO/NiFe 

exchange biased bilayers

Radu Florin BESSY GmbH Investigation  of doped magnetic interfaces of 

F/AF exchange bias bilayers

Reiche Ina Centre de Recherche et de 

Restauration des Musées de 

France- UMR 171

Mirco-XRF measurements of silverpoint drawings 

from the collection of the Erlangen University 

library

Reinert Friedrich Universität Würzburg High-resolution spectroscopy of organic 

molecules and metal-organic interfaces

Reinert Friedrich Universität Würzburg X-ray absorption and emission spectroscopy of 

liquids

Rennhofer Harald Universität Wien In-situ micro-diffraction experiments on single 

carbon fibres during loading at high tempertures

Respaud Marc Institut National des Sciences 

Appliquées

Interaction between magnetic nanoparticles and 

polymers and their effect on nanoparticle 

magnetism

Reznikova Elena Forschungszentrum Karlsruhe Investigation of X-ray micro and nano 

tomography of inhomogeneous objects with use 

of X-ray refractive and phase contrast optics
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Riesemeier Heinrich Bundesanstalt f. 

Materialforschung und -prüfung

Materials research based on Sy-µCT, Sy-

Refraction-Topography, Sy-XRF

Riley John La Trobe University Linear magnetic dichroism studies of surface 

and bulk magnetization in fcc Co and CoNi 

alloys.

Rosenhahn Axel Universität Heidelberg Correlation of intracellular organization with 

intrinsic, wavelength depending contrast in 

digital in-line x-ray holography 

Roshchupkin Dmitry Russian Academy of Sciences Investigation of Acoustic and Piezoelectric 

Properties of Langasite Family Crystals

Roske Yvette Max-Delbrück-Centrum für 

Molekulare Medizin

Human proteins of medical and pharmacological 

relevance

Roske Yvette Max-Delbrück-Centrum für 

Molekulare Medizin

PX-CRG: Human proteins of medical and 

pharmacological relevance

Rossnagel Kai University of Kiel Spatial dependence of the metal-insulator 

transition on nanostructured TaS2 surfaces

Rossner Hermann Hahn-Meitner-Institut Berlin 

GmbH

XMLD and EXAFS in ultrathin films of Cr on 

Ag(100)

Rossner Hermann Hahn-Meitner-Institut Berlin 

GmbH

Investigation of EXAFS and MEXAFS at L-edges 

of Ni

Rossocha Maksim Freie Universität Berlin Crystall Structure of Sap C in open conformation.

Rotte Carmen Institut für Mikrobiologie und 

Genetik  GZMB

Complex structure determination of Rli1p and 

Hcr1p, two proteins involved in protein 

translation initiation and rRNA processing

Rubensson Jan-Erik BESSY GmbH Investigation of soft X-ray induced N2 formation 

in nitrogen compounds.

Rubensson Jan-Erik BESSY GmbH Resonant Inelastic Photon Scattering at Double 

Excitations of Helium in External Fields.

Rubensson Jan-Erik BESSY GmbH Resonant Inelastic Soft X-ray Scattering at the 

Ge 3p Edges Applied to New Materials and 

Nanostructures

Rühl Eckart Freie Universität Berlin Electronic Structure and Fragmentation of ClO 

and its Dimer (ClOOCl)

Rühl Eckart Freie Universität Berlin Investigation of the X-Ray Magnetic Circular 

Dichroism of ZnSe Semiconductor Nanocrystals 

Doped with Isolated and Coupled Mn2+-Ions

Rühl Eckart Freie Universität Berlin Multicoincidence Experiments on Core-Excited 

Covalent Clusters

Rühl Eckart Freie Universität Berlin Structural and Electronic Properties of Free 

Biological Molecules and Biological Molecules 

Bound on Isolated Nanoparticles

Rühl Eckart Freie Universität Berlin Multiple Fragmentation of Covalent Clusters 

using the COLTRIMS Reaction Microscope

Rühl Eckart Freie Universität Berlin Soft X-Ray Spectroscopy of Metastable Solution 

