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Transitions -

BESSY has been in a major “phase transition” during the last 24 months. By merging with
the former Hahn-Meitner-Institut Berlin, we became the new “Helmholtz Zentrum Berlin fiir
Materialien und Energie”, which is a member of the Helmholtz Association, Germany’s
largest research alliance.

The new organization will be crucial for keeping the development of the Synchrotron
radiation source BESSY Il on track and for opening new opportunities for a next generation
user facility as we are now on the roadmap to build an Energy Recovery Linac Prototype
(BERLinPro).

Joining the synchrotron radiation source BESSY-II and the neutron source BER-II within one
research center we will be able to strengthen our user support. Additionally we have the
opportunity to support the complementary use of photons and neutrons.

The transition of BESSY and the re-organization of the new centre is also the reason for the
delayed appearance of the last “BESSY Annual Report”. Unfortunately, there will be no
BESSY Highlights 2008. Please accept our apologies, especially if you have written a
contribution in anticipation of a Highlights brochure.

Finally, we would like to thank our users and our staff for their ongoing enthusiasm and their
patience during this transition.

Sincerely

Wolfgang Eberhardt Anke Rita Kaysser-Pyzalla

Scientific Director (Energy) Scientific Director (Science with Neutrons
Former Scientific Director BESSY and Photons, Large Scale Facilities)

Chief Executive






Characterization of new EUV stable silicon photodiodes
F. Scholze, C. Laubis

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

F. Sarubbi, L. K. Nanver, S.N. Nihtianov
DIMES, TU Delft, P.O.box 5053, 2600 GB, The Netherlands

Development of EUV lithography equipment has triggered a growing interest in EUV
radiation detection. Several types of sensors are needed for evaluating and optimizing the
imaging performance. The radiation-sensitive surface of the sensors is exposed to high photon
flux doses and is affected by hydrocarbons contamination. Consequently, quite aggressive
cleaning is required. Therefore, ruggedness to high photon flux and aggressive environments
is a key feature of these EUV sensors alongside extreme requirements for stability, reliability,
high and spatially uniform responsivity, large dynamic range, and low noise, i.e. low dark
current. To meet these requirements, a new EUV photodiode technology is presently being
developed and optimized for the requirements of EUV lithography systems at TU Delft in
cooperation with ASML. PTB has long experience in the characterization of detectors using
synchrotron radiation*?. We characterized the EUV performance of p+n photodiodes
fabricated by using a novel doping technology® regarding their spatial homogeneity, spectral
responsivity and high-dose irradiation stability. With respect to the combination of high
spectral responsivity and irradiation stability, they are already in the present state of
development superior to other commercially available detectors.

Figure1 HRTEM image of a B-layer formed after a 2.5 Figure 2 Image and cross-section of a boron-
min B2H6 exposure at 700 °C. The sample has doped EUV photodiode.
been covered with PVD a-Si for TEM analysis.

For EUV diodes, the stability of responsivity under irradiation is known to be an issue®.
Figure 3 and Figure 4 show the result of irradiation testing with a rather high dose 200 kJ/cm?2.
No significant change in responsivity is observed for the boron-doped photodiode (Figure 3),
while the state-of-the-art EUV photodiode suffered some responsivity loss, which might,
however, partly be due to a higher susceptibility of the surface coating of this diode to carbon
contamination, (Figure 4). Regarding the spectral responsivity, the boron-doped photodiode
are as good as the best state-of-the-art EUV photodiodes, see Figure 5. It must be noted, that
the diodes with nitrided oxide passivation shown for reference are not irradiation resistant
while the more stable diodes as shown in Figure 4 have a lower responsivity.
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Figure 3 Responsivity of a boron-doped photodiode Figure 4 Responsivity of a state-of-the-art EUV

after irradiation with 200 kJ/cm2 normalized photodiode after irradiation with 200 kJ/cm?
to the initial responsivity. The circles normalized to the initial responsivity. Symbols
represent a diode actually exposed to the same as in Figure 3. The solid line represents
radiation while the triangles are a witness the effect of 2.5 nm carbon contamination.

diode which was placed under the same
vacuum and atmosphere conditions but was
shadowed during exposure.
Figure 5 Spectral responsivity of boron-doped silicon
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These results prove that the technology for the production of planar diffused silicon p-n
diodes for EUV detection is capable of achieving the same nearly ideal responsivity as the
best state-of-the-art detectors. Due to their almost ideal efficiency, the diodes also show good
spatial homogeneity. A particular challenge for EUV photo sensors is the stability under
irradiation. Here also the benchmark of the best state-of-the-art detectors is already met.
Summarizing, the development of pure boron-doped photodiodes is proven to be a promising
approach toward the improvement of EUV photo sensor performance.
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Pilot comparison for spectral responsivity in the spectral
range 11 nm to 20 nm

Frank Scholze, Gerhard Ulm
Physikalisch-Technische Bundesanstalt, Abbestrale 2-12, 10587 Berlin, Germany

Terubumi Saito

NMIJ, 1-1-1 Umezono, Tsukuba-Shi 305-8563 Ibaraki, Japan

Robert Vest
NIST, 100 Bureau Drive, Stop 8411, Gaithersburg, MD 20899-8411, USA

Development of EUV lithography equipment has triggered a growing interest in EUV
radiation detection. To improve the metrological environment for emerging technologies
using short-wavelength radiation, a pilot comparison for the spectral responsivity of photo
diodes in the 11.5 nm to 20 nm spectral range was started between NMIJ, NIST and PTB. The
comparison was carried out through the calibration of a group of transfer standard detectors.
These detectors have been shown to have reasonable stability to be used to transfer a spectral
responsivity scale maintained in a participating laboratory to that of PTB, acting as the pilot
laboratory. It incorporated the comparison of different primary detector standards, ionization
chamber and electrical substitution radiometer (ESR). Silicon photodiodes with different front
passivation layers were used (see Figure 1); AXUV diodes having almost ideal responsivity
(see Figure 2) but being sensitive to radiation damage, and SXUV diodes with an irradiation
stable metal-silicide passivation. A total of six diodes, three AXUV and three SXUV, have
initially been calibrated at PTB, sent to NIST for measurements, re-calibrated at PTB, sent to
NMIJ for measurements and were finally re-calibrated at PTB. The re-calibrations at PTB
revealed that both types of diodes were sufficiently stable. All measurements are finalized and
the partners exchanged their uncertainty budgets and agreed on the final calibration results for
each as collected by the pilot laboratory.

PTB NIST NMIJ
Primary detector ESR ESR lonization chamber
Radiation source monochromatized SR
Band width /nm 0.025 0.07t0 0.4 0.3
Beam divergence /mrad 1. 1.2 11
Beam spot size /mm 2by2 2.7by3 3by3
Typical radiant power i 0.2 0.01 25

Table 1  Main parameters of the experimental stations used by the pilot comparison participants.

The uncertainty for the comparison (see Figure 3) is determined by the measurement
uncertainty of the participating laboratories and the uncertainty attributed to the transfer
detectors, due to their limited homogeneity and stability. The measurement uncertainty of the



participating laboratories can be separated into two major contributions, arising from the
primary standard detector which is an ESR in the case of PTB! and NIST? and an ionization
chamber for NMI1J%, and uncertainties attributed to monochromator and beamline (see Table
1). For the ionization chamber, the primary standard detector dominates the uncertainty
budget, while for the ESR with its intrinsically low measurement uncertainty the total
uncertainty is dominated by the contributions from monochromator and beamline. For this
comparison, the uncertainty attributed to the transfer detectors is of the same order as the
measurement uncertainty of PTB and NIST using an ESR. Thus further success in EUV

radiometry also requires advanced detectors.
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Figure 1 Spectral responsivity of the AXUV (open
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circles) and SXUV (closed circles) type
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Figure 2 Responsivity of an AXUV diode from 0.827

nm (1500 eV) to 20 nm (red circles). The
green dashed line shows the transmittance of
7.5 nm SiO2 and solid and dashed blue lines
the responsivity for different levels of
incomplete charge collection.

Figure 3 Compilation of the relative measurement

uncertainties  (k=1) for the spectral
responsivity; AXUV (circles) and SXUV
(triangles). Data of PTB, NIST, and NMIJ are
shown in blue, red, and green, respectively.
The black symbols show the uncertainty
resulting from the transfer detectors, mainly
due to their limited homogeneity and stability.
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UV and VUV Radiometry at PTB’s Metrology Light Source

A. Gottwald, R. Fliegauf, U. Kroth, W. Paustian, M. Richter, H. Schoppe,
R. Thornagel, and G. Ulm

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

In the UV and VUV spectral ranges, the main work of PTB wythchrotron radiation can be
divided into (a) the calibration of radiation sources within the fraonke of source-based
radiometry using an electron storage ring as a primary sostandard of calculable
synchrotron radiation, (b) the calibration of photodetectors with tlkle o&i cryogenic
radiometers as primary detector standards, and (c) reflettprl]. Started at the former
electron storage ring BESSY |, these activities were contifireed 2000 at BESSY |II.
However, in 2008 started the concentration of UV and VUV radiomet®TBts new low-
energy storage ring MLS [2], profiting there from the almdetl measurement conditions in
the UV and VUV with a characteristic wavelength which camtiouously be varied from 3.4
nm to 735 nm. Moreover, the UV and VUV measurement capabilititovisiderably be
extended towards polarization dependent methods and photon metrology atdiegtt
power.

The calibration of photodetectors based on cryogenic radiometry amtidhacterization of
optical components and materials via reflectometry in the UV dud Kas been performed
at BESSY | and BESSY Il by using a McPherson type normati@mde monochromator
(NIM) for the wavelength range from 40 nm to 400 nm [3]. In 2008, thasnbige has been
transferred from BESSY Il to MLS (Figure 1), together with ttrgogenic radiometer
SYRES Il and a reflectometer system. The gracing incidegfoeusing mirror was replaced
by a double reflector unit for the suppression of higher spectralsome¢he range from 80
nm to 120 nm. The beamline output is generally by 50 % to 100 % highgyaced to
BESSY Il (Figure 2) when operated with the same stored electron current.

Fig. 1.Synchrotron radiation of PTB’s Fig. 2.Radiant power into the respective bandpass
Metrology Light Source passing the exit slit cavailable at the normal-incidence mochromator
the normal-incidence mochromator beamlinebeamline for UV and VUV detector calibration and
for UV and VUV detector calibration and reflectometry for open monochromator slits (2 mm)
reflectometry. and a storage ring current of 100 mA at MLS (solid
curves, electron energy: 600 MeV) and BESSY Il
(dashed curves, electron energy: 1,700 MeV).



For the calibration of radiation sources at MLS, a new spectesnsetunder construction
which combines a Seya-Namioka type NIM with a toroidal gratmnochromator (TGM)
under gracing incidence (Figure 3). The spectrometer covevgatledength range from 7 nm
to 400 nm and will be put into operation at MLS in 2010. In a first sfegctral radiance and
spectral radiant intensity will be the radiometric quantitiea secondary source standard that
can be determined by comparison with the calculable flux of ML& $econd step, also
spectral irradiance calibrations are scheduled to be realized.

Within a straight section of MLS, an undulator with a periodic lergt180 mm (U180) [4]

will be put into operation at the end of 2008. It provides radiation in thvelergth range
from 4 nm to 20 um. In the UV and VUV range, the radiant power available will be about two
orders of magnitude higher compared to ordinary bending magnet synclrastraion. At

the exit of a plane grating monochromtor (PGM) currently under aatgin, an output of 50

MW within a spectral bandpass of 0.1 % of the wavelength is edoethis PGM, again,
combines a normal incidence with a gracing incidence branch andsdbeespectral range
from approx. 4 nm to 400 nm. It is scheduled to start operation in 2010. Sidcéator
radiation is also 100 % linearly polarized, the PGM undulator beamilhenable UV and

VUV radiometry to be extended to high flux and polarization dependent measurements.

Fig. 3.Scheme of the
spectrometer for the
calibration of radiation
sources in the UV and VUV at
MLS.
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Absolute determination of cross sections for resonant Raman
scattering on silicon carbide

M. Muller*, M. Kolbe', B. Beckhoff*, K. Feldrapp?, S. Storm?, A.-D. Weber?

1 Physikalisch-Technische Bundesanstalt, Abbestr. 2-12, 10587 Berlin, Germany
2 SiCrystal AG, Gunther-Scharowsky-Str. 1, 91058 Erlangen, Germany

Reference-free total-reflection x-ray fluorescence analysis for the
quantification of surface contamination requires the accurate knowledge of all
experimental values as well as of the fundamental parameters involved [1]. Besides
the fundamental parameters of the contaminants also the parameters of the
substrate affect the result. To reduce the impact of tabulated data with unknown or
estimated relative uncertainties the resonant Raman scattering of X-rays in the
vicinity of the K absorption edge of silicon carbide (SiC) has been studied. The
investigation was carried out at the plane grating monochromator beamline for
undulator radiation of the PTB laboratory at BESSY Il in Berlin.

SiC is a wide-band-gap semiconductor and offers outstanding material
properties for high-power electronics and optoelectronic applications. Non-destructive
analytical methods like reference-free TXRF are necessary for process control. For
the investigation a SiC wafer was thinned to a thickness of about 10 um to allow for
transmission measurements. We determined absolute cross sections for the energy
range below the silicon K absorption edge employing calibrated instrumentation.

Theory

The resonant Raman scattering is an inelastic scattering process, which
exhibits a strong resonant behavior as the energy of the incident radiation
approaches from below the absorption edge of an element [2]. The KL-RRS
proceeds through:

* the intermediate state, where a virtual hole is created in the K-shell and the
corresponding electron is transferred to an unoccupied state either in the
continuum or in a bound excited state,

* the final state, where an electron from one of the L subshells fills the hole and a
photon is emitted.

Experimental Set-up

For this experiment we employed monochromatized undulator radiation
provided by the plane grating monochromator beamline in the PTB laboratory at
BESSY Il. The experimental setup (Fig.1) ensures that the scattered radiation can be
measured in a well defined solid angle by means of a Si(Li) detector. The incident
radiant power can be absolutely determined by using a calibrated photo diode placed
behind the exit diaphragm, if the sample is out of the beam. The Si(Li) detector in use
is also calibrated with respect to both its efficiency and its response behavior [3].
Additionally, in the same arrangement the thickness of the measured 2" SiC wafer
and the corresponding absorption factors can be experimentally determined by
employing transmission measurements.
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Data Analysis

Because a direct deconvolution of the measured spectrum with the response
functions of the Si(Li) detector was not possible, we adopted a different approach to
determine the resonant Raman scattering cross section with respect to the scattered
photon energy: The theoretically calculated RRS spectral distribution was at first
convoluted with the Si(Li) detector’s response functions, then the resulting spectra
were fitted to the measured spectra [4]. All necessary parameters, such as radiant
power, sample thickness, solid angle, absorption coefficients were experimentally
deduced.

Results

We determined the cross sections of the resonant Raman scattering on SiC
for three photon energies of the incident radiation and compared it with cross

I v N i N I i i i i I
10'F E
Fig.2: XRE spectrum of. the qé 10°F SiC-RRS
thinned SiC wafer, excited o C
below the Si-K edge o [
(1622 eV). The spectrum was g T
deconvoluted by detector 8 i
response functions at the § .
. . o 10°E
energies of fluorescence lines, o -
continuous bremsstrahlung :
background and spectral - !
distribution of the Resonant -/
Raman Scattering in a least 10'E !

square optimization. . 10IOO .
photon energy /eV
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sections of pure silicon [4]. The RRS cross sections of Si and SiC are the same apart
from a difference of 2 eV between the resulting values of the Si-K absorption edges.
This difference is also found in the transmission measurements of both samples.

Conclusions

The RRS cross sections of SIiC are not strongly influenced by chemical
bonding, merely the chemical shift of the Si-K absorption edge has an impact on the
cross sections. The results suggest that the cross sections for pure Si may be used
for SiC as well, if the chemical shift is taken into account. For other Si compounds
further investigations are necessary, e.g. Szlachetko et al.[5] reported that there is
still a difference of about 20% between the RRS cross sections of Si and SiO, after
including the K edge shift.

The relative uncertainties of the determined cross sections are only 7%l[4].
Therefore the impact of the resonant Raman scattering background contribution on
qguantitative TXRF can be considered very accurately. This will improve the reliability
of the analysis of Si and SiC wafers employing soft X-ray radiation.
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Characterization of self-assembled monolayers on geanium surfaces with
GIXRF

M. Lommel, B. O. Kolbesen
Institute for Inorganic and Analytical Chemistryp&@he-Universitat, Frankfurt/Main, Germany
P. Honicke, M. Kolbe, M. Miiller, F. Reinhardt, B. Beckhoff,
Physikalisch-Technische Bundesanstalt, Abbfetfal2, 10587 Berlin, Germany

Introduction

Germanium has gained interest in recent years gs a

promising material for high-performance CMO 0>\C/P
applications. However, Ge does not form a roblist B0 \;—F
passivation layer on its surface — germanium oisd c HyC—-cH,

, H,C~—CH
water-soluble [1]. The formation of self-assembl¢d HzC~c’11i;, ?
monolayers (SAMs) by suitable organic molecules HC~—ch,

. ) . HyC—CH
with appropriate anchor groups on semiconduclOfyy’ !

surfaces may be used to probe the chemical state|aFigure 1: The thiol (HS-) group is the sc
. . called “anchor group” with the sulphur
quality of the surface or to achieve surfa¢epgnging to the germanium. The long chair
passivation. Molecules with thiol anchor groups dreis the motor of selfassembly. The “head”
ble to bond to hvd t inated . | _group, here —-OCOCF;, makes a detection o
able to bond to hydrogen-terminated germaniymye monolayer easily possible.
surfaces (Ge-S bond). We have prepared SAMSs| cDistance: sulphur — fluorine: 1.8 nm
alkylthiols with different head groups on germaniurm
The germanium surface prior to and after SAMs fdaiomahas been characterized by AFM, XPS, SR-
TXRF and -NEXAFS. Since the surface preparatiorg@fmanium is neither well understood nor

developed, the controlled preparation of an oxmée-fcompletely H-terminated surface which is a

prerequisite for SAM formation of alkylthiols turtheut to be a major challenge. Several approaches
have been studied [2]. Best results for H-termorabf germanium have been obtained by HF treatment
The immediate immersion of the HF treated germaninta a 1-mmol solution of thiol, e.g. di-
chloroethane, leads to self-assembly of thiol mayeis.

Results and discussion

The success of the formation of the monolayer @ dbbstrate depends largely on several factors
during its preparation e.g., the solvent usedtierformation of the monolayer has to be free okewas
well as traces of oxygen and has to dissolve thal tf choice. Attempts were made to form
monolayers with several 11-mercaptoundecyls [HSJGHR] with differing head groups (-R). In this
case the head groups were chosen to facilitatetitieoy SR-TXRF (Synchrotron Total reflection X-
ray Fluorescence), GIXRF (Grazing Incidence XRK] BIEXAFS (Near Edge X-ray Absorption Fine
Structure) and hence determine the degree of cpweama well as to determine the properties of the
monolayer, e.g. its height and the bonding anglee Ppreparation was performed in an argon
atmosphere. The sample with the H-terminated serfaas blown dry with Nand immediately
immersed into a 1mmol solution of the thiol in daroethane (DCE). DCE meets the needs of a
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solvent that does not contain water, dissolves bgtirophilic and hydrophobic molecules, does not
contain oxygen in its structure and has adequaieurgpressure. The thiol adsorbs onto the germanium
surface about 10 seconds after immersion into teeupsor solution but the process of self-assembly
takes hours if not days to be finished [3]. To idmtish between physisorbed and therefore
“horizontal” thiols and the chemisorbed “verticaliiols we measured the coverage of sulphur on the
substrate after different immersion times and peréal GIXRF measurements.

The incident angle dependant modulation of the Xstanding wave field (XSW) above the sample
surface allows for the determination of the amaamtwvell as the distance in a vertical directiorhwit
respect to the sample surface of so-called mari@nsa[4]. Here, the head group with fluorine was
used as the marker (Fig.1). The GIXRF curves fiedint immersion times are shown in fig. 2a. The
angle dependant XSW field was calculated with INIPdnd convoluted with the model shown on fig.
2b and then fitted to each GIXRF curve [6, 7, 8].

Figure 2: a) GIXRF measurements on F-SAMS for diffeent immersion times and the fitted curve for the
1d sample. b) Different repartitions, which best fited the respective measurements.

It assumes that the molecules either lie on thegeium surface or that they are bound, resultiranin
F-layer at a certain height. The bonding angle nibrenalized fraction of vertical thiols and backgnd
parameters were used as fitting parameters. THagbmmd originates from clustering of the molecules
and was assumed to be a constant fluorine disiitout he results shown in fig. 2 led to the conidos
that the fraction of self assembled molecules isntgd after a period of one day. It is lower if
immersion times are shorter or significantly longen one day. A constant background was necessary
to fit the GIXRF curves. The fraction of fluorine the background or rather in clusters is relagivel
high. This means that clustered molecules cannohdmggected. The curve obtained on the sample
treated for five days could only be fitted by iresang the surface layer thickness. This indicates t
this sample is covered with a double layer of thed molecules. The height of the fluorine above th
surface was determined to be 1.4 nm, which corredpto a bonding angle of the Ge-S bond of 47.5°.
Beyond this, we determined the coverage of thetsatlesby AFM [2] and NEXAFS [9]. However, time
and concentration are obviously not the only factorinfluence the degree of coverage, as the AFM
results were not reproducible. Nevertheless, wites¢ results we proved that under the given
conditions it is possible to prepare SAMs on gelionan
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Summary

Treatments to achieve a controlled surface stagewhanium, in particular with H-termination, prior
the preparation of alkylthiol SAMs have been tested characterized. The immersion of HF treated
germanium in a 1-mmol solution of thiol, e.g. dmfdethane, leads to self-assembly of thiol
monolayers. The duration of exposure to the saluisoa critical factor as too long treatments léad
molecule clusters. The coverage of germanium byassiembled monolayers is a good proof of an H-
terminated surface.
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Calibration of the NASA instrument EUNIS
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Physikalisch-Technische Bundesanstalt (PTB) , Abbestrale 2-12, 10587 Berlin, Germany

B. Kent
Rutherford Appleton Laboratory (RAL), Chilton, Didcot, Oxfordshire OX11 0QX, UK

Solar radiation in the VUV strongly influences the photochemical processes in the upper
atmosphere and, thus, also the earth climate. Space-based observations of the sun in this
spectral range have, therefore, attracted increasing interest during the last years. In this
context, the reliable characterization of the corresponding space instruments is of high
significance. In the BESSY laboratories of PTB, work on solar telescope calibration has a
long tradition [1]. In the mid 1990s, the SUMER (Solar Ultraviolet Measurements of Emitted
Radiation) and CDS (Coronal Diagnostic Spectrometer) instruments of the SOHO (SOlar and
Heliospheric Observatory) mission were calibrated, via hollow cathode gas discharge plasma
sources as the transfer standards, and in 2004 the EIS (Extreme-ultraviolet Imaging
Spectrometer) instrument of the Solar-B/Hinode mission. The absolute VUV emissions of the
source standards used are traceable to calculable synchrotron radiation. In the following,
several underflight calibrations of these and further solar instruments were performed by
means of short-term rocket missions like SERTS (Solar Extreme-ultraviolet Research
Telescope and Spectrometer), MOSES (Multi Order Solar EUV Spectrograph), and EUNIS
(Extreme Ultraviolet Normal Incidence Spectrometer) whose own calibrations were
performed at the Rutherford Appleton Laboratory (RAL) using PTB’s CDS calibration
source.

Electronics

Telescope seclion

Specirograph section

Central bulkhead with slit and
detector assemblies

Grating mounts

Pointing sensors, H_ context
telescope, and EUV monilor

Fig. 1. Scheme of the EUNIS instrument.

17



The EUNIS instrument (Fig. 1) uses two independent optical systems in two wavelength
regions: 17 nm to 21 nm with 3.5 pm resolution and 30 nm to 37 nm with 7 pm resolution.
There are only two reflections in each optical channel, from a superpolished, off-axis
paraboloidal pre-mirror and a toroidal grating, each coated with a high-efficiency multilayer.
Hence, the throughput of EUNIS is much higher than for SERTS that have preceded it. The
detector in each channel is a microchannel plate image intensifier fiber-coupled to three pixel
sensors. EUNIS is supported by NASA and was launched in April 2006 and November 2007.

Each EUNIS flight was accompanied by an afterflight calibration campaign within a PTB-
RAL cooperation, the first in October 2006 and the second in May 2008. As an example,
Fig. 2 shows a part of the Ne Il spectrum as emitted from the CDS calibration source and
measured with the EUNIS instrument. Instrument calibration is obtained by comparing its
signal output with the absolute radiant power emitted from the calibration source. For this
purpose, integration along the wavelength intervals indicated by the vertical lines in Fig. 2 has
to be performed which represent the ranges of integral emission of the source as calibrated at
BESSY. Next flight and calibration within the very successful EUNIS program are scheduled
for 2010.

Fig. 2. Part of the Ne 11l spectrum as emitted from the CDS calibration source and measured
with the EUNIS instrument.
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Introduction: While the elementary composition of samples is readily determined by use of
X-ray fluorescence analysis (XRF), the chemical state of a probed atom is only accessible by
techniques employing high resolution in either the excitation or the detection channel.

For the chemical speciation of binary compounds of tri- and tetravalent titanium high-
resolution X-ray absorption and emission spectra were recorded in different energy regimes in
order to evaluate and to qualify both near-edge X-ray absorption fine structure (NEXAFS or
XANES) spectroscopy and wavelength-dispersive X-ray emission spectroscopy (WDXES) as
spectroscopic methods for this analytical task [1]. For a comparison of the information gained
from the various methods, the titanium compounds were classified according to the bonded
titanium's oxidation state. Thus, it was possible to distinguish between inner atomic effects
due to different oxidation states and external effects related to the respective ligand and the
surrounding structure. It becomes evident, that only the combined use of the complementary
methods both in the soft and the hard X-ray range allows for a reliable speciation of tri- and
tetravalent titanium compounds.

Instrumentation: All measurements in the soft X-ray regime, i.e. Ti-L shell absorption and
emission spectroscopy, were carried out at the plane-grating monochromator (PGM) beamline
for undulator radiation [2] in the PTB laboratory at BESSY I1. For the Ti-K absorption spectra
the measurements took place at the four-crystal monochromator (FCM) beamline [3] in the
same laboratory. Soft X-ray emission spectra were obtained employing a wavelength-
dispersive spherical grating spectrometer in Rowland geometry with 1200 "™/, [4]. By
aligning the CCD-detector to the focus position of the Ti-L« fluorescence line, a resolving
power of E/AE = 430 is achieved in the Ti- L, energy range, leading to an energy resolution
of about 1 eV.

For all samples the incident photon energy was set to 520 eV, well above the L, ;;; edges in a
non-resonant regime. The incident photon energy was below the Ti-L, edge to create
vacancies only in the Ti-2p orbitals and not in the 2s Orbital as well. With energy values for
Ti-La and Ti-L g of pure titanium taken from the Elam database, (451.8 eV and 458.2 eV [5])
an energy axis was set for the recorded section of the spectrum.

Complementary to the results obtained in the soft X-ray regime, additional measurements
were carried out at SPring-8, beamline BL40XU with NIMS instrumentation optimized for
wavelength-dispersive detection in a very broad range of hard X-ray photon energies [6, 7].

Experiment: Because of self-absorption of emitted fluorescence radiation all emission
features with an energy above the Ti-L;;, edge energy are reduced in intensity relative to the
Ti-La emission and all features below. In figure 1 the X-ray emission spectra of titanium and
its oxides are shown. A chemical shift is visible for all emission features consistent with the
increasing oxidation state of the titanium. The asymmetry of all Ti-L« lines is caused by self-
absorption since the L,;; absorption edge energy is close by [1, 8]. On the low-energy side of
the Ti-La emission line a satellite structure appears in the spectra of the titanium oxides.
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Figure 1: Ti-L X-ray emission spectra of pure titanium and the titanium oxides. The CCD-rows were converted
to an energy axis by use of database values for Ti-La and Ti-Lg of pure titanium. a) normalized to current
induced in a calibrated reference diode by the incident radiation. b) normalized to 1.

Absorption spectra were recorded for different titanium compounds, i.e. TiO, TiyOs3, TiOg,
TiS,, TiN and TiC, in both the soft and the hard X-ray regime. A comparison shows the well-
known correlation between oxidation state and absorption edge energy position and an
additional dependence on the ligand. Compounds with titanium in the same oxidation state
and with ligands similar in Z (Ti,O3 and TiN or TiO, and TiC) are hardly distinguishable by
their K near-edge spectra. In contrast, the X-ray emission is characteristic for those
compounds due to the different chemical properties of those ligands (fig. 2). Compounds
where the ligand shows similar chemical properties (TiO, and TiS;) give rise to a similar X-
ray emission (fig. 2) but with O and S having a considerably different atomic number and
hence a very different electron backscattering ability, their XANES spectra clearly differ.

Figure 2: High-resolution X-ray emission spectra of Ti-Lea,f a) of Ti,Oz and TiN. b) of TiO,, TiS, and TiC.

Conclusion: To evaluate the capabilities of high-resolution X-ray absorption and X-ray
emission spectroscopy for chemical speciation, spectra were recorded for a set of binary
titanium compounds.

Other compounds, where titanium is in the same oxidation state, exhibit significant
differences in their Ti-K near-edge absorption spectra only if the atomic number of the ligand
itself differs significantly from the one of oxygen.
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The Ti-Lea, 5 emission spectra are, in general, not a reliable indicator for different ligands. If
titanium is present in a defined oxidation state, the chemical properties of the ligand play a
major role for the structure of the emission spectrum. As shown for the Ti-L emission spectra
of TiO, and TiS,, X-ray emission spectroscopy hardly gives any indication to the species if
the chemical bonding is similar.

It is obvious that the combination of both spectroscopic methods yields a larger amount of
information than each of these approaches themselves. The information from occupied and
unoccupied density of states give access to complementary information and therefore allow
for a reliable chemical speciation.
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VAMAS projects on reproducibility in
X-ray reflectometry

M. Krumrey
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X-Ray Reflectometry (XRR) is a well-established technique to evaluate quantitatively electron
density, thickness and roughness of thin layers. Due to the interference of X-rays reflected from
different interfaces, layers and multilayers on flat substrates give rise to oscillations. The period of the
oscillations depends on the layer thickness, the fringe amplitude depends on surface and interface
roughness and the relative electron densities of the materials.

During the last years, two worldwide XRR round-robin experiments were performed within the
framework of the VAMAS project “X-ray reflectivity measurements for evaluation of thin films and
multilayers”. The reproducibility of measurements obtained using different equipments has been
investigated. VAMAS (Versailles Project on Advanced Materials & Standards — www.vamas.org) is
an international organization that supports trade in products using advanced materials through
international collaborative projects aimed at providing the technical basis for harmonized
measurements, testing, specifications, and standards.

For one of the round robins, a thin TaN/Ta bilayer was deposited on a 300 mm silicon wafer at the
Albany NanoTech facility in the College of Nanoscale Science and Engineering (CNSE) at the
University at Albany [1]. Unlike conventional Ta-based barrier metallizations, this sample was
prepared with the tantalum metal being deposited first and the TaN deposited last; this was done in
order to passivate the tantalum metal surface with a relatively non-reactive TaN compound layer. On
the basis of the previously mapped lateral uniformity, four samples in near-center region were chosen
for the round-robin analyses and delivered to the participating laboratories. The 4 samples were
measured by 6 different laboratories (Table 1). While most participants used conventional X-ray
sources, PTB applied synchrotron radiation at the four-crystal monochromator beamline at BESSY 1l
[2]. The measurements were performed using the PTB UHV X-ray reflectometer [3].

The analysis of the specimens was based on the average of up to five independent XRR
experiments performed, removing and mounting the sample between each measurement. Auto-
correlation functions of the derivative of the density profile were obtained by Fourier transform of the
ratio of reflectivity data and Fresnel reflectivity [4]. The layer thicknesses have been evaluated by a
Gaussian fit of the peaks in the Fourier spectra (Fig. 1).

LAB X-ray source Monochromator Slit size / pm Detector

A CuK, Gobel mirror 100 Nal: Tl scintillator
rot. anode
BESSY Il . Si photodiode /

B storage ring 4 Si (111) crystals 300 Photon count. Si drift

C CuK, Gobel mirror 300 scintillator

D CuK, Gobel mirror 600

E CuK, Parabolic multilayer 100

F CuK, Si(111) channel cut crystal 200 scintillator

TABLE 1 Experimental setups of the laboratories involved in the TaN/Ta round-robin.
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FIGURE 1. Upper left: Experimental XRR profiles acquired by different laboratories on TaN/Ta sample 1. XRR
curves are scaled by one order of magnitude for clarity. Measurements in the PTB laboratory at BESSY Il are
labelled with B.

Lower left: Relative auto-correlation function of the derivative of the electronic density profile obtained by
Fourier transform. The peaks correspond to the thickness of the Ta layer and to the total layer thickness of the
bilayer, respectively.

Right: Distribution of thicknesses of Ta layer for different samples obtained from the peak in the auto-correlation
function.

The maximum discrepancy between thickness values obtained in different labs is less than 0.2 nm.
For all the samples standard deviation on the Ta layer thickness is less than 0.04 nm corresponding to
about 0.3 %, despite the fact that the XRR measurements were performed using different instruments
and in particular with different characteristics in terms of their angular resolution and their maximum
and background intensity levels.

For another round-robin with 20 participating laboratories, GaAs/AlAs multilayer samples were
chosen because GaAs and AlAs readily grow epitaxially without relaxing. This kind of sample has
already been considered as a possible XRR reference standard. However, a top surface oxide
developed during the round robin, meaning that only the thicknesses of buried layers can be
meaningfully compared. GaAs/AlAs multilayer samples were supplied from the Surface and Thin
Film Standards Section of the National Metrology Institute of Japan (NMIJ), AIST Japan. Three pairs
of GaAs/AlAs bilayers (Fig. 2) were fabricated on four 4-inch GaAs (100) wafers simultaneously,
using a molecular beam epitaxy technique. Fabrication conditions were optimized via structural
evaluation of multilayers by TEM and XRR. Uniformities of thicknesses across a wafer and from
wafer to wafer were confirmed by XRR.

For the analysis of the measured reflectance data for this complex structure, a modelling and fitting
procedure based on the Parratt recursive formalism of the Fresnel equations was applied [6]. Each
laboratory applied its own fitting procedure to obtain values for the layer thickness. In order to
compare the raw data, excluding the influence of the refinement procedure and the operator choices,
simulations of all datasets were also performed starting from the same model and using the same
simulation routine (IMD [7]). Each XRR spectrum was fitted over the whole data range. In some
cases, the scans were truncated at an angle at which the Kiessig fringes were no longer distinguishable
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because of the low signal to noise ratio. For each experimental curve, 18 parameters (seven layer
thicknesses, eight roughness values, n and k for the top layer and reflectance scaling factor) were fitted
together. Logarithmic fitting was performed using the Marquardt algorithm with statistical weighting.
Thickness distributions for buried layers do not differ significantly from the free-fitted ones having a
sharp distribution with mean values between 9.49 nm and 9.58 nm and standard deviation values from
0.06 nm to 0.16 nm, respectively. The topmost GaAs layer thickness show a broader distribution of
around 0.3 nm centred on a thickness of about 9.5 nm. In general, thickness values measured on a
GaAs/AlAs multilayer proposed as a reference sample show a good intra-laboratory reproducibility of
about 0.03 nm and an inter-laboratory reproducibility of about 0.1 nm for the buried layers.
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FIGURE 2. Left: Schematic view of the GaAs/AlAs sample structure employed for the round-robin.
Right: Distribution of thicknesses obtained by a common fitting approach (IMD) for all data measured by all
participating laboratories.
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Cryogenic radiometry in the hard X-ray range

M. Gerlach, M. Krumrey, L. Cibik, P. Miiller, H. Rabus and G. Ulm

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

For many applications in radiometry, spectroscopy or astrophysics, absolute measurement of
radiant power with low uncertainty is essential. Cryogenic electrical substitution radiometers (ESRS)
are regarded as the highest-accuracy primary standard detector in radiometry, from the infrared to the
ultraviolet region; in combination with tuneable monochromatized synchrotron radiation from electron
storage rings, their range of operation has been extended to the soft X-ray region [1]. ESRs are
absolute thermal detectors, based on the equivalence of electrical power and radiant power that can be
traced back to electrical SI units and be measured with low uncertainties. The core piece of an ESR is
its cavity absorber, which is thermally linked to a fixed temperature heat sink kept at liquid helium
temperature via a heat resistance. The absorber is equipped with a thermometer and a heater that
allows for the supply of electrical heating power (Fig. 1). The absorber temperature is kept constant by
an active control. When radiation is provided, the electrical heating power required to keep the
absorber at a constant temperature undergoes a reduction equivalent to the incident radiant power so
that the radiant power is obtained through the measurement of the electrical heating power. Cavity
absorbers are typically made of copper which provides excellent thermal conductivity at liquid helium
temperature in combination with a moderate heat capacity, which in turn ensures a short response time
suitable for the measurement of monochromatized synchrotron radiation. However at photon energies
above 20 keV, the use of copper absorbers, typically 100 um in thickness, prevents the operation of
the ESR due to increasing transmittance.
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FIGURE 1. Operating principle of an electrical substitution radiometer. The new cavity absorber developed at
PTB consists of a gold base and a copper shell to ensure complete absorption up to a photon energy of 60 keV.

To develop a new absorber design for hard X-rays, simulations were carried out using the Monte
Carlo simulation code Geant4 [2]. Extensive simulations were performed for a large variety of
absorber materials including Cu and Au as well as Ag, Pt and W. Alternative absorber geometries
including different thickness of base and shell were investigated as well. Also, thermal aspects had to
be taken into account, such as high thermal conductivity and low heat capacity at liquid helium
temperatures. Concerning these aspects, metals with low atomic number, such as Cu and Ag, show the
best performances, and it became obvious that no single metal would meet all requirements.
Furthermore, an appropriate way of fabrication, such as electroforming, had to be applied for the
respective metal. The simulations and experiments resulted in a final design of an absorber with a gold
base, 730 um in thickness, inclined 30°, and a cylindrical shell made of copper, 90 um in thickness, to
reduce losses caused by fluorescence and scattered photons. The cavity absorber was manufactured by
electroforming at PTB and was implemented into the existing ESR SYRES I [3].
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The spectral absorptance of the new and the former cavity absorber is shown in figure 2 (left) in
comparison to a pure gold plate, 500 um in thickness, that would cause significant losses due to
Au L fluorescence. These can be totally prevented by applying a copper shell of 100 um thickness.
With this cavity absorber, an absorptance close to 100 % can be achieved in the full energy range from
250 eV, which is the low energy limit for the Monte Carlo simulations using Geant4 and 60 keV,
which in turn, is the maximum photon energy with fairly high photon flux at the BAMline using the
double-crystal monochromator [4]. The remaining losses are depicted in figure 2 (right). For photon
energies above the Au K absorption edge of 80.75 keV, Au fluorescence is the dominant contribution.
At 60 keV scattering contributes with 0.4 %, whereas transmitted radiation becomes the key factor for
losses in the photon energy range between 75 keV and 80.75 keV.

FIGURE 2. Left: Simulated absorption of the former copper absorber, 100 um in thickness, compared to a pure
gold plate, 500 um in thickness, and the new absorber with gold base and copper shell.

Right: Simulated losses of the new absorber caused by transmittance, fluorescence, scattering and photoelectrons
including Auger electrons.

An important application of the newly developed cryogenic radiometry in the hard X-ray range is
the calibration of X-ray detectors such as semiconductor photodiodes. Monochromatized synchrotron
radiation of high spectral purity was used to calibrate different silicon photodiodes against the ESR for
photon energies up to 60 keV. The spectral responsivity of these photodiodes was determined with
relative standard uncertainties below 0.3 %. The spectral responsivity in the photon energy range from
1.75 keV to 10 keV was measured at the PTB four-crystal monochromator beamline [5] and from
8 keV to 60 keV at the BAMIline. The results for three different types of silicon photodiodes are shown
in figure 3: AXUV 100 (International Radiation Detectors, IRD, USA), S3590 (Hamamatsu, Japan)
and PIPS 50-500 (Canberra, Belgium).

In the energy range from 4 keV to 10 keV, the photodiodes of the Hamamatsu S3590 type and the
Canberra PIPS type exhibit a high responsivity close to the theoretical maximum of 0.273 A/W for
silicon [6]. The responsivity declines significantly for photon energies greater than 10 keV, caused by
increasing transmittance. By applying a model calculation for the energy absorption in silicon, the
thickness of the active volume of the respective photodiode can be determined as 320 pm and 510 pm,
respectively, and be compared to the manufacturer’s specifications, which are 300 um and 500 pm,
respectively. The thickness of the active volume of the IRD AXUV 100 photodiode is 27 pm,
resulting in a much lower responsivity at photon energies greater than 4 keV. In the photon energy
range just above the K absorption edge of silicon at 1.839 keV, the photodiodes of type S3590 have a
reduced responsivity caused by the absorption in their thick passivation front layer, whereas the IRD
AXUV 100 photodiodes exhibit high responsivity due to their SiO, front layer thickness of only a few
nm. The Canberra photodiodes of type PIPS combine both advantages, a thick active layer of 510 um
and a thin front layer, ensuring a high responsivity and making this type the most suitable for use as
secondary standard in the entire photon energy range. The photodiodes of Hamamatsu type S3590
exhibit a discontinuity in their spectral responsivity at a photon energy of 25.5 keV, which is caused
by the fluorescence radiation of the conductive silver with that the photodiode is attached to its
mounting [7].
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FIGURE 3. The spectral responsivity of three different semiconductor photodiodes calibrated against the ESR in
the soft and hard X-ray ranges. Thicknesses of the active volume were derived from a model for photon
absorption in silicon (solid lines).

In the photon energy range above 20 keV, a cryogenic radiometer was used for the first time as a
primary standard detector to calibrate photodiodes. Whereas the relative uncertainty was about 2 % at
PTB by calibration against a free-air ionization chamber due to the uncertainty of the mass energy
absorption coefficients [8], for the present measurement with SYRES I relative standard uncertainties
between 0.18 % and 0.30 % were achieved in the entire photon energy range, including hard X-rays
with photon energies of up to 60 keV [9].
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In April 2008, the PTB’s new electron storage ring, the Metrology Light Source
(MLS), went into user operation [1-3]. Synchrotron radiation sources have major advantages
in the IR range compared to conventional thermal sources, higher photon flux in the far-IR,
higher brilliance, pulsed radiation in the ps range, and polarized radiation. Additionally,
electron storage rings in a special operation mode with short electron bunches can deliver
intense coherent synchrotron radiation (CSR) in the lower energy part of the far-IR (sub-THz
to THz) with gain up to 6 to 9 orders of magnitude compared to conventional, incoherent
synchrotron radiation emission. The MLS is the first electron storage ring worldwide
designed and prepared for low-a operation mode based on the octupole correction scheme, for
the production of CSR in the far-IR and THz region. This option strengthens the MLS as a
strong THz radiation source [1 -6].
At the MLS two beamlines dedicated to the use of IR and THz synchrotron radiation are
under commissioning respectively operational: (1) the MLS-IR beamline optimized for the
MIR to FIR [6], and a dedicated THz beamline optimized for the FIR/THz spectral range.
The commissioning of the IR beamline started in April 2008. The construction of the THz
beamline was finished in the end of 2008.

The IR beamline and THz beamline consist of an arrangement of mirrors which allows - in
combination with a special port of the dipole chamber — the transport of the beam to the
experiment (see Fig.1). After all mirror reflections the c-polarization of the electrical wave
vector of the radiation is horizontally oriented. First measurements at the IR beamline with
calibrated filter radiometers and an IR camera in the visible and near infrared spectral range
reveal the good adjustment of the optical path of the beamline. All the flux expected from
theoretical calculations is measured at the experiment. The shape and size of the focus is also
as good as expected. With this adjusted IR beamline we were able to make first measurements
in the THz spectral range. The inset of Fig. 1 shows the focus of the THz radiation (all
radiation with a wavelength longer than 500 mm) in the low o mode. Its FWHM size is
approximately 3 mm in diameter and is located nearly at the same position as the focus of the
visible and near infrared light.
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Fig. 1. Optical design of the MLS-IR beamline. The inset shows the focus of the CSR taken with an
infrared camera in the THz spectral range in the low o. mode.