Droplets

Sánchez-Barriga Jaime BESSY GmbH Spin-orbit coupling near the Fermi level in 

Ni/Cu(100) probed with spin and orbitally 

resolved photoemission spectroscopy

Schaefers Franz BESSY GmbH Commissioning of the transmissive position 

sensitive photodiode

Schaefers Franz BESSY GmbH Multilayer-based soft X-ray Polarimetry at the Fe 

2p edge

Schäfer Joerg Universität Würzburg Electron-Magnon Coupling Effects in 

Ferromagnetic Metals
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Scheerer Patrick Humboldt-Universität zu Berlin, 

Charité

PX-CRG: Structural Basis for the catalytic activity 

and enzyme polymerization of phospholipid 

hydroperoxide glutathione peroxidase.

Schell Stephanie Institut für Mikrobiologie und 

Genetik  GZMB

The poly-A-specific ribonuclease PARN 

Schierle Enrico Hahn-Meitner-Institut Berlin 

GmbH

Magnetization profiles of antiferromagnetic and 

ferrimagnetic thin semiconducting films.

Schmeißer Dieter Brandenburgische Technische 

Universität Cottbus

Initial processes in ALD growth of high-K 

dielectrics (HfO2) on Si(001)

Schmidt Martin Max-Planck-Institut für Kolloid- 

und Grenzflächenforschung

Intracellular Structures

Schmidt Thomas Fritz-Haber-Institut der Max-

Planck-Gesellschaft

High resolution electron spectroscopy with the 

aberration corrected SMART-spectro-microscope

Schmidt-Weber Philipp SULFURCELL Solartechnik 

GmbH

Understanding molecular switches

Schmitz Detlef Hahn-Meitner-Institut Berlin 

GmbH

Temperature dependence of the exchange bias 

and the anisotropic orbital-to-spin-moment ratio 

of uncompensated Fe moments in fcc 

Co/FeMn/Cu(001)

Schmitz Detlef Hahn-Meitner-Institut Berlin 

GmbH

Exchange bias and uncompensated spins of 

Co/FeMn bilayers: a comparison of epitaxially 

grown with sputtered samples

Schmitzova Jana Institut für Mikrobiologie und 

Genetik  GZMB

Crystallographic studies on yeast DExD/H-box 

proteins yPrp28p, yPrp22p, yPrp2p, their 

deletion mutants and interaction proteins

Schnegg Alexander Hahn-Meitner-Institut Berlin 

GmbH

THz zero-field splittings of single molecular 

magnets: A frequency domain magnetic 

resonance study

Schneider Claus Forschungszentrum Jülich 

GmbH

Magnetodynamic Response of Heusler Thin 

Films

Schneider Claus Forschungszentrum Jülich 

GmbH

Interfacial magnetism in Fe/MgO-based thin film 

structures probed by x-ray standing waves and 

spin-polarized photoemission

Schneider Claus Forschungszentrum Jülich 

GmbH

Picosecond Magnetization Dynamics in Interlayer 

Exchange-Coupled Trilayer Elements

Schneider Claus Forschungszentrum Jülich 

GmbH

Magnetic Coupling in MgO-Based Tunneling 

Trilayers with Heusler Electrodes

Schneider Claus Forschungszentrum Jülich 

GmbH

X-ray magnetooptical pump-probe studies of 

ultrafast magnetization dynamics

Schnörch Peter Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Propylene and propane oxidation to acrylic acid 

on Mo based model catalysts: Part II.