The MLS has a unique capability to control the higher orders of a and to achieve bunch
length reductions by a factor 10 in the sub-mm range. The higher orders of a are controlled
by suitably placed sextupoles and octupoles [4]. By careful tuning of the optics, stable CSR is
generated at the MLS. A first proof of stable CSR has been obtained. Fig 2. shows the results
for the low a mode at 630 MeV and a ring current of 19 mA. Fig. 2a shows the chopped
detector signal in the THz spectral region. Without chopping, the signal amplitude is smooth
and shows no signs of bursting instabilities (see Fig. 2b). So the THz radiation is stable within
the time resolution of a liquid-helium-cooled InSb hot electron bolometer of few micro-
seconds.

Fig. 2. Oscilloscope traces of stable THz signals at the MLS for 630 MeV electron energy, low o
optics, 19 mA ring current, and a cavity voltage of 200 kV measured with an InSh-detector: (a) The
chopped THz signal amplitude. (b) The unchopped THz signal amplitude is constant and shows no
bursting instabilities.
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Additionally we measured the absolute THz power in the focus of the IR beamline.
The measured power is depending on the chosen a in the range of a few hundred micro-watts.
However, the propagation of sub-terahertz and terahertz electromagnetic waves from the
source point to the experiment through such a typical IR beamline is strongly affected by
diffraction. This is why we decided to build a dedicated THz beamline with larger optical
elements and different transmission windows compared to the IR beamline [6]. First
measurements at this new beamline show up to two orders of magnitude more power in the
THz range compared to the results at the IR beamline.
In summary, the IR project at the MLS is well under way. The MLS-IR beamline is well
adjusted and ready for measurements in the infrared and THz spectral range. The THz
beamline and the undulator IR beamline are under commissioning.
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In-situ analysis of the Zn(S,0)-buffer layer preparation for chalcopyrite solar cells in the

liquid phase using Zn edge X-ray absorption spectroscopy
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Helmholtz-Zentrum Berlin fir Materialien und Energie, Berlin, Germany

In chalcopyrite solar cells, a CdS buffer layer is needed between the p-doped absorber and the ZnO
window layer. To replace CdS, Zn(S,0) has been introduced as adequate replacement buffer material.
However, the chemical bath deposition (CBD) process for depositing Zn(S,0) from an aqueous

solution, containing ZnSQO,4, ammonia, and thiourea ((NH,),CS), is not understood in detail.

The LIQUIDROM station at the BESSY Il U 41 beamline allows the spectroscopic characterization of
liquids and solids under ambient pressure by X-ray absorption spectroscopy (XAS). We used in-situ
near edge XAS (NEXAFS) to examine the solution chemistry and to identify the species present in a
Zn(S,0) CBD solution at every step of the reaction. Experimental details of the setup for soft X-ray
spectroscopy of liquid solutions have been described previously [1].

In Figure 1a (red curve) the Zn L-edge spectrum of Zn*" ions (1M ZnSO,) in pure water is presented.
Three main features at 1024.3 eV, 1026.5 eV and 1034.5 eV are visible. These features are due to the
transition of electrons from the p-type molecular orbitals (MOs) to the d- and s-type valence MOs
localized on the Zn*" ions according to the dipole allowed selection rules [2]. In order to elucidate the
nature of the unoccupied MOs, unrestricted Hartree Fock (UHF) calculations were applied to Zn?*
with a coordination shell of 6 water molecules. In addition, Tomasi's polarized continuum model
(PCM) was used to calculate the effect of the solvent [3]. Although nominally the d-MOs of Zn** are
fully occupied (d10), upon dissolving the ions in water the d- and s-MOs hybridize with the valence
MOs of the water molecules and form partially empty MOs, which can be filled by the excited p-
electrons upon X-ray absorption. Comparing the XA spectrum of Zn?* ions with the calculated MOs,
the local electronic picture of the unoccupied states could be qualitatively drawn in Figure 1.a. The
nature of the MOs under the first peak is s-type, the 2™ peak is Oy, xz, y2-type, and the third peak is d,’.
//» d,>-type. Upon diluting the ZnSO, solution to a concentration of 0.15 M (the actual concentration in
the CBD solution), the s-type MOs are decreased in intensity relative to the d-type as shown in Figure
1a, black curve. This can be due to the ion-pairing between the Zn?* and SO, which can take place at

1M but is reduced significantly upon dilution to 0.15 M according to our previous investigation. [4]
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Figure 1. XAS L-edge of Zn in solution, a)
Zn** in water, 1 M (red), and 0.15 M (black). (b)
0.15 M Zn** in 0.13 M aqueous NH; solution
(green). Addition of thiourea to a concentration
of 0.6 M (blue), followed by heating to 80° C for 3
min, then cooling to room temperature (black
curve). (c) 0.15 M Zn*" in 0.6 M aqueous solution
of thiourea (red), heated to 80° C (gray). Cooling
down to 50° C and addition of NH; to yield 0.13
M (black). The dashed vertical lines are
presenting the experimental peak shift and
splitting. The results of UHF calculations for the
energies of the MOs are shown as vertical grey
bars for the following models; (a) Zn**
surrounded by 6 H,0, (b) Zn** surrounded by 5
H,O and one NHj, (c) Zn** surrounded by 5 H,0O
and one molecule of thiourea.

Replacing one water molecule with ammonia in the theoretical model causes the disappearance of the
dxz_y2 and d,? valence MOs as shown in Figure 1b. Furthermore, the s and dyy, x, y. Valence MOs are
shifted to higher energies by approximately 1 eV. This qualitatively explains the change in the
experimental spectrum of Zn®* in a solution with added ammonia (0.13 M NHs), as shown in Figure
1b (green curve). This is due to electron transfer from the ammonia molecule to the empty valence d,2
y2 and d,> MOs upon complex formation; therefore they are no longer available to receive excited
electrons from oxygen p-orbitals upon XA. A second consequence of this complex formation is an
increase in the intensity of the valence d,y, ., y, relative to the s-MOs. Adding thiourea to the previous
solution does not affect the local electronic structure of Zn** as shown in Figure 1b (blue curve).
Heating this solution to 80° C and subsequent cooling to room temperature leads to a shift of the
spectrum by 0.3 eV to higher energy as shown in Figure 1b (black curve) but no further change of the
overall shape. Thus we conclude that the chemical environment of the Zn?* in the CBD-N remains
almost unchanged after addition of thiourea, i.e. it is still surrounded by ammonia molecules and the
main interaction is between nitrogen and the zinc ion. However, adding thiourea first to the 0.15 M
ZnS0O, solution (as in the CBD-T process) instead of ammonia, leads to a significantly different
spectrum as shown in Figure 1c (red curve). The calculated MO energies for Zn®* with 5 water
molecules and one molecule of thiourea are in a satisfactory agreement with the experimental XAS
peak positions. The optimized model shows that the main interaction between the Zn?* and thiourea is
through the C=S group rather than the NH,-groups of thiourea. This can explain the drastic difference
between spectra obtained by the CBD-N method (Figure 1.b) and the CBD-T method (Figure 1.c).
Heating this solution to 80° C causes a decrease in the s-valence MOs as shown in Figure 1c (grey
curve). Cooling down the solution to 50° C and adding ammonia (to 0.13 M NHjs as in the actual CBD

process) causes a further small decrease in the s-valence MOs intensity compared to the dxz_y2 and d,?
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MOs as shown in Figure 1c (black curve). However, the final spectrum obtained from CBD-T is
different from the one obtained by CBD-N, where the concentration of all components is identical.
The XA spectrum obtained from the final CBD-T process is similar to the XA spectrum of a zinc
tris(thiourea) sulphate complex (ZTS) in solution, which was synthesized chemically, crystallised, and
re-dissolved in water. In this complex the zinc forms a complex with the thiourea via the sulphur atom
[5]. This result confirms further that in the CBD-T process, the complex formation between the zinc
and thiourea is via the sulphur atom. Comparing the CBD-N and CBD-T process, one can conclude
that in the CBD-N the formation of the zinc thiourea complex is inhibited by the presence of ammonia
in solution but that this complex, once formed, as is the case in the CBD-T, is not re-dissolved by
ammonia. In both, the CBD-T solution and zinc tris(thiourea) complex in solution, the appearance of
the peak corresponding to dxz_y2 and d,> MOs is due to the back-donation of electrons from the zinc ion
to the C=S bond. The electron back donation from metal to ligand results in a decrease of electron
density in the MOs localized on the metal, which increases the transition probability of excited p-
electrons.

This work clearly shows the chemical background behind the observed differences in solar cell
efficiency depending on deposition conditions. Furthermore, it demonstrates the value of the set-up for
in-situ examinations of chemical deposition reactions and opens the door for the investigation of
further preparation routes to organic and inorganic solar cells. The results described here have been
published in [6].
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XAFS study of structural position of Mn impurity in SrTiO;
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It has been generally accepted for many years that Mn impurity atoms substitute for Ti
sites in as-grown strontium titanate and are there in Mn*" oxidation state [1]. Annealing in
reduced atmosphere could transform Mn ions into lower oxidation states (Mn*", Mn*") [2].
Recently Lemanov et al. [3] revealed unusually strong dielectric relaxations in Mn-doped
SrTiO; at low temperatures. These relaxations were explained by a model, in which Mn*" ion
at the Ti site form a defect of {Mnr*-O"} type. Later the other group of authors [4-8] found
the conditions, in which the Mn impurity can be incorporated into the Sr sites and stay there
in Mn®" oxidation state. In such samples all unusual dielectric phenomena were observed; in
samples with Mn atoms located at the Ti sites these phenomena were absent. To explain
dielectric properties of Mn-doped samples these authors proposed that Mn®" jons located at Sr
sites are off-centre [6].

The purpose of this work was to study the local environment of Mn impurity atoms in
SrTiO; prepared in different conditions to determine directly their structural position.

Two samples with a nominal composition of (Srg.97Mng3)TiO3 and Sr(Tip97Mnyg 03)O3
were prepared by solid-state reaction from SrCO;, nanocrystalline TiO, and
Mn(CH3COO),4H,0. Reagents were weighed in necessary proportions, grinded and
annealed in air at 1100°C for 8 h. The intermediates were grinded again and annealed finally
in the same conditions. One of the samples was additionally annealed in air at 1500°C for 1 h.

X-ray absorption spectra were collected in fluorescent mode at the Mn K edge (6.539
keV) on the station KMC-2. The intensity of monochromated radiation was measured with an
ionisation chamber; the intensity of fluorescent radiation was measured by an energy-
dispersive RONTEC detector. For each sample 5-6 spectra were recorded at 300 K, they were
then independently processed and the obtained spectra were finally averaged. The EXAFS
data analysis was performed in the traditional way using the models that assume on-centre
and off-centre positions of Mn atoms at Sr and Ti sites.

EXAFS spectra for Sr(Tip9;Mngo3)Os sample annealed at 1100°C and for
(Stp.97Mng 3)TiO3 sample annealed at 1500°C are shown in Fig. 1. The conditions of
preparation of these samples enable us to assume that Mn impurities enter into different sites
and are in different oxidation states. The analysis of EXAFS spectra for Sr(Tigp97Mng03)O3
sample annealed at 1100°C showed that the spectra are well described by a model, in which
Mn atoms enter the Ti sites (see Table). To get a good agreement between experimental and
calculated spectra (Fig. 1a) it was necessary to take into account two additional multiple
scattering paths: Mn-O-O-Mn and Mn-Ti-O-Mn.

The analysis of EXAFS spectra for (Sry97;Mngo3)TiO; sample annealed at 1500°C
appeared more difficult. These spectra could not be described within the model with on-centre
Mn atom at Sr site. Good agreement between experimental and calculated EXAFS spectra
(Fig. 1b) was obtained only for the model, in which there are two distances between Mn and
Ti atoms in the second shell (3.095 and 3.467 A). The contribution from the oxygen atoms in
the first shell is characterised by a large Debye-Waller factor, thus giving evidence for a wide
dispersion of Mn—O distances in this shell. The “local” lattice parameter (3.78 A) and
displacement of Mn atom from the Sr site (0.32 A) were estimated from the two Mn-Ti
distances given above. Small deviation of the “local” lattice parameter from that obtained
from X-ray diffraction (3.90 A) can be explained by the lattice relaxation around the Mn
atom, the size of which is smaller than that of Ti one.
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Fig. 1. EXAFS spectra for two Mn-doped SrTiO; samples. Squares are experimental points,

solid lines are their best fit.
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Fig. 2. XANES spectra for three Mn-doped SrTiO; samples recorded at the Mn K edge.
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Table. Structural parameters obtained from the EXAFS data analysis for three samples.

Sample Shell R, A o’ A? Atom
. 1 1.916 0.002 0
Sr(Tmffggﬂlé“)O“ 2 3.313 0.001 Sr
3 3.67 ~0.006 Ti
. 1 1.914 0.002 0
(Sr°-9711\f83-23c)T103’ 2 3.38 0.002 Sr
3 3.70 0.004 Ti
(St0.97Mng.03) TiOs, 1 2.32;2.86 0.031 0
. 2 3.095; 3.467 0.008 Ti
1500°C 3 3.84 0.014 Sr

XANES region of the X-ray absorption spectra for Mn-doped samples are shown in
Fig. 2. Their comparison shows that absorption edges for (Sry97Mny¢3)TiO3; sample annealed
at 1500°C and for Sr(Tip.97Mng 3)O3 one are shifted by ~7 eV. This proves that Mn atoms in
these two samples not only occupy two different crystallographic positions, but also are in
two different oxidation states. The absorption edge energy for the sample, in which Mn is at
the Sr site, is lower than for the sample, in which it is at the Ti site. This means that the Mn
atom at the Sr site has lower oxidation state. Comparison of the observed shift with that
obtained in [9] between Mn®" and Mn*" oxidation states (7.9 eV) enable to suppose that the
oxidation states of Mn atoms in SrTiO; are +2 for the Sr site and +4 for the Ti site.

XANES spectrum for (Srg97Mng3)TiO; sample annealed at 1100°C (Fig. 2) can be
regarded as a superposition of XANES spectra for two samples, for which the EXAFS
analysis was made. This means that Mn in this sample is present in both oxidation states, and
so actually one can speak only about predominant incorporation of Mn impurity in this or that
site of the lattice.

From the presented results it follows that from two models proposed for an
explanation of unusual dielectric phenomena in Mn-doped SrTiOs samples, the model with
off-centre Mng,”" ion seems to be more adequate. Future systematic investigations are needed
to study the effect of the preparation conditions on crystallographic positions of Mn in SrTiO;
and to develop a method of quantitative determination of Mn concentration and its oxidation
state at different sites.
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Introduction

Mixed conducting perovskites are used as cathode materialsin Solid Oxide Fuel Cells
(SOFC). In order to elucidate the mechanism of the oxygen incorporation, we performed
impedance spectroscopy on well-defined dense microelectrodes [1]. These experiments are
complemented by DFT calculations [2]. Knowledge about the type of adsorbed oxygen
species (superoxide O, or peroxide O,, or atomic charged adsorbate species O) and their
concentration isimportant for a mechanistic understanding of the oxygen incorporation
reaction into these materials.

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 sample temperature 300-600°C, pOz, p(H20), as well as depth resolution is
important for areliable assignment of the observed peaks. The oxygen adsorbate coverages
are expected to be rather small because of their negative charge (buildup of a surface dipole
layer) [3], but dependent on applied DC bias.

(La,Ba,Sr)(Fe,Co)Os.4 dense thin films were prepared by pulsed laser deposition on Y SZ
oxide-ion conducting substrates and equipped with a counter electrode so that an electrical
current can be drawn through the film corresponding to a steady flux of oxygen incorporated
into 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[3].

Results

7 0.5mbar O, & Ols | 0.5 mbar O, f&  Ols

1 T=300°C 1 T =350 °C (after 475 °C)

.| Tincrease in dry o,
= decrease of peak Il

0.5 mbar O, + H,0
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1 0.5 mbar 0,
1 T=400°C

cps
cps

addition of H,0O:

‘c‘

= increase of peak Il
= strong increase 0.5 mbar 0, + H,0
and slight shift T=350°C
(BE +0.25 eV) after 10 min
of peak Ib

| 0.5 mbar o,
T=475°C

cps
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540 535 530 525 540 535 530 525
binding energy / eV binding energy / eV

Figure 1: In-situ XPS of dense LaySro4C003.4 "LSC" films at different temperatures and
under applied gas pressure (pO2, p(H20)).

Asexemplified in Fig.1 for LSC, the Olsregion typically contains at least two peaks: Il at
high BE and la+Ib at lower BE. Peak 11 decreases on increasing temperature, and can at least
partially be restored by H,O exposure. During hydratation, also peak |b seems to increase, but
its BE-shift indicates that a new component develops. Based on binding energy, T- and
p(H20)-dependence, peak 11 and the new component close to Ib are now assigned to OH'".
Depth-resolved spectra (not shown here) indicate that oxygen peak Il is surface-related. They
aso indicate that the surface region is depleted in La>* and enriched in Sr**. The lower
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average cation charge in the Sr-rich surface layer can at least partially be compensated by the
presence of H* in the hydroxide groups.

1 0.5mbar O, fresh | | fresh film: Sr EXCESS  fragh |1 fresh resistance change
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Figure 2: In-situ XPS of freshly prepared and aged (15 h at 750 °C) dense Lay S5r0.4C003 ¢
films (Exin = 200 eV). Right: evolution of LagSro4C003.4 €lectrode resistance during ageing.

Fig. 2 demonstrates the effect of thermal ageing on the film properties. The aged film surface
(Exin= 200 eV = 0.7 nm depth) not only shows a different oxygen peak shape, but also a
decrease of Sr and increase of La compared to the fresh film (quantitative analysis of cation
ratiosisin progress). The right panel shows the significant increase of the electrode resistance
(which is determined by the oxygen incorporation rate at the L SC film surface) during the

15 h ageing time. Since the oxygen incorporation reaction is sensitive to the material's
composition and defect concentrations directly at the surface, thisincrease must be
interrelated to the observed cation redistribution.

M easurements under applied electrical current (which is expected to increase adsorbate
concentrations, especially under anodic conditions when oxygen is generated at the perovskite
surface) were also performed, but the samle design still requires improvements. A large
temperature gradient between backside counter electrode and frontside working electrode
(LSC film) repeatedly lead to contact loss. Thus, so far no peak was detected that can
explicitly be assigned to adsorbed oxygen species.

Summary and Outlook

The presence of significant amounts of OH™ even at 500 °C and its accumulation close to the
surface rise the question of proton involvement in the oxygen incorporation reaction
(formation of HO,™ etc.). This motivates further electrochemical measurements of oxygen
reaction kinetics under varying p(H-0). The different surface cation compositionsin fresh and
aged filmswill help to understand the frequently observed performance decrease of these
electrode materials after prolonged heating. To overcome the contact problem in the DC
current measurements, a new sample design with both electrodes on the frontside will be used
in the next beamtime. Then the measurements are expected either to yield evidence for
molecular oxygen adsorbates, or - if not - to give an upper limit for their concentration.
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1. Introduction

During the last decades polymer electrolyte membrane fuel cells (PEM-FC) have been optimized using
platinum based catalysts. However, platinum is scarce and expensive. Hence, catalyst costs have a
significant impact on the market price of fuel cell units. Therefore, the continuously growing Pt price is
impeding the production of less expensive PEM fuel cells and protracting the commercial breakthrough of
this technology. Thus, there is a soaring interest in the development of materials with reduced amounts of
noble metals and, most promising, of Pt free oxygen reduction catalysts.

It is known for decades that metal chelates can be used as catalysts for the oxygen reduction reaction
(ORR) [1]. Using rotating disc electrode (RDE) measurements it has been shown recently, that heat-treated
N4-metallomacrocycles reveal catalytic activities at 0.75 V even comparable to commercial Pt/C catalysts
[2]. Henceforth, they are seriously considered as promising noble metal free alternatives to Pt based
catalysts.

However, the pyrolysis of metal-chelate compounds as a necessary preparation step leads to glassy carbon
like carbonization products and only a small number of catalytic centres can participate in the ORR.
Therefore, current preparation approaches are aimed to increase this side density. To prevent sintering
effect, carbon blacks were impregnated with the metal chelates followed by a heat-treatment at
temperatures of > 700°C in an inert atmosphere. This preparation approach, however, is only suited for low
amounts of metal chelate due to the limited support capacity of carbon black. Above a critical loading the
excess chelate will sinter as in the case without additional carbon support, leading to similar activity losses.
Therefore, using impregnation techniques the catalytic activity cannot be raised beyond a certain level
because the catalysts will always be diluted by a specific amount of the auxiliary carbon [3,4].

To overcome this limitation the so called foaming agent technique was developed at the Helmholtz-
Zentrum Berlin which works without the addition of auxiliary carbon [2,5,6]. Porphyrins are pyrolysed in
the presence of iron-oxalate (and sulphur). The oxalate decomposes under release of CO and CO..
Simultaneously the porphyrin melts and carbonizes; therefore, the gaseous products cause a foaming effect
to the in-situ forming carbon matrix. After the inert heating step is completed the product is allowed to
cool down. Finally, a leaching process is applied to remove inorganic by-products. It was found that the
addition of sulphur leads to higher catalytic activity towards the oxygen reduction and to a more complete
removal of catalytically inactive inorganic metal constituents [2]. To get a better understanding of the role
of sulphur during pyrolysis, the heat-treatment process of the porphyrin/Fe oxalate and the
porphyrin/Fe oxalate/sulphur catalyst precursors (with optimized sulphur content) was investigated by in-
situ high temperature X-ray diffraction analysis (HT-XRD).

2. Experimental

In-situ X-ray diffraction measurements were performed at BESSY Il beamline KMC-2 using a stainless
steel reaction chamber with Kapton® windows at the beam entry and exit slits and equipped with an electric
graphite heater encapsulated in pyrolytic boron nitride (pBN) from Tectra GmbH. This newly developed
reaction chamber allows measurements under constant Ar gas flow at reduced pressures in a temperature
range from RT to 800°C. 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 Ar flow of 200 ml/min at reduced pressure of p =400 mbar with
synchrotron radiation energy of 8.731 keV. Calibration of the system was done using an alumina standard
for the used beam energy.

A detailed description of the catalyst preparation is given elsewhere [7]. Briefly, an amount of 1.3 mmol
FeTMPPCI is mixed with 28.6 mmol iron oxalate dihydrate in a mortar until a homogeneous precursor
mixture is obtained. For the preparation of sulphur containing precursor mixture 1.2 mmol sulphur (Sg) are
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grounded previously before mixing with oxalate and porphyrin. The powders of the precursor mixtures
were pelletized (@: 10 mm) and placed onto a pBN sample holder.

3. Results

A detailed description of the chemical processes involved in the foaming agent technique can be found
elsewhere based on the results of TG-MS measurements [2,5,6]. As described above, our Foaming Agent
Technique (FAT) enables the preparation of a highly porous carbon structure with embedded catalytic
centres. As already published for the CoTMPP system (plus Fe oxalate dihydrate and sulphur) [7], also for
FeTMPPCI and for H,TMPP the kinetic current densities in RDE measurements were found to increase by
one order of magnitude compared to the sulphur free catalysts, and hydrogen peroxide formation is
decreased to less then 5 %. In RRDE measurements sulphur containing catalysts reveal a catalytic activity
towards ORR in the same order of magnitude as commercial Pt/C catalysts. Beside this, the method allows
us to achieve the fourfold of catalytic site density compared to similar non noble metal catalysts [8].
However, for further optimization it is essential to understand in which way the sulphur affects the
pyrolysis of Foaming Agent catalysts. Therefore, the applied temperature range and the involved phase
transformations have to be determined and differences compared to the sulphur free precursor should be
compiled.

Our newly developed in-situ HT-XRD cell allows measurement conditions comparable to the processes
involved in the standard catalyst preparation. In Figure 1 the HT-XRD measurement of sulphur free (a) and
sulphur containing (b) precursor mixtures are shown in a temperature range from RT to 800°C.

a) goo

1

ssso0ud ugesy

=
2
=]

heating process /

T
n oW
=2
s &
M
2
g
oy

=1
=

28 30 32 3; ) 36 i1 40 42
2theta (Epsan= 5731 V) 2theta (Epean= 8731 &V)

28 30 32 34 36 38 40 42

Figure 1: HT-XRD measurements of porphyrin/Fe oxalate precursors heat-treated without (a) and with the
addition of sulphur.

Figure 1 clearly demonstrates that above temperatures of approx. 350°C the processes involved during
heat-treatment start to differ. To investigate this in more detail the spectra for selected heat-treatment
temperatures were extracted and plotted against 2theta (as calculated for Cu K, wave length) in Figure 2.
To improve the signal to noise ratio the average of 10 consecutive measurements around the designated
temperature was used. Due to the continued heating-up the error in temperature is slightly increased but
still restricted to <5 °C.

The room temperature spectra of both precursor mixtures are dominated by the reflexes related to iron
oxalate dihydrate whereas the porphyrin (and sulphur) did not contribute to the spectra. This can be
explained by the much higher amount of oxalate compared to porphyrin (and sulphur). As confirmed by
HT-XRD and TG-MS earlier, the oxalate releases its crystal water within T-range from 140 °C to 190 °C
(e.g. Ref. 5). Up to 350 °C, diffractograms remain similar, independently of the precursor mixture. Above
this temperature structural changes are different for both precursors.

Analysing first the heat treatment process of the sulphur free precursor (Fig. 2a) formation of Wuestite and
Hematite can be followed in the temperature range from 435 °C to 545 °C. In parallel to a second
decomposition step these oxides are reduced to a Cohenite modification, whereas above 700 °C a high-
temperature phase of iron carbide is visible. This high-temperature phase, however, transforms back into
Cohenite or into elemental iron and graphite during the subsequent cooling process.

In contrast, the addition of sulphur (Fig.2b) affects spectra exhibiting amorphous behaviour in a
temperature range between 435 °C to 545 °C. At this temperature also Wuestite can be detected but beside
this there is another phase with a main reflex at 2theta = 44.4° that might be related to an iron carbide
phase. Above 545 °C this signal is decreasing and spectra of the sulphur added sample are mainly
amorphous depicted in much smaller intensities of the present reflexes (Hematite and Magnetite).
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Taking into account the findings of Grabke et al. [9] it is likely that at temperatures > 435 °C the sulphur is
firmly bonded to iron, surpressing a further formation of iron carbide. Indeed, also our results of HT-XRD
measurements evidence this effect. Above 600 °C the amount of iron carbide is reduced. Therefore, an
amorphous carbon structure is formed that was found to enhance the catalytic properties.

Figure 2: X-ray diffractograms of porphyrin/Fe oxalate precursors heat treated without (a) and after
addition of sulphur.

4, Conclusions and outlook

The use of an improved reaction chamber for in-situ HT-XRD investigation under gas flow conditions
allowed the study of processes involved in activation of porphyrin-type oxygen reduction catalysts under
standard preparation conditions. The comparison of sulphur free and sulphur containing precursors let us
conclude that the effect of “iron blocking” by sulphur preventing the formation of iron carbides starts at
temperatures of 435 °C. This effect significantly enhances activity of Pt-free oxygen reduction catalysts. It
was monitored for the first time by in-situ HT-XRD analysis. Further work is planned to investigate the
pyrolysis processes of precursors using cheaper starting materials.
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Nickel oxide is an important material for opticabrge media and in heterogeneous catalysis.
However, under ambient conditions, impurities sashcarbonates can easily be formed by
reaction with CQ. Behm and Brundle [1] for instance reported threnfation of a carbonate layer
on Ni(100) by simultaneously dosing molecular oxygend CQ. As the catalytic activity of
nickel oxide could be strongly influenced by thenfation of carbonate, we studied the
interaction of CQ with thin NiO layers on Cu(111) by high resolutig®S applying synchrotron
radiation. Cu(111) acts as inert substrate foigtiogvth of NiO layers with defined thickness. The
experiments were performed at beamline U49/2-PQMihg a transportable apparatus described
elsewhere [2].

To form NiO, first the appropriate amount of nickes evaporated onto the Cu(111) surface at
120 K, followed by heating to 300 K to produce f\itfilms [3]. Subsequently, the Ni films were
completely oxidised by dosing 120 L of moleculaygen at 300 K, followed by flashing to 500
K. As result, no metallic component could be detdeh the Ni 2p XP spectra (data not shown).

Figure 1 shows a series of C 1s XP spectra,
recorded while dosing GOonto 2 ML
NiO/Cu(111) at 110 K. Two characteristic
peaks arise at binding energies of 289.0
and 291.1 eV, with the former attributed to
carbonate according to Behm and Brundle
[1]. Its thermal stability (see Figure 2)
rules out a weakly bonded physisorbed
species. The other peak at 291.1 eV is
assigned to physisorbed gQts intensity
is drastically reduced, when decreasing the
CO, partial pressure (green spectrum). The
Figure 1: Series of C 1s XP spectra while dOSin@orresponding O 1s binding energies are

CO;, onto 2 ML NiO/Cu(111) at 110 K; 531 6 eV (carbonate) and 534.8 eV (physi-
carbonate saturation coverage: 0.14 ML. sorbed CQ) (Figure 2 b).

Subsequently, we also studied the thermal evolutibthe carbonate layers during heating to
elevated temperatures, by recording C 1s and OPLspéctra. As can be seen in Figure 2 a (C
1s) and 2 b (O 1s), the components at binding e&ergf 291.1 and 534.8 eV disappear
completely up to 200 K, due to desorption, furthenfirming their assignment to physisorbed
CO.. In contrast, the component attributed to cart®mathermally much more stable, although
its intensity decreases continuously with incregdemperature. But even at 500 K, a tempe-
rature range, where NiO already starts to decomsosall amounts of carbonate are still left on
the surface. Therefore it is not possible to cl®a® layers, which were contaminated by
carbonate (formed from e.g. G@om the residual gas) by simply heating to eledaempera-
tures.
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Figure 2: Selected a) C 1s and b) O 1s XP speufr&€0O, and carbonate adsorbed on 2
NiO/Cu(111) recorded during heating to denoted &xafoires.

The quantitative analysis of the C 1s data
(Figure 3) clearly shows a nearly linear
decay of the carbonate coverage with raising
temperature. Note that the increase of the
carbonate coverage for temperatures below
150 K is either caused by further formation
of carbonate from C©and surface O and/or
by reduced damping as consequence of
desorbing CQ in this temperature regime.
The analysis of the Ol1s data (not shown)

Figure 3: Quantitative analysis of C 1s XP speofras.howS an overall similar behaviour. Interes-

CO, and carbonate adsorbed on 2 MEneg’ at 600 K the O 1s peak assigned to
NiO/Cu(111) during heating. carbonate (not shown) shows still ~25 % of

its original intensity, whereas the corres-
ponding C 1s intensity in Fig. 3 has vanished. Agille explanation for this apparent excess of
“carbonate” in the O 1s data could be the simuttasdormation of hydroxyl groups. It is known
[4] that NiO surfaces are very reactive towardsewat.g., from residual gas, forming Nickel
hydroxide. Dosing water onto NiO layers on Cu(lihtleed lead to the formation of NiOH, with
the corresponding O 1s peak at the same bindingyerie531.6 eV) than that for the carbonate
(data not shown).
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Palladium is well known as the most active catalyst in a number of key industrial
processes such as the total oxidation of hydrocarbons in automotive exhausts, the natural gas
combustion in gas-powered turbines, as well as selective hydrogenation of alkynes to alkenes.
Its practical importance has stimulated a vast amount of works devoted to the study of
adsorption, oxidation and hydrogenation of hydrocarbons over palladium. To date, most of
the works was performed at high pressure under realistic catalytic conditions by monitoring
the reaction products in the gas phase. Unfortunately, this approach has difficulty in
unraveling the details of the reaction mechanisms that are very important for the purposeful
synthesis or improvement of catalysts. Other studies were carried out under UHV conditions
by surface science techniques. Certainly, these UHV studies significantly developed our
understanding of the mechanisms for different catalytic reactions, however, the questions
about the state of the active catalyst, as well as the reasons for catalyst activation and
deactivation, remain very often under discussion. Indeed, the active state of a catalyst exists
only during the catalysis and can «die» in UHV. For investigation of really «living» catalysts,
different spectroscopic techniques must be applied at elevated pressure in situ, i.e., while the
catalysis takes place [1,2]. Moreover, it is essential to combine the spectroscopic
characterization of a catalyst surface with simultaneous monitoring of its catalytic
performance. In the last several years, such an approach is usually called as operando. Here
we demonstrate how the application of the operando techniques can be used to provide
additional insight into the mechanism for heterogeneous catalytic reactions.

The aim of our work was to elucidate the mechanism of activation and deactivation of
Pd surface in the propylene oxidation. Pd is chosen as a highly active metal, used in three-way
catalysts for utilization of the tailing gases. Propylene is a good model unsaturated
hydrocarbon, which can be easily studied by surface science methods. We use a combination
of in situ X-ray photoelectron spectroscopy and mass-spectrometry. XPS is one of the
powerful tools to investigate both the surface composition and the nature of adsorbed species.
When in situ XPS is coupled with mass-spectrometry, it becomes a particularly effective
operando technique, which makes it possible to correlate surface properties with the catalytic
performance. The experiments were performed at the ISISS beam line at BESSY in Berlin.
The construction of this setup was described in detail elsewhere [2]. A differentially pumped

system of electrostatic lens is the key feature of this setup, which allows investigation of the
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catalytic reactions in situ in the mbar pressure range. The gas-phase analysis was carried out
using a quadruple mass-spectrometer connected through a leak valve to the experimental cell.
A Pd(551) single crystal was used as a catalyst. It was mounted onto a sapphire sample holder
with a SiC plate heated from the back with a NIR laser. The main advantage of this heating
method is the absence of any hot details, which may have a high catalytic activity. The sample
temperature was monitored with a chromel-alumel thermocouple spot-welded directly to the
crystal edge. The partial pressure of propylene during the experiments was 5x10™ mbar, the
propylene/oxygen ratio was 1:1, 1:10, and 1:100.

The reaction was studied using the temperature-programmed-reaction (TPR) techniques
based on mass-spectrometric analysis of the gas phase during heating and subsequent cooling
with the constant rate of 1 K/s in the range between 100 and 500°C. The TPR results show a
very complex kinetic behavior of this reaction. In all cases, the main reaction products were
CO; and water. Fig. 1 shows the CO, yield during the complete heating/cooling cycle as a
function of the sample temperature for the different propylene/oxygen ratios. One can see at
least three temperature hysteresis loops in the TPR curves. The most pronounced hysteresis
loop was observed at low temperature. For example, during a heating ramp, the activity in
propylene oxidation sharply increases at 285, 230 and 210°C, for the propylene/oxygen ratio
1:1, 1:10, 1:100 correspondingly, whereas a quick decrease in the activity is observed at 150-
160°C during the subsequent cooling ramp. Two other hysteresis loops appear in the oxygen
excess. Certainly, such dynamic behavior is determined by strong change in the surface
composition. It is well-known that depending on reaction temperature, pressure and
hydrocarbon/oxygen feed, palladium surface can be covered with oxide, carbon or hydrate
layers. In order to determined the reason, which causes the first hysteresis loop, we recorded
under the same conditions the C1s, O1s, and Pd3d core-level spectra during stepwise heating
from 100 to 250, 300, 400, and 500°C and during the following cooling in the same manner.
All the experiments showed consistent results, and therefore only the C1s spectra obtained in
the equimolar propylene/oxygen mixture are presented bellow.

The C1s spectrum obtained at 100°C consists of at least 5 marked features. A small
peak at 285.7 eV is due to CO, which adsorbs from the background gas or forms over
palladium surface as a product of the propylene oxidation. Two weak features at the higher
binding energy could be attributed to more strongly oxygenated carbon species like formate,
acetate, etc. Two major spectral features at 283.9 and 284.6 eV could be attributed to carbon
species located in the near-surface region. The dissolution of carbon in the Pd bulk and
following formation of the PdC surface phase [1] at low temperature was also evidenced by
Pd3ds;, spectra (not shown). After heating to 250°C, both the Cls and Pd3ds;, spectra
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essentially remained constant. In contrast, at 300°C all the C1s features and PdC component
in the Pd3ds, spectrum disappear that points out to full removing of carbon from the near-
surface region. During cooling to 250°C, we again observed a similar C1s spectrum, but with
very low intensity. Further cooling leads to restoration of the C1s spectrum as well as of the

PdC component in the Pd3ds/, spectrum.
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Figure 1. Temperature dependence of CO, yield in the propylene oxidation for different
propylene/oxygen ratios (left) as well as in situ Cls spectra (center) and temperature
dependence of C1s intensity observed in the equimolar reaction mixture (right).

Comparing the XPS and TPR data, we can postulate that the first activity hysteresis in
the propylene oxidation is closely coupled with the hysteresis in the carbon content in the
near-surface region. The state with the lower activity corresponded to the PdC surface phase,
which is formed over the palladium surface due to carbon deposition and the following partial
carbon dissolution in the Pd bulk. The PdC phase is formed even in an oxygen excess at low
temperature, leading to the immediate catalyst deactivation. During heating, the carbon clean-
off reaction with oxygen proceeds, which restores the adsorption properties of the palladium
surface, and, as a consequence, the propylene oxidation starts above 210-285°C. Another
interesting point of this study is an observation of strong dependence of the propylene
conversion on the propylene/oxygen ratio. The higher level of propylene conversion was
detected in the equimolar mixture. This phenomenon is explained by the inhibiting effect of
oxygen adsorption and formation of the surface oxide. High oxygen content extinguishes the
reaction. It means that the presence of oxygen-free metal surface, where propylene can adsorb
and dissociate, is necessary for high catalytic activity.
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One of the most interesting and unusual phenomena of catalysis is the rate oscillations
[1]. To date, approximately 70 oscillating heterogeneous catalytic systems are known. A
classic example is oscillations in CO oxidation over noble metals, which were intensively
studied during the last thirty years. At present, a special attention is attracted to oscillations in
the oxidation of light alkanes over transition metals. For example, the regular self-sustained
oscillations were observed in the methane oxidation over Ni, Co and Pd supported and
unsupported catalysts in oxygen-deficient conditions at ambient pressure [2]. Similar
oscillations were also observed in the ethane oxidation over Ni and Co foils. In our previous
work, it was found that the propane oxidation over Ni can proceed in a self-oscillation regime
as well [3,4]. The characteristics of all these oscillations are sufficiently similar to suggest a
common origin for the oscillatory behaviour. The stable and repeatable oscillations appear
after an induction period of tens minutes, when the catalysts demonstrate very low activity. It
points out that the reaction kinetics alone cannot be responsible for the oscillations. Also the
oscillation mechanisms, which are in general based on UHV studies [1], cannot be simply
extrapolated to the high-pressure conditions. For elucidating the oscillation mechanism in the
oxidation of light alkanes over transition metals, it is necessary to apply some operando
techniques.

Unfortunately, self-oscillations in the methane and ethane oxidation were observed only
at atmospheric pressure [2], where most of the surface-sensitive techniques, including
XANES and XPS, can not be used. Therefore, as a case reaction, we chose the catalytic
oxidation of propane over Ni, where regular oscillations with periods of several minutes can
be observed in the mbar pressure range [3,4]. Here we present first results of an operando
study of the oscillations in the propane oxidation over a Ni foil. We used time-resolved X-ray
photoelectron spectroscopy in situ, i.e., while oscillations take place, simultaneously with
mass-spectrometry (MS) for monitoring gas-phase components. In situ XPS is one of the most
useful tools to investigate both the surface composition and the nature of adsorbed species on
the catalyst surface. When the in situ XPS is coupled with mass-spectrometry, it becomes a
particularly effective operando technique, which makes it possible to correlate the surface
properties with the catalytic performance.
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The experiments were performed at the ISISS beam line at BESSY in Berlin. The
construction of this setup was described in detail elsewhere [5]. A differentially pumped
system of electrostatic lens is the key feature of this setup, which makes it possible to
investigate the catalytic reactions in situ in the mbar pressure range. During the experiments,
the total pressure of the reaction mixture in the experimental cell was kept at a constant level
of 0.5 mbar. The gas-phase analysis was carried out using a quadruple mass-spectrometer
(Prizma, Balzers) connected through a leak valve to the experimental cell. A rectangular piece
of a nickel foil (0.125x6x7 mm, purity 99.99%, obtained from Advent) was used as a catalyst.
It was mounted onto a sapphire sample holder with a SiC plate heated from the back with a
NIR laser. The main advantage of this heating method is the absence of any hot details, which
may have a high catalytic activity. The sample temperature was monitored with a chromel-
alumel thermocouple spot-welded directly to the foil edge.

In this operando XPS-MS study, the oscillations were observed at temperatures 550-
650°C and for gas mixtures with the propane/oxygen ratios from 1:1 to 20:1. The period,
amplitude and waveform of the oscillations were strongly dependent on the temperature and
the propane/oxygen ratio. Usually, the catalyst stayed in an inactive state for the most of time
with occasional evolution of H,, CO and H,0. Such product distribution indicates that both
the partial and total oxidation of propane occurred over nickel during the active half-period
[4]. The periodic changes in the reactant concentration were accompanied by synchronous
fluctuations of the catalyst temperature. Figure 1 shows typical oscillations of the reaction
rate, which is demonstrated by the time-induced variation of MS signals at m/z = 2 (Hy), m/z
= 18 (H,0), m/z = 28 (CO) and m/z = 32 (O,). Changes of the catalyst temperature are also
detected (Fig.1).
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Figure 1. Oscillations of H,O, O, Hz, CO, and temperature (left) as well as Ni2ps;, and O1s
core-level spectra taken during inactive and active half-periods of oscillations (centre and

right). The propane/oxygen ratio was 3:1.
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In order to reveal the nature of the active and inactive state of the catalyst surface,
time-resolved XPS spectra were measured in situ, directly during the oscillations. Fig. 1 also
shows the Ni2ps;, and O1s core-level spectra, which were taken when the system periodically
passes through three characteristic points corresponding to the inactive and active states
marked as 1, 2, and 3. The Ni2ps, spectra from the inactive surface (spectra 1 and 3) show the
characteristic pattern of NiO with the main Ni2pz, line at 855 eV and two satellites at higher
(by ~1.5 eV and ~7 eV) binding energies. According to previous XPS studies [4], the first
satellite, which looks as a prominent shoulder of the main line, is assigned to NiO, while the
second strong broad satellite at 862 eV is typical of Ni** compounds like NiO, Ni(OH),,
NiAl,O4, etc. In contrast, the Ni2ps, spectrum of the active nickel surface (spectrum 2)
consists of a sharp single peak at 853 eV, which corresponds to nickel in the metal state. A
wide low-intensive feature at 859 eV in this case is assigned to an energy loss peak due to
plasmon excitation. In full agreement with these data, strong changes have been observed in
the O1s spectra, when the system periodically passes from the inactive to the active state (Fig.
1). The O1s spectrum from the inactive surface (spectrum 1) exhibits an intense feature at
529.9 eV, which mainly corresponds to oxygen in NiO. Transition to the active state of nickel
surface leads to a drop in the O1s intensity (spectrum 2). Again, after subsequent transition to
the inactive state, the O1s spectrum is restored in the intensity to the original level (spectrum
3).