Schreiner Manfred Academy of Fine Arts  Non-destructive XRF Analysis of Silver Coins of 

the so-called ¿Hoard of Becin¿

Schroeder Sven University of Manchester Molecular Structure of the Crystallization 

Nucleation State in Aqueous Solution from Soft 

X-ray Absorption Spectroscopy (NEXAFS)

Schröter Helge Technische Universität 

Braunschweig

Optical properties of rare-earth hydrides grown 

by laser ablation and MBE

Schuler Ben Universität Zürich Microfluidic mixing devices for rapid protein 

folding kinetics with SRCD

Schulz Eike Institut für Mikrobiologie und 

Genetik  GZMB

Structural and Functional Characterization of the 

Active Site of Endoneuramidase F

Schulz Georg Universität Freiburg Structure determination of Pex3, a human 

membrane protein involved in peroxisome 

biogenesis
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Schulz Georg Universität Freiburg Structure solution of Early B-Cell Factor (EBF), a 

transcription factor that contains a novel type of 

DNA-binding domain

Schulz Georg Universität Freiburg Structure solution of PorB, a channel forming 

membrane protein from Corynebacterium 

glutamicum

Schulz Georg Universität Freiburg Structure solution of TAM, a new tyrosine 

aminomutase from Chondromyces crocatus

Schulz Georg Universität Freiburg LanGT2

Schulz Georg Universität Freiburg Structure of the 2,3-Oxidogeranylgeranyl 

diphosphate Cyclase from Streptomyces species 

Tü6071

Schulz Georg Universität Freiburg Structure determination of an N-oxygenase from 

Streptomyces thioluteus -

Schulz Georg Universität Freiburg Structure determination of a complex consisting 

of PEX19 and the membrane protein PEX3, 

Schumacher Gerhard Hahn-Meitner-Institut Berlin 

GmbH

In-situ measurements of density changes during 

structural relaxation of amorphous Al-based alloy

Schüßler-Langeheine Christian Universität zu Köln Resonant diffraction from SDW/CDW in Ti-doped 

Sr2RuO4

Schüßler-Langeheine Christian Universität zu Köln Stripe order in layered cobaltates / Time scales 

in K-edge resonant diffraction

Schüßler-Langeheine Christian Universität zu Köln Charge and orbital order in Fe3O4 films

Schüßler-Langeheine Christian Universität zu Köln Resonant x-ray scattering study on the orbital 

order of Ca2RuO4

Schüßler-Langeheine Christian Universität zu Köln Ni-K-edge resonant diffraction from stripes in 

La2-xSrxNiO4

Schwarzacher Walther University of Bristol GISAXS of electrodeposited Pb island films

Schwarzkopf Olaf BESSY GmbH TGM4 Beamline Commissioning

Schwell Martin Université Paris 12 VUV absorption spectroscopy of planetary 

molecules at low temperatures

Schwell Martin Université Paris 12 VUV Photoion Mass Spectrometry of biogenic 

volatile organic compounds 

Schwentner Nikolaus Freie Universität Berlin Vac UV spectroscopy of Xe..C2F6 complexes and 

ClF

Schwentner Nikolaus Freie Universität Berlin Spectroscopy and photochemical reactions of 

halogens and rare gases

Seifert Winfried IHP-Microelectronics Combined analysis of electrical activity and 

metal contamination of defects in solar cells

Sessoli Roberta Laboratory of Molecular 

Magnetism

XMCD investigation of Iron based Single 

Molecule Magnets on surfaces

Seyller Thomas Universität Erlangen-Nürnberg Graphene on SiC - doping and intercalation

Seyller Thomas Universität Erlangen-Nürnberg Metal overlayers on SiC

Shabelnikov Leonid Russian Academy of Sciences Investigation of radiation stability and structural 

changes in supercapacitors based on bulk 

superionic materials

Sheldrick George Max-Planck-Institut für 

Biophysikalische Chemie

BioXhit test crystal project

Sheldrick George Max-Planck-Institut für 

Biophysikalische Chemie

Structural information of oligonucleotide (DNA) 

complexes with antibiotics

Sheldrick George Max-Planck-Institut für 

Biophysikalische Chemie

Protein-tag design

Shen Kyle University of British Columbia Resonant Coherent X-Ray Spectroholographic 

Imaging of Colossal Magnetoresistive 

Manganites

Shikin Alexander St. Petersburg State University Study of substrate-induced spin-orbit splitting 

effects for Au and Ag films on W(110) and 

Mo(110)
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Shikin Alexander St. Petersburg State University Lateral superlattice and quantum-size effects in 

pentacene-derived regular stripes formed on 

Cu(110) and Ni(110).