Thus, in situ XPS spectra clearly indicate that during the inactive half-periods, nickel
foil is covered with a nickel oxide layer, which mainly consists of NiO. The transition to the
active state is accompanied by the full reduction of nickel oxide to Ni°. It means that the self-
oscillations in the propane oxidation over Ni originate due to the periodic oxidation and
reduction of the catalyst surface. The high-activity state is associated with metallic nickel,
whereas the low-activity state is characterised by the presence of the nickel oxide layer on the
catalyst surface. Considering the propane oxidation as a case reaction, we suppose that the
oscillations in the oxidation of other light alkanes over transition metals proceed via a similar

mechanism.
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The adsorption of molecules on a surface is the first step in heterogeneous catalysis.
Thus, detailed knowledge about the adsorption step is necessary for the under-
standing of the whole catalytic process. In a previous paper by C. Papp et al. the site-
specific adsorption of benzene on a Ni(111) surface has been investigated by in-situ
X-ray spectroscopy (XPS) [1]. Among other observations, they reported about two
specific adsorption sites — hollow and bridge — identified by their C 1s signature. On
Pt(111), Wander et al. determined the bridge site for disordered benzene adsorption
[2]. An interesting issue is the influence of lateral confinement on the adsorption
properties of molecules. So in our work we study the adsorption properties of
benzene on stepped Pt surfaces, as an example for larger molecules. We used a
regularly stepped Pt(322) surface (with five atomic rows wide (111) terraces and
(100) oriented monatomic steps) and modified it with different amounts of Ag. The
thermal deposition of Ag on stepped Pt at 300 K results in monatomic rows along the
step edges, at least for the first two to three Ag rows [3]. The amount of Ag was
varied from 0 to 1 ML (monolayers). The adsorption of benzene was monitored by in-
situ XPS; in uptake experiments at 117, 190 and 300 K, the intensity and binding
energy of the C 1s signature was determined. In addition, benzene was thermally
desorbed, monitored again by in-situ XPS. The experiments were performed at
beamline U49/2-PGML1 at BESSY-II.

As a first step, benzene adsorption at different temperatures was charac-
terized on a clean (0 ML Ag) and a completely Ag-covered Pt(322) surface (1ML Ag).

At 190 K, benzene chemisorbs on the
clean Pt (322) surface, with no
physisorption (Fig. 1). There is only
one asymmetric C 1s peak, indicating
an adsorption site for benzene, where
all C atoms have a similar local geo-
metry, i.e., the hollow site is preferred
[1]. The observed asymmetry is due to
unresolved vibrational splitting. With
increasing coverage, the peak maxi-
mum shifts to higher binding energies
by about 160 meV, because of lateral
interactions between the benzene
molecules. After 400 s saturation of
Fig.. 1: C 1s uptake experiment at 190 K for the benzene coverage was achieved.

adsorption of benzene on clean The same results were obtained for an

Pt(322). Total exposure after 400 s uptake experiment at 300 K under

was about 0.8 Langmuir. equal conditions. For 117 K also

multilayer adsorption was observed.
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On a Pt(322) surface completely covered with Ag one broad C 1s peak at higher
binding energies (of about 285.0 eV) is observed during benzene adsorption at 190
K. By removing the benzene gas phase a decrease of the intensity of the C 1s peak
identifies this species as physisorbed benzene. For 300 K there is no adsorption of
benzene on the Ag layer.

For the study of the lateral confinement the amount of Ag (and thereby the free
Pt surface area) was varied. At 190 K, benzene simultaneous adsorbs on Ag and Pt
with different relative amounts, depending on the Ag coverage. In Fig. 2 a) the
contributions of chemisorbed and physisorbed benzene on Pt and Ag, respectively,
are shown, as derived from a deconvolution of the C 1s spectra, The chemisorbed
part decreases with increasing amount of Ag and the physisorbed part increases. At
300 K the adsorption of benzene on Ag is suppressed completely, so only adsorption
on free Pt(322) areas takes place (Fig. 2 b).
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Fig. 2: Benzene coverage (in arbitray units) in dependence of silver coverage. a) Adsorption
at 190 K leads to chemisorption (on Pt) and physisorption (on Ag). Data from spectral
deconvolution (fit) of C 1s data taken during CsHe exposure. b) Adsorption at 300 K
only results in chemisorption on Pt.

In both experiments there is a limiting Ag amount for benzene adsorption on free Pt.
At 300 K. where no further data analysis is necessary, extrapolation yields a value of
about 0.6 ML Ag for this limit. Obviously, benzene needs at least two rows of Pt to
adsorb on it. This implies that benzene adsorbs in flat adsorption geometry, as
expected [2]. It also agrees with results by Campbell et al. who found an ensemble of
at least six Pt atoms necessary for benzene dissociation [4].
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The first fivefold coupling of in situ techniques was established at BESSY allowing simultaneous on line monitoring of
precipitation processes with X-ray scattering and optical spectroscopy like Raman, UV-Vis and ATR-FTIR. The
combination of these methods provides information about the species in the precipitate and the solution, the phases
and the particles in the precipitate. This equipment was used for detailed investigation of the precipitation of
ammonium iron molybdates used as precursor material for selective oxidation catalysts. Depending on the reaction
conditions, the formation of different phases with Anderson- or Keggin-like structure could be observed during the
precipitation.

Introduction

Heterogeneous Mo-based complex oxides are versatile catalysts for the selective oxidation of alkanes
and olefins to the corresponding aldehydes, anhydrides or acids [1,2] and, in particular iron molybdates, for
the selective oxidation of methanol to formaldehyde [3].

In general, a specific phase composition and structure in the mixed oxide catalysts is necessary for good
catalyst performance. Usually, the synthesis of such catalyst material comprises different steps like the
synthesis of suitable precursors by e.g. precipitation, isolation of the precipitate, drying and subsequent
calcination. During the synthesis of the precursor, the preparation method as well as the nature of the used
components and the reaction conditions play an important role and affect the final composition, structure and
performance of the catalytic material. Systematic investigations with sophisticated methods for on-line
monitoring of the synthesis process are required to understand and distinguish the influence of these
different parameters.

For this purpose, an experimental setup was established at the p-spot Beamline at BESSY allowing
simultaneous Small Angle and Wide Angle X-ray scattering (SAXS/WAXS), Raman, UV-VIS and ATR
spectroscopy. While the structural changes of molybdate species within solution and precipitate were
observed by optical spectroscopy, the scattering experiments provide information on the precipitate, such as
particle and crystallite size and nature of crystalline phases formed during precipitation.

Experimental

An experimental setup presented formerly [4] was enhanced at the p-spot Beamline at BESSY and is
schematically shown in Fig. 1. Generally, an ammonium heptamolybdate (AHM) solution and a metal nitrate
solution were prepared separately. Than, the nitrate solution was slowly added to the AHM solution by
vigorous stirring. This mixture was stirred for 60 min at room temperature. In a second step, concentrated
HsPO, or a solution of diammonium hydrogenphosphate (NH,4),HPO, were added, followed by further stirring
for 30 min. Finally, the suspension was heated to 50°C and stirred for another 60 min.

Fig.1: Scheme of the experimental setup and image of the flowcell with the X-ray area detector and the Raman spectrometer

The UV-vis and ATR measurements were carried out by using respective probes directly dipped into the
reaction solution. The UV-vis spectra were recorded in reflection mode using an Ava Spec 2048 fiber optic
spectrometer (Avantes). Mid infrared ATR spectra were collected using a fiber optical diamond ATR probe
(ifs Aachen) coupled to a FTIR spectrometer Avatar 370 (Thermo Electron). The slurry was transported by a
peristaltic pump within a closed circuit of flexible tubes through a borosilicate capillary with an inner diameter
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of 5 mm and a wall thickness of 100 um used for Raman and X-ray scattering measurements. The Raman
investigations were performed by focussing the laser beam onto the suspension flowing through this capillary
using a fiber optical RXN spectrometer (Kaiser Optical Systems) equipped with a 70 mW diode laser at a
wavelength of 785 nm. For the scattering experiments the capillary was irradiated with highly monochromatic
X-rays (A = 1.0336 nm). The scattered intensities were collected 20 cm behind the capillary with a two-
dimensional X-ray detector (MarMosaic 225). The scattering data were transformed into diagrams of
scattered intensities, |, as function of the scattering vector q = 4n/A sind with 6 being the scattering angle.

Results

To obtain information about the influence of component concentration and pH-value on the formation of
different molybdate phases, the system Mo/Fe/phosphate was exemplarily chosen, and the Mo/Fe ratio and
the nature of the phosphate compound were varied.

In Fig. 2 the X-ray scattering results of mixing AHM with the iron nitrate solution and addition of
(NH,4),HPO, aq. are presented. Bragg reflections indicating crystalline phases could be observed in all
curves.

Intensity / a.u.

q /nm™

Fig. 2: X-ray scattering curves and Raman spectra after mixing the AHM with the nitrate solutions (l), adding of (NH,4),HPO, ag. (Il) and
heating at 50°C (lll). The scattering curves were obtained every 120 sec.

In the first step one phase is formed immediately after mixing the solutions, further reflections appeared
after 20 min indicating the formation of another phase. The latter phase disappears after admixture of the
(NH4),HPO, solution. During heating at 50°C the crystallinity of the remaining solid phase lowers.

The scattering results are confirmed by Raman spectroscoPy. In the first step, the formation of two
molybdate species is observed indicated by a band at 967 cm™ which is due to an Anderson-type phase
containing [H6FeM06024]3' species [5] and another one with a band at 967 cm™ possibly correlated with
[MogO,6]*'species. The latter band disappears after addition of (NH,),HPO, due to the increase of pH. During
heating at 50°C the band at 957 cm™ shifts to 964 cm™and a further band appears at 893 cm™. The nature of
the corresponding species is yet unclear. From inspection of the phosphate bands visible in the ATR spectra
it can be concluded that a mixed molybdatophosphate or a mixture of Anderson-type molybdate and
phosphate is possibly formed.

If HsPO, is added instead of (NH4),HPO,, a Raman band at 980 cm™ is observed typical for the Keggin-
type anion [PM012040]3'. The results of SAXS/WAXS measurements shown that the Mo/Fe ratio influences
the crystallinity of this Keggin structure: a lower amount of Fe leads to an amorphous phase, whereas higher
amounts seem to facilitate the formation of a crystalline phase.

Fig. 4: X-ray scattering curves of the final

3 precipitate obtained under different
5, preparation conditions: A) Mo/Fe=0.12/0.01 +
2 H3;PO, B) Mo/Fe=0.12/0.01 + (NH4);HPO,; C)
2 C Mo/Fe=0.12/0.02 + HsPO,.

]
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- B
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Conclusions

The combination of X-ray scattering with synchrotron radiation and optical spectroscopic methods like
Raman, UV-Vis and ATR-FTIR allows a comprehensive insight into the synthesis of mixed oxide catalyst
precursors in the liquid phase under realistic synthesis conditions. This specific method combination proved
to be a valuable tool to elucidate structural changes of the complex anions during precipitation process an on
molecular scale together with changes of nanoscopic properties of respective precipitate such as
agglomeration and crystallization.
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measurements performed during 28" calendar week in 2008 on beamline KMC-2

Introduction

Three metal-organic frameworks (MOFs), named MFU-1, MFU-2 and MFU-3, were
investigated by EXAFS and XANES to gain deeper insights into the behaviour of
these MOFs during catalysis. The structures of the untreated samples as determined
by single crystal X-ray analysis are given in Fig. 1 and 2.

Fig. 1: Crystal packing diagram of MFU-1 (left), MFU-2 (middle) and MFU -3. {CoONa3} in MFU-1 and
{CoNg} in MFU-2 and MFU-3 coordination units are represented as blue polyhedrons. Hydrogen atoms
are omitted for clarity.

Fig. 2: Left: schematic drawing of MFU-1, represented by linearly connected octahedral nodes as
secondary building units; Right: MFU-2 and MFU-3, represented by linearly interconnected one-
dimensional Co(ll) as secondary building units.

All three MOFs catalyse the reaction of cyclohexene with tert-Butylhydroperoxide and
show an intensive colour change during reaction. On the other hand, the XRD
patterns after catalysis are unchanged for MFU-1, whereas MFU-2 and MFU-3 get
amorphous during catalysis. Additionally, further experiments proofed that MFU-1 is
in fact a heterogenous catalyst, whereas the Co ions of MFU-2 and MFU-3 are
bleeched out from the networks, and thus homogenous catalysis is observed.
Therefore, EXAFS and XANES studies were performed to gain deeper insights into
the changes of the novel catalyst materials during catalysis.
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Experimental

EXAFS and XANES measurements were conducted at room temperature, using the
doublecrystal monochromator (SiGe (111) graded crystals, E/AE=4200) at the
beamline KMC-2 of the electron storage ring at the Berliner Elektronenspeicherring-
Gesellschaft fiir Synchrotronstrahlung m.b.H. (BESSY II, Berlin, Germany).”! The
XANES and EXAFS spectra were recorded at the Co-K-edge, energy calibration was
performed with cobalt metal foil. Measurements were performed in transmission
mode using ion chambers, additionally the fluorescence using a fluorescence yield
detector (Si-PIN photodiode) was recorded.

Results and Discussion

XANES and EXAFS of MFU-1, MFU-2 and MFU-3 were recorded for the untreated
samples as well as the samples after catalysis. The Co K-edge EXAFS spectra are
analyzed using the standard Athena and Artemis FEFF XAFS analysis codes.?!

The raw and fitted Fourier transforms of the k*-weighted x(k) spectra (calculated in
the k-range 2.0-12.0 A™") at the Co-K-edge are shown in Fig. 3-5. The Co-K edge
spectra were fitted using models derived from the single crystal structure data of
MFU-1, MFU-2 and MFU-3.

FT magnitude (A®)

Fig. 3: Left: kz-weighted Fourier transformation of the EXAFS spectra of MFU-1 before catalysis (top)
and after catalysis (bottom) fitted from 1.0-3.5 A with 10 variables for 19 independent points, R = 0.004
and reduced )(2 = 762. The raw data and the fitting are shown in solid and dashed lines, respectively.
Right: Stick representation of the cluster used for EXAFS data analysis. The absorbing Co atom is
highlighted as a ball.

56



FT magnitude (A

Fig. 4: Left: kz—weighted Fourier transformation of the EXAFS spectra of MFU-2 before catalysis (top)
and after catalgsis (bottom) fitted from 1.1-3.5 A with 7 variables for 18 independent points, R = 0.002
and reduced x° = 213. The raw data and the fitting are shown in thin and thick solid lines, respectively.
Right: Stick representation of the cluster used for EXAFS data analysis. The absorbing Co atom is
highlighted as a ball.

FT magnitude (A®)

R (A)
Fig. 5: Left: kz—weighted Fourier transformation of the EXAFS spectra of MFU-3 before catalysis (top)
and after catalgsis (bottom) fitted from 1.0-4.0 A with 12 variables for 19 independent points, R = 0.003
and reduced ¥~ = 146. The raw data and the fitting are shown in thin and thick solid lines, respectively.
Right: Stick representation of the cluster used for EXAFS data analysis. The absorbing Co atom is
highlighted as a ball.

The excellent fits to the EXAFS data for all three compounds confirm the validity of
the structure obtained from single crystal x-ray structure analysis. Particularly no
further Co-containing species are observable, proofing that the catalytic activity is
due to the metal sites in these three metal-organic frameworks (and not due to further
unknown Co-containing impurities or side-products in the voids of the network).

Whereas MFU-1 shows obvious changes between the sample before and after
catalysis (especially above 2 A in the Fourier transformed spectrum), MFU-2 and
MFU-3 maintain the local structure during catalysis. Despite the obvious changes in
the MFU-1 spectrum, the fit to the molecular cluster as it is before catalysis is still
satisfactory (though with slightly changed bond lengths and Debye-Waller factors).
Since also the XRD pattern of MFU-1 is unchanged during catalysis, we assume that
due to diffusion limitation of the catalytic reaction, only a small part of the Co centers
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close to the surface of the crystal is structurally changed. This fact is complicating the
search for the structure of the catalytic center after the catalytic reaction.

For MFU-1, bleeching experiments showed already that the catalysis is homogenous.
The next question thus was if the catalysis is maybe only performed by defects on
the external surface of MFU-1. The obvious change in the EXAFS signal for MFU-1
after catalysis now additionally proofs that the catalysis is performed on the {Co0,0}
cluster centres of the framework and not only by defects on the external surface. For
MFU-2 and MFU-3, on the other hand, the catalysis is due to bleeching of the Co
ions into solution, and the material gets amorphous due to XRD measurements. In
contrary, the EXAFS analysis for these two materials reveals that the molecular
fragment is still unchanged after catalysis. Therefore, the catalyst is decomposing
during catalysis into smaller, stable fragments with still the same local environment.
These results are in accordance with the structural features of the three frameworks:
The Co centres in MFU-1 are still accessible to potential further ligands, whereas the
linker in MFU-2 and MFU-3 completely “shields” the metal centres from coordination
of potential ligands. Altogether, these results indicate that only MFU-1 type catalysts
are promising candidates for catalytic reactions.

Since the EXAFS data for MFU-1 indicate at least a partial structural change after the
catalytic process, XANES spectra were examined to obtain further information upon
the valence state for MFU-1 before and after catalysis. Fig. 6 shows the XANES
spectra of MFU-1 before and after catalysis together with Cos04 and Co"-pyrazolate
as references with higher valences, showing that the edge energy is the same for
MFU-1 after and before catalysis. The peak edge should be shifted to higher energy
for Co of larger oxidation-state, which is often utilized to estimate the oxidation state
of Co,”” and a linear dependence of the chemical shift on the average valence can be
assumed.”® Thus the unchanged position of the peak edge indicates that the
oxidation state of Co in MFU-1 is not changed throughout the catalytic cycles.

MFU-1

MFU-1
after catalysis|

Co,0,

ﬁ

Co(pz)

3

Absorption [edge normalized]

. r .

7700 7710 7720 7730 7740
Photon energy (eV)

Fig. 6: Normalized Co K-edge XANES spectra.
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! The structure of MFU-1 is similar to the one of MOF-5, which has a CaBs type framework topology. It
encloses octahedrally-shaped {Co,O(dmpz)s} nodes reminiscent of the {Zn,O(CO,)¢} secondary
building units of MOF-5, and phenylene rings constituting the edges of the cubic 6-connected CaB6
net. MFU-2 and MFU-3 show PtS-type framework which contains prismatic tunnels running through
the crystal, the walls consisting of layers of 1D Co(ll) chains and dianionic BDPD ligands. Each
Co(ll) center adopts a distorted tetrahedral coordination geometry through binding to nitrogen donor
atoms from four different ligands.
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Heterogeneously catalyzed reactions are often performed at highly dispersed particles, exhib-
iting a variety of defect sites, which are proposed to be very reactive. Poisoning of the active
sites is a major issue in large scale applications of heterogeneously catalyzed reactions. One
very efficient poison for catalysts is sulfur, which is supposed to lead to the blocking of reac-
tive sites.

We studied the reaction of sulfur with oxygen on the stepped Pt(355) surface by in-situ high-
resolution XPS applying synchrotron radiation. The Pt(355) surface has five atom row wide
(111) oriented terraces and (111) oriented monatomic steps. Sulfur was deposited via hydro-
gen sulfide adsorbed at ~130 K, followed by heating to 700 K, which leads to the decomposi-
tion of H,S, with hydrogen desorbing as H, and S remaining on the surface. The experiments
were performed at beamline U49/2-PGML1, using a transportable apparatus described else-
where [1].

Fig. 1 a shows a series of S 2p
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Fig. 1 b shows S 2p XP spectra recorded during dosing of oxygen at 350 K. Initially, the ad-
sorption of oxygen leads to a shift in binding energy of the S 2p doublet assigned to elemental
sulfur (see difference between red and orange spectrum in Fig. 1 b). This shift is caused by the
displacement of sulfur by oxygen from step to terrace sites. A similar change of adsorption
sites was also observed for coadsorbed CO and S on Pt(355) and Pt(322) during heating [4,
5]. After an induction period, the formation of SO, (green spectrum) is observed, followed by
a time-delayed oxidation of SO, to SO, (see blue spectrum).
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Fig. 2: a) Quantitative analysis S 2p XP spectra recorded during oxidation of 0.02 ML S at 350 K; b)
Change of S peak area (logarithmic scale) versus oxygen dosing time during oxidation of 0.02 or
0.03 ML S at different temperatures between 250 and 450 K, inset: In k versus 1/T.

Fig. 2 a shows the quantitative analysis of the reaction of S with O at 350 K. After the short
induction period the S coverage decreases exponentially with time and SO, is formed. At
~100 s the subsequent reaction to SO, starts and nearly all SO, has reacted after 900 s. To
determine the kinetic parameters of the reaction, the oxidation has been studied at different
temperatures. For small S coverages the plot of S peak area (logarithmic scale) vs. time shows
a linear decrease at all chosen temperatures, as can be seen in Fig. 2 b. The negative slopes,
i.e., the rate constants k, increase with temperature, indicating pseudo first order reaction Ki-
netics with respect to the oxidation of elemental S. Applying the Arrhenius equation, the plot
of In k vs. 1/T then reveals an apparent activation enthalpy of about 34 kJ/mol for the rate
determining step in the oxidation of S to SO, on Pt(355).
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A multivalent linker is defined as a molecule containing identical functional groups binding to
acceptor sites. It has been observed in thermodynamic and kinetic studies that the stability of
the complexes which are formed between multivalent linkers and substrates is significantly
increased, when the binding of multivalent systems is compared to the corresponding mono-
valent species.!! Moreover, the number of binding sites are not additive to the enhanced
stability, implying a highly non-linear binding behavior of multivalent linkers.™ However,
these effects are not yet fully understood on a molecular level. Nanoparticles functionalized
with small mono- and multivalent organic linker molecules are simple model systems for
investigations of multivalent interactions.

In the present study high-resolution core-level excitation is used to investigate the local
electronic properties of mono- and bivalent thiols which are bound to free gold nanoparticles.
For a comparison also the corresponding free ligands are studied in solid nanoparticle
samples. The thiol ligands (see Figure 1) are commercially available or prepared by organic
syntheses.? Gold nanoparticles of 25-50 nm diameter are prepared by colloidal chemistry®!
and functionalized with the mono- or bivalent ligands. The solutions of the ligands or
dispersions of the functionalized nanoparticles 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 focused by an aerodynamic lens in the size regime r < 200 um in the
interaction region with synchrotron radiation.!! Total electron yields are measured in the S
L3, absorption regime 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. [5,6]).

We investigate the binding of the three bivalent compounds lipoic acid (LA), its open form
dihydrolipoic acid (DHLA), and the amino analogon of lipoic acid, 5-(1,2-dithiolan-3-yl)-
butan amine. 11-mercaptoundecanoic acid (11-MUDA) is used as a monovalent reference
(see Figure 1). Total electron yield (TEY) spectra of the unbound molecules 11-mercaptoun-
decanoic acid, dihydrolipoic acid, and lipoic acid in the S Ljj-absorption regime are
displayed in Figure 2.

R p3/2 p1/2

I 7*(CH,) _c;/*(C-S) P

I NE Fen

- p3/2 H : kS k
oXC-S) i §

TEY [eV]

161 162 163 164 165 166 167 168

Energy [eV]
Figure 1: Mono- and bivalent sulfur containing Figure 2: Total electron yield spectra of 11-MUDA
compounds investigated in this study. (red line), DHLA (blue line) and LA (black line) in

the S L3, absorption regime. The two vertical lines
indicate the shift of the S L3, spectrum of LA com-
pared to that of DHLA.
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Figure 3: Total electron yield spectra of 11-MUDA
bound to gold nanoparticles (red solid line) and free
11-MUDA (red dotted line) in the S Lj,-absorption
regime. The vertical lines indicate the shift between
spectra of the free and the gold-bound 11-MUDA.
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Figure 4: Total electron yield spectra of LA (black
solid line) and its amino analogon (green dotted ling,
see chemical formula in Figure 1) both bound on
gold nanoparticles in the S Lj, absorption regime.
For a comparison the spectra of free DHLA (blue
solid line) and free LA (black dotted line) are also
displayed. The vertical line indicates that the spectra
of gold-bound LA and 5-(1,2-dithiolan-3-yl)butan
amine are not shifted compared to free DHLA.

Figure 5: Schematic view of the binding of lipoic
acid (LA) to a gold nanoparticle.

11-MUDA shows the typical S Lj-spectrum
of a monovalent thiol,[* whereas the spectrum
of DHLA is slightly broadened. This can be
explained by the fact that in this dithiol the two
sulfur atoms are in slightly different chemical
environments (see Figure 1). In contrast, in the
spectrum of LA the S pz, o*(C-S) peak is
shifted to significantly lower energies and the
overall of the spectrum is significantly
different, as it is expected for a disulfide.®! The
S Ljsz-spectrum of 5-(1,2-dithiolan-3-yl)butan
amine, also measured in this study (not shown
here), is practically identical with that of the
analogous acid because the 1,2-dithiolan ring is
identical in both molecules.

The free nanoparticles consisting of the pure
ligands yield relative intense electron yield
spectra. In the case of the functionalized gold
nanoparticles only monolayers on the
nanoparticle surface are measured. AS
expected, the TEY-signal of the monolayer in
the in near-edge spectra is weak and
superimposed to a huge electron signal from
the valence continuum. Nevertheless, it turned
out that the signal strength is sufficient to take
near-edge spectra of such species. Even though
these experiments require relatively long
acquisition times, no radiation damage was
observed because continuously fresh sample
entered the ionization region.

Figure 3 shows the S Ljz,-spectrum of 11-
MUDA bound on 25 nm gold nanoparticles.
The spectrum is shifted by about 0.2 eV to
higher energies compared to the spectrum of
free 11-MUDA. This result clearly indicates
that also monolayers of organic ligands bound
to gold nanoparticles can be investigated by
this approach and that these measurements are
sensitive to changes in the local electronic
structure between thiol-ligands bound to free
gold nanoparticles and free thiol ligands in
solid nanoparticle samples.

The total electron yield spectrum of lipoic acid
in the S Ls,-absorption regime is displayed in
Figure 4. Lipoic acid is a 1,2-dithiolan (a five-
membered ring with two sulfur, see Figure 1).
Hence, it can in principle bind on the gold
nanoparticles as a closed ring forming a dative
bond or by ring opening (as DHLA, see Figure
1) binding as a dithiolate. A comparison with

the free lipoic acid shown in Figure 4, indicates that the gold-bound lipoic acid is significantly
shifted to higher energies. Besides this, the TEY spectrum of the gold-bound lipoic acid
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appears narrower and the lowest energy peak is more shifted than the other peaks. By
contrast, the S Lz ,-spectrum of DHLA (blue solid line) matches much better with the S L3 ,-
spectrum of the particle-bound lipoic acid. Further, particle-bound lipoic acid has a more
substantially redshifted shoulder (S L; 6*(C-S) resonance). Therefore, we conclude that lipoic
acid mainly binds by ring opening on gold. The redshifted S L3 peak is most likely due to a
small fraction of lipoic acid, which is still present in the sample. It is well-known that the
binding of thiols on gold nanoparticles in dispersion is an equilibrium process. Therefore,
we expect that this fraction is mainly due to free lipoic acid (see Figure 5). The S L3,-
spectrum of 5-(1,2-dithiolan-3-yl)butan amine (the amino analogon of lipoic acid, green
dotted line in Figure 4) has a similar shape as that of lipoic acid. However, the shift of the S
Ls-resonance is even less pronounced. Hence, in this case the fraction of the 1,2-dithiolan
(closed ring) is even lower. The binding of lipoic acid on macroscopic gold surfaces and
deposited gold nanoparticles has already been studied before.l”®! Also, the results published in
refs. 7 and 8 indicate that it preferably binds as an open dithiolate by ring opening on gold.
This confirms that the present approach yields reliable information on the binding of divalent
thiol ligands on isolated gold nanoparticles.

Remarkably, neither the spectrum of lipoic acid, nor that of its amino analogon are shifted in
energy compared to the near-edge spectrum of DHLA (see Figure 4), whereas the S L3,-
spectrum of the monovalent gold-bound 11-MUDA is clearly blueshifted compared to the
unbound 11-MUDA. This also indicates that NEXAFS is sensitive to changes between mono-
and multivalent bound organic molecules. A detailed analysis of the spectral shifts and the
binding of the ligands to nanoparticles are currently in progress.

In conclusion, the present results show that the high sensitivity of the experimental approach
permits studies on the binding of mono- and multivalent ligands to free nanoparticles. It is
possible to identify the particle-bound species by inner-shell excitation. Moreover, the present
approach is sensitive to changes in the electronic structure between bound and free ligands as
well as mono- and bivalent ones.

This project is supported by the Deutsche Forschungsgemeinschaft (SFB 765, project C5) and the Fonds der
Chemischen Industrie.
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XPS

Benzylmercaptan (BM) and p-cyanobenzylmercaptan (pCBM) were deposited via a self-
assembly process onto gold covered silicon wafers from ethanolic solutions. After rinsing
with ethanol and drying in a stream of nitrogen gas the samples were transferred into a UHV
system; then XPS and NEXAFS spectra were acquired. XPS and NEXAFS experiments were
performed at the HE-SGM beamline. XPS spectra were acquired in norma emission
geometry at photon energies of 500 eV for the N 1s, 400 eV for the C 1sand 300 eV for the S
2p region, respectively.

The XPS spectra are in accordance with the chemical formulas of the deposited molecules.
The intensity of the cyano carbon in the C 1s spectrum in Fig. 1 amounts to 20%, which
appears to be enhanced as compared to the stoichiometric ratio of 1:7 applying to pCBM. The
deviation from stoichiometry can be explained by the high orientational order of the film,
where al the cyano groups are located on the outermost layer, and by the relatively small
electron mean free path of only 0.9 nm for photoel ectrons at a kinetic energy of about 115 eV.
In addition, our calculations indicate that the C 1s lines of the carbon atom in para position to
the cyano group and of the methylene carbon should be shifted by 0.5 and 0.7 €V to higher
binding energy relative to the other carbon atoms in the benzene ring. The XP spectra do not
show any additional oxidized species indicating the stability of the prepared films against
oxidation in air.

N 1s
L hv =500 eV

Cls
| hv =400 eV

Normalized Intensity /counts s™
Normalized Intensity /counts s?

1 1 1 1 1 1 1 1
292 290 288 286 284 282 404 402 400 398 396 394
Binding energy / eV Binding energy / eV

Fig.1 Synchrotron C 1sand N 1s spectra of a benzyl mercaptane (BM) and p-cyano benzyl mercaptane (pCBM)
self assembled monolayer on a Au(111) surface.

NEXAFS

NEXAFS spectra were acquired in the partial electron yield mode with a retarding voltage of
—150 V at the C K-edge and —250 V at the N K-edge. Linear polarized synchrotron light with
a polarization factor P of ~ 82% was used. Energy resolution was ~ 0.40 eV. The incidence
angle of the light was varied from 90° (E-vector in surface plane) to 30° (E-vector near
surface normal). The raw NEXAFS spectra were normalized to the incident photon flux by
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division through a spectrum of a clean, freshly sputtered gold sample. The energy scae was
referenced to the pronounced =* resonance of highly oriented pyrolytic graphite at 285.38 eV.
NEXAFS spectra measured at the C edge for BM and pCBM are displayed in Figures 2a and
2b, respectively. The assignments of the resonances are summarized in Table 1. BM and
pCBM essentially show the same resonances at the carbon edge, but the presence of the cyano
group leads to three additional ©* resonances in the case of pCBM. It is interesting to note
that the intensity of the first n* resonance of the benzene ring appears to be more pronounced
for BM as compared to pCBM. This could indicate that intensity is shifted to the resonances
at higher photon energies due to the presence of the cyano group. More detailed assignments
of the resonances are given below. For both SAMs the dichroism of pronounced n* resonance
of the benzene ring has been used to determine the orientation of the phenyl ring relative to
the surface normal. The angular analysis was performed as described in ref. [1]. For BM the
molecular backbone shows a tilt angle of 19+£5° relative to the surface norma whereas for
pCBM atilt angle of 21+5° was determined.

In the NEXAFS spectrum of pCBM at the N K edge spectrum three ©* resonances are
observed. Their positions and assignments are summarized in Table 2. The angular
dependence of the n* resonance of the nitrile group has been analysed in the same way as the
n* resonance of the benzene ring. In this case a tilt angle of 18+5° was obtained which is
close to the 21+5° observed for the benzene ring at the C K edge.

BM pCBM
[ T T ] r [ |
Tl : RV ]
5 m
o ] a ]
o 90° 1 o
I 3 I 55"
© © £
E £ 20 ]
o o
Z 3 J\p//\
-—]\H\LI calc.

280 290 300 310 280 290 300 310
Photon Energy /eV Photon Energy /eV

Fig .2 NEXAFS spectra measured at the C K edge for a@) BM and b) pCBM. The angles at the curves specify the
angles of light incidence relative to the surface. The lines on the top indicate the positions of the resonances and
are summerized in table 1. In b) also the calculated spectrum is included for comparison (the calculated
transitions were broadened by Gaussian curves with 0.2 eV FWHM).

Table 1.

Resonance Energy/eV Energy/eV Assignment
BM pCBM
1 285.2 285.1 n,* benzene ring
2 - 286.2 n1* cyano carbon
3 287.0 286.9 C-H*, n,* cyano carbon
4 288.8 288.5 mp* benzenering, tg* cyano
carbon
5 293.7 293.2 o* benzenering

The calculations of the NEXAFS spectra were performed using the Bochum suite of open-
shell wave function based quantum chemical ab initio programs in a similar way as in our
previous studies of NEXAFS spectra [2]. The NEXAFS spectra for BM and pCBM at the
carbon K edge closdly resemble the spectra expected for benzene and benzonitrile,
respectively. There is only a small contribution of the methylene carbon to the spectra which
is also supported by the results of our theoretical calculations for pPCBM. The C atom of the
CH,SH group has only single bonds to its neighbours and therefore no strong =* transitions.
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The NEXAFS spectrum of the C K edge of pCBM shows a pronounced fine structure
indicating the presence of severa distinct resonances. The reason is that pCBM contains six
types of non-equivalent C atoms which give rise to slightly different ionization thresholds and
consequently also to different NEXAFS spectra. The calculated total spectrum shown in Fig.
2b (bottom) is a superposition of the spectra of all eight C atoms. The C atoms in the benzene
ring give rise to only one strong NEXAFS transition of n* character and some weaker n* and
o* transitions.

The spectrum for the nitrile C atom closely resembles the one of the N K edge spectrum
presented below, with three strong peaks possessing n* character. Two of the resonances
overlap with resonances present also in BM (see Table 1). Therefore the most pronounced
contributions of the cyano group lead to the new resonances at 286.2 eV and a pronounced
intensity increase of the resonance located at 286.9 eV.

CBM

P . . Table 2. Resonances of pCBM at the nitrogen K edge and
o [ N K ] assignments
wor . Resonance Energy/eV | Assignment
S F 90° 1 398.9 CN n*, out-of-plane*
Q
N g
gl 55% 2 399.8 CN n*, in-plane*
S 30°1
= 3 401.7 CN ni*, out-of-plane*

) 1273 . cale. o] * “out-of-plane” = perpendicular to the plane of benzene ring;
396 400 404 408 “in-plane” = in the plane of benzenering

Photon Energy /eV

Fig .7 NEXAFS spectra measured at the N K edge for pCBM. The angles at the curves specify the angles of
light incidence relative to the surface. Numbers indicate the resonances as assigned in table 2. A calculated
spectrum is included for comparison (the calculated transitions were broadened by Gaussian curves with 0.4 eV
FWHM to mimic the experimental resolution.

At the nitrogen K edge there is a very good agreement between experiment and calculation.
The N K edge NEXAFS spectrum of pCBM shows three strong bands positioned at  398.9,
399.8 and 401.7 eV. All of them are C-N n* valence excitations. The second, strongest band
at 399.8 eV can be assigned to the excitation from N 1s into the “in-plane” component of the
two-fold degenerate C-N n* orbital, perpendicular to the long axis of the molecule. In the
other two bands the excitation leads from N 1s into two linear combinations of the “out-of-
plane’ n* orbital of C-N and the n* orbitals of the benzene ring. The orbital in the lower state
at 398.9 eV is primarily localized at CN and has therefore a higher intensity, while the one at
401.7 eV is mainly localized at the benzene ring. It should be noted that the sum of the
intensities of the out-of-plane excitations at 398.9 eV and 401.7 eV matches amost exactly
the one of the in-plane excitation at 399.8 eV. These three resonances appear only when the
cyano group is electronically coupled to the m-system of the benzene ring. For an isolated
cyano group as in anitrile functionalized alkanethiol only one n* resonance is observed at the
N K edge at 400.8 eV [3].
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Water oxidation occurs by the abstraction of four electrons and four protons from two water
(H,O) molecules resulting in O, formation. In nature, only one enzyme, a photosynthetic
protein complex termed photosystem II (PSII), is capable of this reaction, delivering the O, of
the atmosphere [1,2]. Efficient water oxidation is also of prime interest for the production of
hydrogen (H,), the fuel of the future. Therefore, in a worldwide strive, chemists search for
synthetic catalysts for efficient water oxidation by low-cost catalysts.

Recently several new transition-metal based synthetic compounds for water oxidation have
been reported [3]. In particular, a recently introduced system using cobalt as the active metal
[4,5] has attracted much interest. This catalyst is “spontaneously” assembled as a thin layer by
electrodeposition on ITO electrodes from aqueous solution of cobalt and phosphate salts. Its
self-assembly and self-repair mechanism bears similarities to the biological formation of the
manganese complex of water oxidation in PSII [6]. The atomic structure of the cobalt catalyst
so far has been unknown.

For the first time, we studied the cobalt catalyst by X-ray absorption spectroscopy (XAS) and
determined the Co oxidation state and coordination environment. The results enable us to
postulate possible structural features, e.g. Co-Co bridging by di-pu-oxo bridges, which may be
related to the function of the catalyst. A respective publication is in preparation [7].

Experimental. The cobalt catalyst was prepared as described in [2]. The catalytic film was
either scratched off the ITO electrode and dried to yield XAS samples or the wet native film
on the ITO support was directly studied after freezing (quasi in-situ). Co"(OH,)s(NO,); and
Co"(NHj;)s samples served as oxidation state standards. XAS at the Co K-edge (7709 eV) was
performed at beamline KMC-1 at 20 K using a liquid-helium cryostat. A photodiode shielded
by Fe foil against scattered incident X-rays served as an X-ray fluorescence detector.

Figure 1: XANES spectra of the
' ' ' Cobalt catalyst and of Co(II) and
Co(III) standards. The Co in the
catalyst was in the Co(III) oxidation
state, as apparent from the similar
edge energy as in the Co(I1I)
standard, no matter whether the
native film on the ITO electrode or
a dried powder of the scratched-off
— Co(ll) Powder standard film was studied. Accordingly, the
— g:‘f"::’iztu':":;;“s’eme"ts material of the catalytic film
—__ Co(lll) Powder standard appears to be 'robust’ against

mechanical treatment and

-
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Figure 1 shows XANES spectra of the Co catalyst. The edge energies of the native wet Co
film on the ITO electrode and the dried scratched-off powder were similar to that of a Co(III)
standard. Thus, the Co film almost exclusively contains Co(III). If at all, Co(IV) was present
only in very minor amounts. The unchanged K-edge of the Co catalyst in the two conditions
suggests that it is robust against dehydration, air-exposure, and mechanical treatment.

10
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4 Co-Co2.80 A
<
X
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Figure 2: (left) Fourier-transform of an EXAFS spectrum of the native Co catalyst. The main Co-Co
distance (2.8 A) is well determined. (right) Possible structural motif of the Co catalyst in agreement
with the XAS-detected interatomic distances and Co coordination numbers (blue, Co; red, O).

Figure 2 shows the FT of an EXAFS spectrum of the native Co catalyst on ITO. The primary
Co ligation by ~6 oxygen atoms at a distance of 1.89 A was determined from a simulation and
is well compatible with Co(III). A prominent Co-Co distance of 2.80 A accounted for at least
3-4 metal-metal interactions per Co ion. There was also evidence for longer Co-Co distances.
Interestingly, no positive evidence for the presence of phosphorus in the 1% and 2™
coordination spheres of Co was obtained. However, it can not be fully excluded that 1-2 Co-P
interactions at ~2.9 A may be hidden in the Co-Co FT peak (Fig. 2). This result is remarkable
as phosphorus may have a key function in the self-assembly of the catalyst [4].

In summary, first XAS measurements on a novel water-splitting cobalt catalyst have been
performed successfully. Our results allow construction of atomic models for the overall
structure of the Co(III) catalyst, which may comprise complete or incomplete Co-oxo cubanes
(Co4(u3-0)4 or Cos(3-O)4 units) [7]. Further XAS experiments at KMC-1, inter alia to follow
the assembly of the Co catalyst, are in preparation.
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Near-edge x-ray absorption fine structure (NEXAFS) spectroscopy and x-ray photoelectron
spectroscopy (XPS) have been applied to investigate how synthetic conditions influence on
the electronic structure of the fluorinated double-wall carbon nanotubes (DWNTSs). The
DWNTs were produced by catalytic chemical vapor deposition technique [1] in the result of
CH, decomposition over MgoeC0010 containing additions of molybdenum oxide. The
fluorinated DWNTs were prepared using three different methods. The sample denoted with F-
DWNT (BrFs) was produced using the fluorination procedure described in [2]. The DWNTSs
were held in the vapor over a solution of Br, and BrF; for 7 days and thereafter, the sample
was dried by a flow of N, until the removal of Br,. The F-DWNT (CF,4) sample was obtained
by CF, plasma treatment (plasma frequency is 13.56 MHz, power is 15 Watt, a chamber
pressure is 0.1 Torr, exposure time is 10 min) [3]. The sample F-DWNT (F) was synthesized
using elemental fluorine flow at 200°C.

The C K- and F K- edge NEXAFS and C 1s XPS spectra were measured at the Berliner
Elektronenspeicherring fir Synchrotronstrahlung (BESSY) using radiation from the Russian-
German beamline. The C 1s XPS spectra were measured at the energy of monochromatized
synchrotron radiation equals to 350 eV with energy resolution of 0.2 eV. The NEXAFS
spectra were acquired in a total electron yield mode and normalized to the primary photon
current from a gold-covered grid. The monochromatization of the incident radiation was ~100
meV in the carbon absorption region and ~410 meV in
S - the fluorine absorption region. Before the experiments
C1s|  the samples were annealed at 70°C during 12 hours to
& removal a residual gas.

Figure 1 compares the C1s XPS spectra of the
initial and the fluorinated DWNTSs. The spectrum of
the initial DWNT has a single assymetric peak at
284.5 eV. All spectra of the fluorinated DWNTSs show
three main peaks corresponding to different chemical
states of carbon atoms. The peak C at 284.5 eV is
referred to non-grafted carbon, the peak C-F in the
range 288.0+288.5 eV is attributed to the carbon atoms
covalently bonded to the fluorine atoms and the
feature in the range 285.2+285.7 eV corresponds to the
carbon atoms positioned near the CF groups. It should
be noted that the features corresponding to CF, and
CF3 groups are absent in the spectra. One can see that
the intensities of the selected peaks are varied

Bindin depending on the fluorination method. The C 1s XPS

g energy (eV) . . . .
Fig. 1. C 1s XPS spectra of pristine spectra were _fltted using a comblqatlon of three
DWNTSs (1) and those fluorinated by components with a Gaussian-Lorentzian peak shape

CF, plasma (2), BrFs (3) and F, (4). With a Doniach-Sunjic high energy ftail. The

282 284 286 288 290 292

Intensity (arb. units)

282 284 286 288 290 292
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component positions Ec, Ec.cr, Ecr and
Table 1. The position of main componentsinthe C  chemical compositions CFx of the

1s XPS spectra and chemical composition of the fluorinated DWNTSs are presented in the

fluorinated DWNTSs Table 1. The integral intensities of the
Ec Eccr Ecr CFx components, Sc, Sc.cr, and Sc.r, Were
F-DWNT used to estimate the sample composition

284.5 285.2 288.0 CFoa7

(Cra CFx by a formula x=Sc.¢/(Sc+Sc.cr+Sc-
F'(g\rlg'\)” 2845 2854 2882  CFop,  £). The largest amount of fluorine is
F-DWNT attached to DWNT surface using F» as a

(F,) 2845 2857 2885  CRos  fluorinating agent. The energy of C-CF
and C-F components increases when
sample contains more fluorine that indicates stronger C-F bond for high fluorinated
nanotubes.