Silaghi Simona ISAS - Institutsteil Berlin Vacuum Ultra-Violet Spectroscopic Ellipsometry 

of Spiro-linked Organic Derivatives

Siller Lidija The University of Newcastle X-ray emission from nanodiamonds (ND)

Sivkov Victor Syktyvkar state university Oscillator strength for electron transitions 

Slowik Daria Freie Universität Berlin PX-CRG: Structure and role of extrinsic subunits 

of PSII from higher plants and cyanobacteria

Sluchinskaya Irina Moscow State University EXAFS studies of local atomic potential for Ge 

off-center atoms on PbTe and SnTe.

Smrcok Lubomir Slovak Academy of Sciences Basic crystallographic data for cryolite (Na3AlF6) 

within 900-1200K

Sokell Emma UCD School of Physics Off resonant triple differential cross section 

measurements for double photoionization of 

Strontium

Soldatov Alexander Rostov State University Local 3D and electronic structure of Mn doped 

ZnO nanoneedles: active materials for 

nanospintronics

Soldatov Alexander Rostov State University Local 3D and electronic structure of AlN 

nanotubes and nanoparticles 

Soriano Leonardo Universidad Autonoma de 

Madrid

Electronic structure of organic molecules for 

solar cells applications

Staab Torsten Rheinische Friedrich-Wilhelms-

Universität Bonn

The Role of Magnesium in the Formation of Nano-

Clusters in Aluminum-MgSi 

Staab Torsten Rheinische Friedrich-Wilhelms-

Universität Bonn

The Influence of small Additions of Copper to 

Precipitation Hardened Aluminum-alloys 6xxx 

(AlMgSi) 

Stadie Ronny Technische Universität Berlin Eigenschaftsoptimierung von Porenbeton durch 

Kurzfaserverstärkung

Stamm Christian BESSY GmbH Commissioning of a parallel detection setup for 

femtoslicing

Stamm Christian BESSY GmbH Femtosecond x-ray spectroscopy of thin 

ferromagnetic films

Stankevich Vladimir Kurchatov Synchrotron 

Radiation Source

Investigation of self-assembling of polar C60F18 

molecules during layer-by-layer growth on the 

metallic and graphite surfaces

Stege Heike Doerner Institut Studies into the alteration and colour change of 

the mineral pigment vivianite in 17th century 

Netherlandish paintings by SR-µXANES 

Stemmler Torsten Humboldt-Universität zu Berlin Angle resolved Photoemission on V2O5(010) 

Stiel Holger Max-Born-Institut für 

Nichtlineare Optik und 

Kurzzeitspektroskopie

Test und Anwendung eines auf neuartigen HOPG-

Kristallen basierenden wellenlängendispersiven 

Röntgenspektrometers für die chemische 

Speziation von Übergangsmetallverbindungen

Sträter Norbert Universität Leipzig Dimer structure and regulation of yeast 

hexokinase

Sträter Norbert Universität Leipzig Stereospecificity of the 2-oxoglutarate 

dependent dioxygenase RdpA

Sträter Norbert Universität Leipzig Structure and function of arylmalonate 

decarboxylase

Sträter Norbert Universität Leipzig Structure and function of ENTPDase 2

Sträter Norbert Universität Leipzig Structure and function of phosphodiesterase 4A 

involved in inflammatory diseases
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Strempfer Joerg Deutsches Elektronen-

Synchrotron DESY

Investigation of orbital order as function of ionic 

radius in RMnO3

Strempfer Joerg Deutsches Elektronen-

Synchrotron DESY

Resonant x-ray diffraction at the Ru L-edges of  

Ca3Ru2O7

Stubbs Milton Martin-Luther-Universität Halle-

Wittenberg

X-ray crystallographic studies of DnaK binding to 

fatty acyl inhibitors with antibacterial activity

Stubbs Milton Martin-Luther-Universität Halle-

Wittenberg

Structural studies on O-Methyl-Transferase 

(OMT) of Synechocystis sp.

Stubbs Milton Martin-Luther-Universität Halle-

Wittenberg

Structural studies on the calmodulin-regulated 

human peptidyl-prolyl-cis/trans isomerase 

FKBP38

Suga Shigemasa Osaka university Separation of Bulk, Subsurface and Surface 

electronic structures in Strongly Correlated 

Materials by means of Hard X-ray Photoemission 

Suga Shigemasa Osaka university Magnetic properties and nanostructures in bcc 

Co thin films and islands on Au(001) and 

micromagnetic properties of NdFeB systems in 

the grain boundary region 

Svensson Svante Uppsala University High Kinetic Energy Core Photoelectron Studies 

of multilayers, nanostructured materials and 

solar cell devices 

Svensson Svante Uppsala University Studies of multilayer films with HIKE

Teschner Detre Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Pd-C surface phase as an essential parameter of 

selectivity in alkyne hydrogenation 

Teschner Detre Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Intermetallic Compounds as Highly Selective 

Hydrogenation Catalysts:

Thaben Paul Florian Freie Universität Berlin PX-CRG: Structural Studies of an arginine ATP-

binding-cassette transporter of the thermophilic 

bacterium Geobacillus stearothermophilus

Tidten Naomi Philipps-Universität Marburg Mutational studies on substrate specificity in 

tRNA guanine transglycosylase binding pockets

Tjeng Liu Universität zu Köln Polarization dependent soft-x-ray absorption 

spectroscopy on Ce and Yb Heavy-Fermion 

systems: a new approach to determine the 

symmetry of the lowest crystal-field states.

Troyanov Sergey Humboldt-Universität zu Berlin Structural chemistry of endohedral fullerenes

Troyanov Sergey Humboldt-Universität zu Berlin Crystal Structure of Fullerene Derivatives

Unger Wolfgang Bundesanstalt f. 

Materialforschung und -prüfung

Determination of unsaturated CN species and 

amino groups at complex functional organic 

surfaces prepared by plasma techniques using a 

\"two step analysis\" NEXAFS approach

Unger Wolfgang Bundesanstalt f. 

Materialforschung und -prüfung

Development of analytical methods for 

¿¿smart¿¿ ultra-thin films with tailored surface 

properties

Unger Wolfgang Bundesanstalt f. 

Materialforschung und -prüfung

NEXAFS study of nitrogen-rich plasma- and VUV-

deposited polymer-like thin films for biomedical 

applications

Unterberger Werner Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Complex molecules, chirality and oxide surfaces: 

photoelectron diffraction determination of local 

adsorption geometries

Unterberger Werner Fritz-Haber-Institut der Max-

Planck-Gesellschaft

\'High pressure\' surface structure 

determination: a test of a new method
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Unterberger Werner Fritz-Haber-Institut der Max-

Planck-Gesellschaft

Photoelectron diffraction of adsorbed atoms, 

molecules and ultra-thin films

Vahedi-Faridi Ardeschir Freie Universität Berlin PX-CRG proposal: Structural studies of Amorpha-