The C K-edge NEXAFS spectra of the initial and fluorinated DWNTSs are shown in Fig. 2
(top series). The all spectra exhibit three main features and peaks at ~285.4 and ~291.7 eV
correspond to = and ¢~ resonances, respectively. The peak labeled with D positioned between
286.5 and 290.5 eV is attributed to 1s—c " transition included C-F bond. The largest reduction
of ©" resonance is observed in the spectrum of F-DWNT (F,) sample. In case of F-DWNT
(CF,), intensity of 7" resonance increases compared to that of pristine DWNTSs. We associate
this effect with removal of defects in the DWNTSs shells after CF,4 plasma treatment. The F K-
edge NEXAFS spectra of the fluorinated samples (Fig.2 bottom series) were aligned to the C

K-edge spectra using the C 1s

s*  cked and F 1s core levels energies.
* The spectra show three peaks at
the energies 690.4, 692.7 and
o 695.8 eV labeled with A, B and
C, respectively. Position of the
peak C coincides with the o
P80 290 300 310 P80 200 300 310 P8O 250 300 310 resonance of the C K-edge
N Fredge BC F K-edge B A  Kedge NEXAFS spectrum and, hence,
A can be attributed to the o
absorption edge. The peaks A
A and B, which are aligned with the
peak D of the C K-edge spectra,
630 700 710 720 %0 700 710 720 %0 700 710 720 correspond  to  the  C-F
Photon energy (V) interactions.  Our  quantum-

Fig. 2. NEXAFS near C K-edge (dark cyan line) and near F K- chemical calculations  showed

Intensity (arb. units)

edge (purple line) spectra of F-DWNT(CF,) - a, F- that the peak B corresponds to
DWNT(BrFs) — b, F-DWNT(F,) - c. C K-edge spectrum of the  the o-type antiboding between
initial DWNTs showed by black line. fluorine and carbon atoms from

the CF-group, the peak A is
formed due to interaction of fluorine with carbon atoms situated at the CF-group. The lack of
the peak A in the F K-edge NEXAFS spectrum of the F-DWNT (F,) sample is due to high
fluorine coverage of nanotube surface.
The work was supported by the bilateral Program “Russian-German Laboratory at
BESSY”.
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XAFS study of the local structure and oxidation state of Cu impurity atoms
in doped CdSe and CdSe/CdS core/shell quantum dots
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Quantum dots (QD) conjugated to biological molecules are promising luminescent
markers, which can be used for molecular recognition of antigens and for labeling of specific
compartments of cells in nanobiotechnology [1,2]. Unfortunately, conjugates with undoped
guantum dots cannot be used in vitro because of strong absorption of luminescence by biological
tissue and closeness of the luminescence decay times of QD and biological tissue. Shifting of
luminescence spectra to red and infrared regions and slowing down of luminescence decay can
greatly improve the sensitivity of this method. Doping of CdSe/CdS core/shell quantum dots
with copper enables to achieve this purpose. However the nature of copper-containing
luminescence centers is not known, and the first step in their investigation is the determination of
the local structure and oxidation state of Cu in doped CdSe quantum dots.

The aim of our experiment was to determine the location and oxidation state of Cu atoms
in doped CdSe and CdSe/CdS core/shell quantum dots using XAFS technique.

The samples studied were Cu-doped colloidal CdSe and CdSe/CdS core/shell quantum
dots capped with oleic acid [3,4]. The samples were doped by three different routes: by using of
copper stearate or Cugyls(PPh3)s as precursors during the QD synthesis, and by “etching” of
undoped quantum dots in the copper stearate solution. For XAFS studies concentrated solutions
of QD in dodecane were placed into silica tubes with very thin walls.

X-ray absorption spectra were collected at the Cu K edge (8.979 keV) in fluorescent
mode on the station KMC-2. The intensity of monochromated radiation was measured with an
ionisation chamber; the intensity of fluorescent radiation was measured with a p-i-n-diode or an
energy-dispersive RONTEC detector. For each sample 5-7 spectra were recorded at 300 K, they
were then independently processed and the obtained spectra were finally averaged. A few
additional EXAFS spectra were collected at the Se K edge (12658 eV) to check the structure of
QD. The analysis of EXAFS spectra was performed in the traditional way.

The X-ray fluorescence analysis of ten Cu-doped samples of CdSe and CdSe/CdS
core/shell colloidal quantum dots was used to determine the concentration of copper in them. Six
samples with highest concentration of Cu (0.3-4.5%) were selected for further EXAFS
experiments. It was observed that the larger was the radius of quantum dots, the larger amount of
Cu could be incorporated into them.

To estimate the oxidation state of Cu in QD, XANES spectra for five Cu-containing
reference samples (CuSe with klockmannite structure, Cu,Se with berzelianite structure,
CaCusTi4012, Cu metal and copper stearate) were measured. The spectra for two typical samples
of QD are compared with XANES spectra for Cu,Se and copper stearate reference compounds in
Fig. 1. It is seen that the XANES structure for QD prepared in different conditions have a
different shape. In most of QD the Cu oxidation state was +1; only two samples prepared using
copper stearate as a precursor demonstrated a shoulder at 8986 eV (see Fig. 1), thus indicating
that 15-20% of Cu atoms in QD were in the +2 oxidation state. It is interesting that in the
samples “etched” in the copper stearate solution all Cu atoms remained in +1 oxidation state.

The analysis of EXAFS spectra obtained at the Cu K edge revealed two types of local
structures. In samples, in which all Cu atoms were in +1 oxidation state, the neighboring Se
atoms were located at a distance of 2.38+0.01 A. For samples with both +1 and +2 oxidation
states of Cu the Cu-Se distance was shorter and equal to 2.31-2.33 A and an additional signal
from oxygen atoms at a distance of 1.93-1.94 A was detected (see Fig. 2). The number of O
neighbors was 4-8 times smaller than the number of Se neighbors.
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Fig. 1. XANES spectra obtained at the Cu K edge for two reference compounds (Cu,Se and copper
stearate) and two Cu-doped CdSe colloidal quantum dots.
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Fig. 2. EXAFS spectra obtained at the Cu K edge for CdSe colloidal quantum dots doped using copper
stearate precursor.

We think that in the samples, where a part of Cu atoms are in +2 oxidation state, copper
atoms are located on the surface of QD and are bounded with oxygen atoms of oleic acid. As a
result of Cu-O interaction, the oxidation state of Cu changes from +1 to +2. In all other samples
the Cu atoms are located in the inner part of quantum dots and are in +1 oxidation state.

Another interesting feature of most of studied colloidal QD is a very small contributions
from the second and more distant shells to EXAFS spectra obtained at the Cu K edge. Debye-
Waller factor for Cu-Se bond (the first shell) was about 0.008 A?, which is typical for thermal
motion at 300 K, and so the local distortion of Cu atom in tetrahedra can be excluded. This
means that some unusual kind of static disorder is present in CdSe QD. The only exclusion was
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the sample # 923-42, the QD of which had a tetrapod shape; strong contributions from the
second and more distant shells were observed in EXAFS spectra for this sample.

The data analysis of EXAFS spectra obtained at the Se K edge revealed very similar
Se-Cd distances of 2.61 A in the first shell for all samples, independent of whether QD had a
round or tetrapod shape. An interesting effect of increasing of coordination number in the first
shell by about 20% was observed for CdSe quantum dots covered by CdS (core/shell QD). We
suppose that in pure CdSe quantum dot some Se atoms are located on its surface, and so they
have a decreased (2-3) number of Cd neighbors. After covering its surface with a few atomic
layers of CdS, the number of Cd atoms that surround Se increases to 4, and the average
coordination number also increases.

Acknowledgement. The authors are grateful to Russian-German laboratory of BESSY for
hospitality and financial support.
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Palladium is considered as the best catalyst ®rcttalytic combustion/partial oxidation of
methane and other small hydrocarbons, which is rnr@nmentally benign process for
power generation with low NQOemissions and for removal of residual methane ftben
emission gases of methane-powered vehicles [1¢sltigation of the oxidation mechanism of
palladium and the mechanism of oxide decomposioaritical for developing/improving
Pd-based catalysts. Palladium oxidation was foondonsist of formation of several partly
metastable surface oxide phases [2-4]. The metbidnygne total oxidation mechanisms
were proposed based on this study [5, 6]. Dopingalso effective tool to control
activity/selectivity of a catalytic reaction can beled. We have studied the subsurface-
carbon doped Pd [5] and the intermetallic Pd/Zmied on Pd(111) because an ordered PdZn
surface alloy forms an valence band structure amtib those of Cu(111), explaining the
similar catalytic activity of PdZn and Cu in metlshsteam reforming (MSR) and water gas
shift reaction.

The goal is to investigate how the palladium chémislepends on the stereo-electronic
influence of these different dopants. Investigatidthe electronic state of palladium and the
mechanism of formation/decomposition of Pd-O, Padu@ intermetallic Pd surfaces is
critical for developing/improving Pd-based catadysEhis project continues our-situ XPS
study of model palladium catalysts for selectiveykine/methanol oxidation, methanol steam
reforming, water gas shift and selective hydrogenafdzn and PdGa surface alloys formed
on the surface of Pd(111) and Pd(110) serve ad nuaeel catalysts.

First, we investigated thermal stability of the Rdalloy in vacuum. Zinc was deposed on
Pd(111) surface at room temperature and then heatgdcuum. Two Pd 3d components

Tempering ALY +4 ML 20 @00 yeldng LML s urface corresponding to Zn-rich and Zn-lean
phase were monitored as shown in Figure
o A 1. The transformation from the Zn-rich
s %0 o / i phase to the Zn-lean phase occurred above
- ~ ez 7 260°C
5322 AN //\\ TRl We found that on Zn-doped Pd, both
i \\ methanol decomposition and MSR yield
< mainly CGQ and HCO up to 260°C, in
contrast to Zn-free Pd, mainly yielding CO
Temerae © and strongly deactivating with carbon.

Above ~260°C the selectivity of the Zn-
Figure 1. Heating PdZn alloy in vacuum. doped Pd also changes toward CO due to

carbon dissolution in the Pd bulk and
progressive decomposition of the PdzZn alloy. Théase most active toward G@onsists of
regular arrays of PdZn islands of 180 - 200 nm.gdmve 300°C the regular PdZn structure
decomposes and large, likely Zn-rich, islands sgageeand Pd/C “alloy” forms.
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Figure - The valence and spectr

The pressure gap was localized in between 0.25
and 30 mbar. Thus, the PdZn-alloy becomes
structurally strongly altered during the catalytic
measurements at ~30 mbar: (i) the originally
densely arranged alloy islands spatially separiate a
230°C; (ii) at higher successive deactivation & th
CO, + HCHO formation and activation of steady
CO-formation, due to increasing Pd metal surface
was detected; (iii) at 350°C larger amounts of C
become deposited and dissolved, successively
deactivating the surface in analogy to clean Pd. At
low MeOH/H,O pressure of 0.25 mbar the alloy is
stable and the deactivation is much slower. The
valence band does not change up to 300°C (Figure
2).

Since gallium might have similar to zinc electronic
effect on Pd, Zn doping was replaced with Ga.
First, we developed the procedure of preparation of

obtained from  PdZn-alloy during PdGa alloyed surface: (i) @@ was deposed on

heating in 0.25 mbar MeOH{B.

the surface of Pd foil and Pd(111) and then (ii)
gallium oxide was reduced in vacuum or in H

(Figure 3. Actually, at 250°C reduction is kinetically lired: The sharp Ga 3d peaks appear

after 40min in H (inset of Figure 2). PdGa alloy .-
formation on Pd(111) surface occured at 350°(
The higher temperature compare with palladiur-
foil points to importance of the surface packing o::
alloy formation. Pd foil surface is supposed toéhav *
a lot of defects and therefore PdGa alloy forms

lower temperature.

The valence band regions of PdZn, PdGa and pu Vi, A0min
Pd are compared in Figure 4. The spectra from tl.] t @8B0°C
Pdzn and PdGa surface alloy are very simila
therefore catalytic behavior for this surfaces i*
expected to be similar. The kinetic measuremen-+

are in the progress now.

»

Change of
signalwithin

Figure 3. The valence band/Ga 3d
spectra demonstrating PdGa alloy
formation on Pd foil. Keeping in Hat
250°C for 40 min resulted in PdGa
alloy appearance as shown in inset.
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Photoemission study of monodispersed Pt nanoparticles deposited onto carbon substrate
for PEMFC application
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Recent progress in power engineering is closely connected with the low-temperature
proton-exchange membrane fuel cells (PEMFC). In comparison with traditional systems,
PEMFCs have many advantages, e.g. high fuel conversion efficiency and low noise level.
PEMFC includes a cathode, an anode, and PEM. The catalysts deposited onto the electrode
surface activate hydrogen ionization at the anode and interaction of the transferred protons
with oxygen at the cathode. Nanosize particles of platinum-coated high-disperse carbonaceous
substrate can be used as a catalyst for the cathode and the anode processes in the polymer
electrolytes. The catalyst support material should have high specific surface area, ability to
activate the catalyst, high electrical conductivity, corrosion stability and optimal
hydrophobic/hydrophilic properties. In our research, we employed Toray TGP-H-060 carbon
paper, which meets all of these requirements.
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Fig.1. Schematic view of laser electrodepositon setup (left) and size distribution of the

obtained Pt clusters (right)

The surface of metal nanoparticles is often charged due to numerous reasons, which are
directly related to their catalytic properties; among such reasons electron transfer between the
metal granules and the substrate and temperature-activated charge transfer (fluctuations)
between the metal granules are worth noting. It is known from experiments that there is an
optimal surface coverage, at which the surface charging effect (and hence the catalytic
activity) increases drastically [1]. In order to study the nanoparticles/support system in detail,
it is necessary to use a model system, in which the size distribution of the particles is very
narrow (i.e. the particles are of almost the same size). In our study, we employed laser
electrodispersion to obtain monodispersed spherical amorphous Pt granules 1.8 nm in
diameter. The schematic representation of the method is given in fig. 1(left); fig.1 (right)
represents the size distribution of the Pt particles. The method allows to deposit nanoparticles
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uniformly over the surface of the substrate. Samples with different platinum loads were
obtained (Pt load from 2 to 24

L P nglcm?). The catalytic
104 . performance of the samples
u.v 1 o \F/’\(;WGF' was measured in a test
08- Lo PEMFC; the obtained data
] ! indicate that the dependence
06 _'50 of catalytic performance on
L0 the Pt load has a maximum at
2 -

04 - approx._4 ug/cm< (see flg..2
' _ for detail). In order to explain
0 this behavior, we have
021 ! performed photoemission
[0 studies of the samples with

oo NN 10 different Pt load.
0 20 40 60 8 100 120 140 160 180 200 220 240 280 The photoemission
| mA experiments have been

undertaken at the Russian-
German beamline (RGBL).
The spectra were recorded
using MUSTANG end station

Fig.2. The performance dependence of the PEMFCs
with Pt anode catalysts of different metal load (2

uglcm? -red, 3.9 - uglcm? green and 6 ug/cm?’- blue). : ih Phoibos 1
The cathode is E-TEK Pt/C 20%, Pt load 0.4 mg/cm?). gﬂeuc't?gﬁd Vg'rfergy O'Z?]Zlyzi?

(Specs). The Pt 4f, O 1s and C 1s spectra were recorded at a variety of photon energies (330-
1030 eV). For the data analysis, the spectra were fitted by the Gaussian — Lorentzian
convolution functions with simultaneous optimization of the background parameters. The line
asymmetry was described with Doniach-Sunji¢ (DS) function. Alongside with the
monodispersed Pt/carbon paper samples, we also studied a metallic bulk Pt sample as a
reference (Fig. 3a).

It is well known that the core-level photoemission spectra of metals have several size-
dependent parameters, e.g. peak position or the binding energy, asymmetry index, Auger
parameters, plasmon losses etc. The spectra of Pt monodispersed nanoparticles obtained at
hv=485 eV, which corresponds to high surface sensitivity, are shown in Fig. 3b-e. The sample
with a minimal Pt load does not have any Pt particles at the surface of the support, since no Pt
IS observed in the spectra at h1=485 eV, and the spectra measured at higher energies (e.g.
h1=1030 eV) include two components corresponding to Pt nanoparticles and bulk platinum
which can be related to the metallic behavior of the aggregates. Hence we suppose that at low
coverages Pt is aggregated in the pores of the carbon paper, thus not being detected by
photoemission under high surface sensitivity conditions. The samples with higher Pt load
(Fig. 3c-e) include at least two components; though the particles do not conglomerate after
laser electrodispersion [1], one of these components is definitely related to the bulk Pt metal
(71.2 eV, asymmetry parameter ¢=0.23). This component most probably appears due to a
good contact between the particles, since, according to the data obtained within the
framework of the present study, they are not covered with an oxide or any surface
contaminant. The second broader component shifted 0.6 eV towards higher binding energies
corresponds to Pt in separate clusters with the diameter of 1.8 nm, which is in line with the
dependence of the Pt 4f binding energy on the particle size [2,3].

The spectral data indicate that the contact between Pt clusters (i.e. the relative intensity
of the first component) is minimal for the sample with Pt load 3.95 pg/cm? (Fig. 3b); for this
sample the maximum of catalytic activity is also observed. Thus we can conclude that the
catalytic activity is influenced by the size effect of the second order, i.e. not only by the size
of the particles themselves, but also by the intercluster spacing, which influences the number
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Fig.3. Pt 4f photoemission spectra
obtained at photon energy of 485 eV

of contacts between the clusters. If there are a
lot of direct contacts between the particles,
their behavior similar to large clusters or even
to bulk metals, which annuls the nanosize
effect in catalysis.

It should be noted that the catalyst
obtained by laser electrodispersion may help
decrease platinum load in PEMFCs, since their
specific catalytic performance per 1g of Pt is
two orders higher than for standard electrode
materials.

The measurements were performed in the
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program. Partial financial support of the
Russian Foundation for Basic Research is
acknowledged. The authors are grateful to
Mike Sperling for technical assistance.
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Development of drugs delivery systems is one of the ways to improve
pharmacological properties of many existing medicals, as well as to develop new
pharmaceuticals. Carbon nanotubes (CNTSs) can potentially serve as a drug delivery system
due to their unique ability to penetrate through cell membranes without any damage [1]. This
is apparently due to their hydrophobic nature and affinity to bilipid layer which forms the cell
walls. To decrease hazard to the living cells, recently it was proposed to modify the CNTs
with different functional groups in order to provide their affinity to the inner content of cells.
The present report is devoted to the experimental investigation of CNTs functionalization
with izadrine (a one-substituted amine, which is a pharmaceutical analog of adrenaline) by
means of SXPS and NEXAFS.

The MWNTs were obtained by catalytic pyrolysis of benzene using a patented
procedure [2], then purified by annealing in air atmosphere. The samples were characterized
by SEM, HREM and Raman spectroscopy. The obtained MWNTSs were in a shape of coaxial
cylindrical or conic graphene sheets.

Pristine MWNTSs were treated with concentrated HCI for 6-8 h, then with 6M nitric
acid for 6 h under ultrasonic or with 30% hydrogen peroxide, and finally washed by water
until neutral washing solution was obtained. MWNTSs were also centrifuged after each
washing. The obtained carboxylated MWNTs underwent chemical modification
(functionalization) with isadrine. For this purpose, a mixture of izadrine and carboxylated
CNTs treated by SOCI, (to obtain CNT-COCI) were heated up in a sealed ampoule under
argon up to 50°C for 6 h, then treated with ultrasound; the obtained product was washed and
dried. The scheme of MWCNT functionalization is presented in Fig. 1.

Fig. 1. Scheme of MWCNT functionalization (conic nanotubes are illustrated)

The photoemission spectra have been recorded at the Russian-German beamline
(RGBL) using MUSTANG end station equipped with Phoibos 150 electron energy analyzer
(Specs). The O 1s, C 1s and N 1s spectra were recorded at a variety of photon energies (330-
1030 eV). For the data analysis, the spectra were fitted by the Gaussian—Lorentzian
convolution functions with simultaneous optimization of the background parameters.

Photoemission spectra of the pristine nanotubes (Fig. 2a, spectra for conic nanotubes
are shown), as well as Raman and NEXAFS spectra (Fig. 3) for conic and cylindrical CNTs
indicate that both CNT forms include defects (non-sp>-hybridized carbon atoms). The C 1s
spectra include several components, the major of which correspond to the sp* and sp*-
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hybridized carbon atoms; minor ones indicate that the surface includes some —OH and —
COOH groups. The corresponding spectral parameters are given in Table 1.
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Fig. 2. Photoemission spectra of C1s (hv=355 eV), O1s (hv=600 eV),
Cl2p (hv=500 eV), and N 1s (hv=500 eV)

Spectra for the carboxylated (oxidized) CNTs are shown in Fig. 2b. Carboxylation
leads to the increase of the number of -COOH and —OH groups at the surface, which is
confirmed by the C 1s spectra. The spectra obtained at different photon energies show that
oxidation affects not only for the upper atomic layer, but also several sublayers, as it follows
from Fig. 4.
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The spectra of the izadrine-functionalized CNTs have the most complex character. At
least four different components are observed in the C 1s spectra; additional component related
to C-ONR; bond appears in the O 1s spectra, and additionally the N 1s spectrum is registered
for this material. The parameters of the intensive components in C 1s spectra differ from those
observed for carboxylated or pristine CNTs; we interpret them as C-NR; and —CONR bonds.
The presence of N 1s spectra (BE=400.4 eV) and the components in C 1s spectra shown in
Fig. 3d clearly indicate that izadrine is chemically bonded to the surface of CNTs. The
essential broadening of the N 1s peak can be attributed to different geometrical displacement
of izadrine fragments at the surface.

Table 1. Summary of spectral parameters for C 1s spectra obtained at photon energy 355 eV.

Peak (attribution) BE, eV Relative intensities (for conic CNTs)
pristine oxidized functionalized

sp’ 284.5 0.71 0.51 0.20

sp°® 284.9 0.16 0.24 0.24

C-OH 286.0 0.07 0.12 0.28

C-OOH/ 288.6-288.8 | 0.02 0.08 0.14
C-OCI/C-NR;

C-ONR; 291.2 0 0 0.05

C1s NEXAFS spectra
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Fig. 3. NEXAFS-spectra C1s

By comparing the photoemission and NEXAFS spectra, it was confirmed that conic
CNTs are more reactive than cylindrical CNTs due to many end-atoms of graphene layers.
During carboxylation up to 3 atomic layers are modified, with partial oxidation of carbon
atoms to —-COOH and —OH groups. lzadrine fragments are effectively anchored to the
disordered structure, and fragments apparently demonstrate different displacement at the CNT
surface. Such izadrine-functionalized CNTs can be potentially applied as a drug-delivery
system.