4,11-diene synthase

Vahedi-Faridi Ardeschir Freie Universität Berlin PX-CRG: Structure and mechanism of human 

lysosomal SA-Proteins and lipid hydrolases

Vahedi-Faridi Ardeschir Freie Universität Berlin PX-CRG: Crystallographic studies of human major 

histocompatibility complexes

Vahedi-Faridi Ardeschir Freie Universität Berlin PX-CRG: Structural Studies of an arginine ATP-

binding-cassette transporter of the thermophilic 

bacterium Geobacillus stearothermophilus

Vakhrushev Sergey Ioffe Physico-Technical 

Institute

Crystalline and magnetic structure of mixed 

Tb_{1-x}Bi_xMnO_{3+\\delta} multiferroic 

material

Valla Tonica Brookhaven National 

Laboratory

Electronic Excitations in Cuprates with Static 

Spin/Charge Order

Varykhalov Andrei BESSY GmbH Electronic structure of catalytically active Au 

bilayers

Varykhalov Andrei BESSY GmbH Electronic structure of fullerenes on stepped Ni 

substrates

Vinogradov Alexander St. Petersburg State University X-ray absorption and photoemission 

characterization of electronic structure Ni(III) 

nitrogen-confused porphyrin as compared to 

Ni(II) porphyrins 

Vinogradov Alexander St. Petersburg State University Comparative x-ray absorption and resonant 

photoemission study of NiP, H_{2}P, and NiPz.

Vyvenko Oleg St. Petersburg State University Capacitance Transient and Diode Photocurrent X-

ray Absorption Spectroscopy of the layered 

semiconductor structures

Walczak Monika Institute of Physics Investigation of local neighborhood around iron 

atom of malaria pigment\'s substitutes. 

Wallauer Robert Johann Wolfgang Goethe-

Universität Frankfurt

Double Photoemission from a High Temperature 

Superconductor

Wanner Alexander Universität Karlsruhe (TH) Residual stresses in novel metal matrix 

composites exhibiting a lamellar microstructure

Weinelt Martin Max-Born-Institut für 

Nichtlineare Optik und 

Kurzzeitspektroskopie

Rumpfniveauspektroskopie an photochromen 

Schaltermolekülen -

Weinelt Martin Max-Born-Institut für 

Nichtlineare Optik und 

Kurzzeitspektroskopie

Probing ultrafast magnetization dynamics in 

gadolinium with X-ray magnetic circular dichroism

Weis Tanja Universität Kassel Nachweis nicht kollinearer 

Magnetisierungszustände in 

Ni80Fe20/Au/Co/Au Multilagenschichtsystemen

Wende Heiko Universität Duisburg-Essen Magnetic coupling of Fe-porphyrin molecules to 

ferromagnetic films studied by temperature-

dependent XMCD investigations

Wende Heiko Universität Duisburg-Essen Magnetic and electronic properties of 

paramagnetic molecules on non-magnetic 

surfaces: a high field XMCD study

Wende Heiko Universität Duisburg-Essen Magnetism of ultrathin Fe_3Si films on 

GaAs(001): a thickness-dependent XMCD study 

of a Heusler-like system
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Wenmackers Sylvia Hasselt University Vacuum Ultra-Violet Spectroscopic Ellipsometry 

of DNA Layers Covalently Attached onto 

Synthetic Diamond Films for Biosensor 

Application

Weschke Eugen Hahn-Meitner-Institut Berlin 

GmbH

Magnetic ordering in multiferroic REMnO3 (RE= 

Tb, Dy) studied by soft x-ray resonant scattering

Weschke Eugen Hahn-Meitner-Institut Berlin 

GmbH

Magnetic correlations in HoNi2B2C bulk and thin 

films

Wiedwald Ulf Universität Ulm Non-interacting FePt Nanoparticles: Suppression 

of L10 order below a critical diameter?

Wiemhöfer Hans-Dieter Westfälische Wilhelms-

Universität Münster

Electronic properties of ceria-zirconia solid 

solutions

Wien Frank Synchrotron Soleil High Throughput Protein Refolding Screening by 

SRCD

Winkler Carsten Max-Planck-Institut für 

Mikrostrukturphysik

Two-Electron Photoemission (gamma,2e) from 

Solids

Winter Bernd Max-Born-Institut für 

Nichtlineare Optik und 

Kurzzeitspektroskopie

Photoelectron Spectroscopy at Liquid Aqueous 

Surfaces

Winter Bernd Max-Born-Institut für 

Nichtlineare Optik und 

Kurzzeitspektroskopie

X-ray Absorption Spectroscopy of Aqueous 

Solutions

Winter Jörg Ruhr-Universität Bochum NEXAFS spectroscopy on plasma polymerized 

nanoparticles

Winter Rudolf University of Wales 

Aberystwyth

Nb-K edge ASAXS study of the recrystallisation 

of NaNbO3 by ion exchange through a silicate 

glass matrix

Witte Gregor Ruhr-Universität Bochum Metallization of organic films by selective metal-

complexation

Wohlwend Daniel Institut für Mikrobiologie und 

Genetik  GZMB

Structure determination of importin beta in 

complex with importin 7 and linker histone H1 

and in complex with snurportin 1. Separate 

structure determinations of importin 7 and 

importin beta in complex with ribosomal protein 

rpL23a.

Wollert Thomas Gesellschaft für 

Biotechnologische Forschung 

Structure-based re-engineering of Internalin - the 

intestinal invasin of Listeria monocytogenes

Yang Minghong ISAS - Institutsteil Berlin Synchrotron ellipsometer characterisations of 

new materials, thin films and components for 

applications in the VUV-XUV-EUV spectral region

Zabel Hartmut Ruhr-Universität Bochum Element-specific analysis of thermal collapse of 

the spin polarization in half-metallic 

ferromagnets

Zabler Simon Max-Planck-Institut für Kolloid- 

und Grenzflächenforschung

Tomographic in-situ flow study of thixotropic melt 

of Al-based alloys

Zaslansky Paul Max-Planck-Institut für Kolloid- 

und Grenzflächenforschung

6 month follow-up comparison of gap formation 

at human tooth- composite restoration interfaces 

using Phase contrast-enhanced tomography

Zaslansky Paul Max-Planck-Institut für Kolloid- 

und Grenzflächenforschung

Phase contrast-enhanced tomography of tooth 

dentin / dental restoration interface

Zehl Gerald Hahn-Meitner-Institut Berlin 

GmbH

Novel Electrocatalysts for Fuel Cell Application: 

Formation of Catalytically Active Phases 

monitored by In-Situ X-Ray Diffraction Analysis
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Zemlyanov Dmitry University of Limerick Effective control of palladium catalytic activity by 

surface structure and surface chemical 

composition: CH4, C2H4 and CO oxidation

Zemlyanov Dmitry University of Limerick Reactivity of different palladium oxide phases 

towards CH4, C2H4 and CO

Zharnikov Michael Universität Heidelberg Molekulare Gradienten auf der Mikro- und 

Nanometerskala

Zhou Kejin Université Pierre et Marie Curie Electronic and magnetic structure of Co-doped 

ZnO diluted magnetic semiconductors probed by 

soft x-ray spectrosopies

Ziegler Mathias Universität Freiburg Structure solution of TAM, a new tyrosine 

aminomutase from Chondromyces crocatus

Ziemer Burkhard Humboldt-Universität zu Berlin Determination of the absolute structure of 

mandelic acid derivatives.

Zimina Anna BESSY GmbH Investigation of the electronic structure of 

nanotubes and nanoribbons based on anatase 

phase of TiO2 by photon-in photon-out soft X-ray 

spectroscopy.

Zimina Anna BESSY GmbH Investigation of the Electronic Structure of 

Mo6SxI(9-x) Nanowires by Photon-in Photon-out 

Soft X-ray Spectroscopy.

Zimmermann Peter Technische Universität Berlin Photoionisation studies of aligned alkaline 

atoms excited by an intensive CW laser field: 

Pump-probe experiments in a strongly driven 

(coupled) two-level system

Zimmermann Peter Technische Universität Berlin 2p photoionisation experiments with 

laserpolarized Mn atoms

Zimmermann Ralf Universität Augsburg Photoionisations-Massenspektrometrie von 

sicherheitsrelevanten Substanzen
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