The measurements were performed in the framework of the Russian-German bilateral
program. Partial financial support of the Russian Foundation for Basic Research is
acknowledged. The authors are grateful to Mike Sperling for technical assistance.
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Introduction

The Cu/ZnO/Al,O5 catalyst for methanol production/reforming is a well industrially-
established catalyst but the exact synergistic mechanism between the Cu metallic phase and
the mixed oxide had not been understood in detail. Considering the potential importance of
such catalyst in a hydrogen-based economy - methanol is a promising lightweight H,-carrier
molecule [1] - it is important to understand the nature of the active site and optimize its
performance to the specific application. In this contribution we want to elucidate the
importance of Al doping for the properties of the ZnO substrate. It was recently shown that
for extremely low Al content (in the range 2-4 mol%) the AI** ions are preferentially located
in the zincite lattice, whereas for higher Al content a segregation of Al-rich phases (ZnAl,Oy,
Al,03) is observed [2]. The typical industrial catalyst ranges between 15 and 20 mol% Al.

Materials and Methods

The ZnO/Al,O; support was prepared with Al contents ranging from 0-15 mol% by
coprecipitation. The support was then characterized by synchrotron based environmental XPS
and X rays absorption techniques at the Al and O K-edges and Zn L3-edge under several
different working conditions: in reducing environments (H, @ 250°C), followed by exposure
to CO, at the same temperature. This was performed at the in-situ setup at the Bessy-II
beamline ISISS. Further sample characterization includes XRD, ?’Al-MAS-NMR, UV-VIS
and EPR spectroscopy.

Results and Discussion

The Al doped ZnO with low Al content presents a different electronic structure than the same
support with no or high amount of Al. The band gap energy varies from 3.3 to 3.1 eV with the
Al content. The range 2-4 mol% is characterized by a minimum of band gap, which is
correlated to the amount of Al atoms in the ZnO lattice and might be due to the creation of
interband states. To verify this hypothesis we studied the aluminum K-edge NEXAFS spectra

(shown in figure 1). The edge transitions represents the 1s—3p transitions inside the Al atom.
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Two features at 1565 and 1567 eV can be ascribed to aluminum in tetrahedral and octahedral
coordination respectively [3]. A third broad feature at 1570 eV is a multiple scattering
contribution. In our samples the two peaks at 1565 and 1567 eV were not individually
resolved, but convoluted in a single peak centered between the two previous values, so a
reliable fitting and quantification of the 2 components, like suggested by Shimizu [3], cannot
be performed. Nevertheless many differences between the 3% and 15% Al content spectra can
be seen (figure 1). The low Al content sample presents a visible shoulder at low energies
(highlighted by an arrow) and the convoluted peak is very close to the value for tetrahedral-
Al. This suggest that the 4-fold coordinated Al component in this sample is sensibly higher
than in the 15% Al that looks more similar to the NEXAFS spectra of transitional alumina
with a distribution of T and O sites [3,4]. Indeed the 15 mol% Al sample presents some forms
of alumina segregation. This result is in perfect agreement with the idea that at low doping
level the Al ions substitute the Zn in the Tetrahedral sites of the HCP ZnO Wurtzite structure.

We believe this to be responsible of the band gap energy contraction of these samples.

This different electronic structure can also lead to different properties and behavior of the
material under operational conditions. By mean of environmental XPS at different excitations
energies we measured the surface and near-surface composition of the material looking at the
Zn3p — Al2p photoemission lines in the range 100-70 eV B.E. We can see from figure 2 that
the low Al content sample shows a pronounced migration of the Al on the surface during
reduction and also in contact with CO,, during the simulated reaction conditions. This
evolution is extremely pronounced and is not observed in higher Al content samples. These
results are consistent with a modification of the band gap energy under these conditions (not
shown here). Partial surface reduction of ZnO may attract more Al to the surface and can be
assumed as the driving force for formation of this newly reconstructed material, which also
interacts strongly with the gas phase reactants like CO,. This suggests that a similar support
can actually participate actively in the catalysis or modify the properties of the metal (Cu) that
is neighboring. Again all these properties are not observed in high Al content supports, which

do not modify themselves during the reaction.

Conclusions

Nanocristalline Al doped ZnO (2-4 mol% Al) represents a promising material as support for
methanol steam reforming catalysts. By mean of NEXAFS we were able to find that, at low
concentrations, the Al occupies preferentially the tetra-coordinated sites inside the HCP ZnO

framework. This however tends to migrate towards the surface if exposed to H, environment,
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probably due to the formation of Oxygen vacancies that favor the ion mobility. All these

aspects should be considered in engineering the catalyst support.
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Introduction

The remarkable catalytic activity of Ag in partial oxidation reactions has been known for
decades. Particularly, the ethylene epoxidation and formaldehyde synthesis are two
industrially important reactions which received most attention in the past years [1,2]. Both
reactions result in important primary chemicals used to produce a wide variety of materials,
which find applications in different areas.

It is generally accepted that the key to comprehend the catalytic activity of Ag begins with
a deep understanding of the interaction of oxygen with Ag. But the formation of different
oxygen species on Ag is a complex function of temperature, gas phase composition, pressure
and also the structure (defects, grain boundaries) and morphology (exposed facets, particle
sizes) of the Ag catalyst [2,3]. This fact makes the correlation between the surface electronic
structure of the catalyst with its activity/selectivity a very difficult task.

In order to shed light on this question, we have investigated the ethylene epoxidation
and methanol oxidation reactions under realistic temperatures (180 °C — 650 °C) and in the
mbar pressure range by in situ X-Ray Photoelectron Spectroscopy (XPS) combined with in

situ Mass Spectrometry (MS).
Experimental

The experiments were performed using a high pressure XPS endstation at ISISS beamline.
The catalyst samples were mounted inside the reaction cell, 1.3 mm away from the first
aperture to the differentially pumped stages of the lens system of the hemispherical analyser.
The samples were heated from the back side using an infrared laser system. The total pressure
for both reactions was kept constant at 0.50 mbar by a pressure controlled valve. The partial
pressure of the gasses was regulated by calibrated mass flow controllers. The O1s, Ag3d, C1s
core-levels and the valence band were recorded under working conditions by XPS together
with the gas phase composition, which was monitored on-line by an electron impact
Quadrupole MS (QMS) and a Proton Transfer Reaction MS (PTRMS).

Results and discussion
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The selective oxidation of methanol to formaldehyde was investigated on Ag foils with
different methanol-to-oxygen mixing ratios at 450 C. Figure 1la shows the O1s core level for
mixing ratios of 1:1, 2:1 and 6:1. Since the incident x-ray beam irradiates not only the catalyst
surface but also the gas phase molecules, the spectra show gas phase peaks (E, >534 eV)
together with surface peaks. Three oxygen components could be distinguished by fitting the
spectra, namely O, (529.7 eV), Oy (531.2 eV) and O, (532.8 eV). Comparing to the literature,
O, could be assigned to embedded oxygen, the so called O-gamma and Oy, to dissolved O
species in the Ag bulk (O-beta). Accordingly, O, can be assigned to a combination of H,O
and OH species formed during the reaction and SiO,, a contaminant deposited on the Ag
surface.

For the ethylene epoxidation reaction, unsupported Ag powders were used as catalysts and
the investigation was done under different reaction mixtures at 180 C. In this case (figure 1Db),
mainly two components in the Ols XPS spectra were distinguished by fitting. They were
addressed as the electrophilic (530,9eV) and nucleophilic (529,5eV) oxygen species,
according to the literature [4], although the corresponding binding energies are slightly
shifted.
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Figure 1: (a) XPS O 1s core level for the methanol oxidation reaction under working conditions (0.5 mbar, 450
C) for different mixing ratios (CH3;OH : O,) 6:1 (top), 2:1 (middle), 1:1 (bottom). (b) XPS O 1s core level for
the ethylene epoxidation reaction under working conditions (0.5 mbar, 180 C) for different mixing ratios (C,H, :
0,) 2:1 (top), 1:2 (middle), 1:2.5 (bottom).

An important point is that the relative amounts of the different oxygen species in the silver
surface formed under working conditions were found to depend on the gas phase composition.
This can be qualitatively seen comparing the different spectra in figure la for the methanol
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oxidation and figure 1b for the ethylene epoxidation. In order to better assign these oxygen
species for both reactions, additional studies are being held to gain further information about
their physical/chemical characteristics.

Although the nature of the O species under methanol oxidation is still not fully addressed,
they can be compared with catalytic aspects. Figure 2b shows the relative selectivity (CH,O
to CO, signal ratio) for different mixing ratios (black dots) together with the ratio of the areas
of the XPS peaks O, and O, measured under working conditions (figure 2a). A good
correlation can be observed, indicating that higher selectivities are obtained when the O,/O,
ratio is higher.
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Figure 2: Relative selectivity (CH,O/CO,) and XPS area ratios for low binding energy peaks (Oy/O,) for
different feed ratios.

Conclusions

The surface of Ag catalysts under working conditions was characterized for the
methanol oxidation and ethylene epoxidation. The oxygen species found in each case were
found to be dependent on the gas phase composition. Additionally, in the case of methanol,
the changes in the oxygen species present a good correlation with the variations in the
selectivity of the reaction. These new insights on the role of different oxygen species can
contribute to better understand the mechanisms of selective oxidation reactions over silver,

what might lead to the development of improved catalysts.
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Introduction

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. Previously we have shown that
carbon dissolves in the top few layers of palladium (PdC; Pd 3d peak at 335.6 eV) in the
initial stage of alkyne hydrogenation and this enables selective hydrogenation [1]. Herein, we
extend our previous studies addressing the fundamental differences of carbon-carbon double
or triple bond hydrogenation over Pd. Furthermore, the role of carbon and hydrogen is

discussed.
Experimental details

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. Density Functional Theory based calculations on slab models have
been carried out to investigate the accumulation of carbon on/in Pd(111). The energetics of

surface and subsurface hydrogen was calculated, as well.
Results

We have studied the near-surface region of palladium under various alkyne and alkene
hydrogenation reactions. Figure 1 summarizes the state of palladium under 1 mbar alkene or
alkyne hydrogenation conditions. Clearly, all investigated alkynes induce the formation of
PdC since the higher binding energy component dominates the spectra. 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 binding energy
component to the absence of PdC. Therefore, as a general rule, the result emphasizes the
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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.

Figure 1: Comparison of in situ Pd 3ds, spectra of Pd foil under alkyne and alkene hydrogenation at 1 mbar
(H2/CHy: 9/1) and 343-353 K. A: 1-pentene; B: propene; C: ethylene; D: 1-pentyne; E: propyne; F: acetylene.
[2]

By the help of in situ Prompt Gamma Activation Analysis, we followed the hydrogen
content of palladium during hydrogenation. The results indicated that unselective
hydrogenation proceeds on hydrogen saturated [-hydride, while during selective
hydrogenation the activity was not a function of the hydrogen content. Furthermore, the
hydrogen content of Pd during alkene hydrogenation was always high, in line with the
absence of PdC that would hinder the equilibration of hydrogen between surface and bulk.

In order to achieve an atomistic understanding for the formation of the PdC phase we
addressed the incorporation of C into the Pd substrate. The initial stages in the formation of
the PdC phase proceeds via C incorporation from the surface to the first interlayer.
Independently of ®c, structures involving C atoms adsorbed only in the subsurface are
energetically favored (Figure 2 top left panel) with respect to structures involving C adatoms
on the surface or on both the surface and subsurface. The most stable conformation
corresponds to a V3xV3 distribution of C in the first interlayer. Regarding the C distribution
between the first and second interlayer the situation changes. Placing the C atoms in the
second interlayer is roughly as favorable as placing them in the first. For coverage higher than
~0.3 ML, distribution of the C atoms on both first and second interlayer is energetically more
favored than the population of a single interlayer, hence creating the thermodynamic driving
force for the growth of the PdC phase. We considered C incorporation into deeper interlayers
and, as a general rule, we observed a significant weakening of the average C binding when an
increasing number of interlayers were populated; hence this will limit for deeper extension of
the PdC phase.
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Figure 2: (Top): Contour maps showing the
average binding energy (colour coded, in eV) of
carbon as a function of total C coverage (X axis) and
the distribution of carbon atoms between interlayers
(Y axis) using a Pd(111) substrate. C atoms are
distributed between surface and 1st interlayer sites
(left panel) or between 1st and 2nd interlayer (right
panel). (Bottom): Contour maps showing the
average binding energy (colour coded, in eV) of
hydrogen as a function of total H coverage (X axis)
on Pd(111) (left) or on the model PdC phase (right).
H atoms are distributed between surface and 1st
interlayer sites. [2]

Finally, the presence of C in the
subsurface affects the properties of surface
hydrogen. The average binding energy of H (E™,) as a function of total H coverage (&) was
calculated with respect to the gas phase H, molecule. On the clean Pd(111) surface, the
binding energy does not strongly depend on the coverage (Figure 3 bottom left panel). H is
most stable on the surface, but the penetration into the subsurface is more favored than
desorption. In contrast, the bonding properties of H are strongly modified for PdC (Figure 3
bottom right panel): adsorption on the surface is weakened and, most importantly, the
accumulation of H into the subsurface is thermodynamically disfavored. Thus one role of the
PdC phase is to hinder the migration of H to the subsurface, hence decreasing the H™*® / H*"
ratio in the sample. The PdC phase will, in addition, prevent the migration of bulk H toward
the surface. Hence, alkynes are hydrogenated selectively by surface hydrogen, since hydrogen
cannot emerge from the bulk, if present at all. On the other hand, alkene hydrogenation occurs
using subsurface hydrogen, as its concentration is high and no energetic barrier is built up by
a subsurface carbon population.
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Introduction

Oxide supported vanadia particles merit special attention due to their large structural
flexibility combined with chemical and physical properties that make them interesting for a
wide range of applications. It has been controversially debated since years which chemical
bonding configuration (terminal vs. bridging) in supported VO, is active in various catalytic
reactions. Vibrational spectroscopy is one of the most prominent probes to draw conclusions
about which vanadium-oxygen bond constitutes the active site [1, 2]. However, the initially
accepted view of the identification of differently coordinated oxygen species in vibrational
spectra of supported vanadia catalysts has been challenged recently by a systematic
experimental and theoretical study [3]. Thus, there is a strong motivation for an additional
probe allowing to tackle the problem of relating structural peculiarities of silica supported
vanadium oxide to their functionality. Being a functional material, supported vanadium oxide
is very sensitive to the ambient conditions [4]. Thus, the probe should not only provide direct
access to the molecular structure of the vanadium oxide species but it must also be applicable
under reaction conditions at evaluated temperature, i.e. in situ. We introduce in situ oxygen
K-near edge X-ray absorption fine structure (NEXAS) measurements based on the Auger
electron yield (AEY) technique as a characterisation tool to assist vibrational spectroscopy

that has been applied extensively in earlier work on this system.
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Experimental details

The silica SBA-15 supported vanadium oxide samples were prepared by a controlled
grafting/ion-exchange procedure consisting of (i) surface functionalisation of silica SBA-15,
(if) ion exchange of ammonium decavanadate and (iii) a final calcination step at 550°C. In
situ NEXAFS measurements have been performed at BESSY Il using monochromatic
radiation of the ISISS (Innovative Station for In Situ Spectroscopy) beamline as a tuneable X-
ray source. High pressure soft X-ray absorption spectra were obtained in the presence of
oxygen at elevated temperature using the high pressure endstation designed and constructed at

the FHI. Details of the set-up are described elsewhere [5].

Results

a) b)

Figure 1: a) presents the Auger electron yield spectrum of V,0,(10.8wt%V)/SBA-15 before (black, “as
measured”) and after (red, “transmission corrected”) the reconstruction, respectively. The O, gas phase
transmission function used for the analysis procedure is shown as well. In b) a comparison of the experimental
O K-edge NEXAFS spectrum of 10.8wt%V/SBA-15 between 528eV and 535eV (black solid line,
“experiment”) with theoretically obtained partial spectra of a V,SigO14Hg dimer cluster representing the
contribution of different oxygen coordinations (“theory”) is shown.

Fig. 1a shows the O K-NEXAFS of V,0,/SBA-15 in 0.5mbar O, at 400°C. Absorption of X-
rays in the gas phase modifies the photon flux impinging on the sample, visible mainly in the
dip at 531eV in the “as measured” spectrum. This energy dependent variation of the photon
flux is proportional to the total electron yield signal of the gas molecules for the case of thin
samples i.e. low gas pressures. Thus, to obtain the non-distorted NEXAFS the “as measured”
spectrum has to be corrected by the O, gas phase transmission as depicted in Fig. 1a.

The analysis of the O K-NEXAFS allows a clear distinction between separate vanadia,

silica and interface contribution in contrast to vibrational spectroscopy with strongly
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overlapping contributions due to vibrational coupling. A study of catalysts with different V
loadings (0wt%, 2.7wt%, and 10.8wt% vanadium) shows that the contributions of silica to
the NEXAFS appear in an energy region (above 534eV) well separated from the spectral
signature of oxygen bound to vanadium (approximately 528-534eV) [6]. Differently
coordinated oxygen can be identified in the O K-NEXAFS spectrum by comparison with
theoretical spectra obtained by state of the art density-functional theory (DFT) calculation
[7]. Fig. 1b shows a detailed region of the onset of the O K-edge where the experimental
curve (solid black line, “experiment”) is compared with theoretical spectra (“theory”)
obtained by DFT calculations of a V,SigO14Hs model cluster (displayed as inset in Fig. 1b).
Contributions of V-O-V and V=0 to the experimental spectrum as derived from the
theoretical spectra are indicated by thick blue and red arrows, respectively. The
comparison of the experiment with the theoretical spectra shows clearly that a complete
interpretation requires consideration of oxygen in bridging coordination (V-O-V).
Therefore, O K-edge NEXAFS spectra together with theoretical support allow to conclude
on the presence or absence of specific oxygen bonds in V,O,/SBA-15. Thus the
comparison facilitates a detailed analysis of the molecular structure of silica supported

vanadium oxide.
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Introduction

Cobalt and its oxides (CoO and Co304) exhibit interesting electronic and magnetic
properties and are used as catalysts in a range of reactions. Perhaps the major application of
cobalt-based catalysts is in the Fischer-Tropsch synthesis, since cobalt has been shown to
efficiently convert syn gas (CO+H,) to methane or liquid fuels [1].Recently cobalt has been
proposed as a very promising catalyst to replace noble metals for H, production by steam
reforming of ethanol [2]. Pure cobalt oxide surface phases have been scarcely investigated
with respect to their catalytic properties [3, 4] and always by ex-situ methods. In the present
work, high pressure photoelectron and soft x-ray absorption spectroscopy are applied under

working catalytic conditions, to investigate methanol oxidation reaction on cobalt.
Experimental

In situ x-ray photoelectron and absorption spectroscopy (XPS and XAS respectively) were
performed at ISISS beamline at BESSY in Berlin. The soft X-ray absorption spectra of the Co
L3, edges were recorded in the Total Electron Yield (TEY) mode. The Co crystal was pre-
treated in the XPS reaction cell by oxidation (0.2 mbar O, at 520 K) and reduction (0.2 mbar

H, at 520 K) cycles, until all residual surface carbon disappeared.
Results

Figure 1 displays photoemission and absorption spectra of Co 2p core level (L3, edge in
absorption spectroscopy nomenclature) obtained from pre-oxidized cobalt surfaces at 520 K,
under various gas phase environments. The already available photoemission and absorption
data of cobalt oxides in the literature provide the necessary basis for identification of the
cobalt oxidation states [5,6,7,8] in figure 1. In pure O,, the Co 2ps;, photoemission peak at
779.6 eV has a weak, broad satellite (S in figure 1a) characteristic of the Co3zO4 spinel phase
[5, 6]. In agreement, the Ls,, edge fine structure (figure 1b) is very similar to that previously
obtained on Co30, reference compounds [7, 8]. Finally, the Co/O atomic ratio calculated from

the Co 2p and O 1s peaks was 0.69, close to the nominal value of 0.75 for Co30,.
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Figure 1. (a) Co 2ps;, XPS (hv= 965 eV) and (b) Co L3, XAS spectra of Co (0001) at 520 K under 0.2 mbar O,,
0.3 mbar CH3;0H:0, =1:5, 0.2 mbar CH3;OH:0, =2:1 and 0.1 mbar CH;OH.

All spectroscopic results are consistent with the complete transformation of cobalt surface to
Co304 when heated in O, at 520 K. The thickness of the oxide layer is not possible to be
determined, but definitely exceeds 4 nm which is the estimated probing depth of the
absorption spectra [9].

The spectroscopic characteristics undergo significant modification in oxygen-
methanol mixtures (MR is defined here as the CH3;0H:O, ratio). The Co 2ps, photoemission
peak (fig. 1a) is shifted to higher energies (780.6 eV) and the satellite structure becomes
broader and more intense, especially for MR=2. These are clear indications for partial
reduction of Co304 to CoO [6]. Additionally, in pure methanol stream, the Co 2psz;, peak
(binding energy 778.3 eV) is indicative of cobalt in metallic state, verifying that methanol is a
very effective reducer for cobalt oxides. The XAS spectra presented in fig. 1b confirm the
photoemission results. In particular, for MR=0.2 the Co L-edges are the sum of CoO and
Co30,4 reference spectra, indicating that under these conditions both cobalt oxide phases co-
exist. For MR=2 and pure methanol atmosphere, the Co L-edges are very much alike to that
found in previous measurements for CoO [7] and metallic cobalt [8] respectively.

From the discussion above, it is evident that the composition of the gas phase
significantly influences the surface chemical state of cobalt. The key in catalysis is to
combine spectroscopic and catalytic data, in other words to correlate the surface chemical
state to the catalytic activity and selectivity. Relative selectivities of the main products, as

well as methanol conversion, were calculated based on on-line QMS data (Table 1).
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Maximum
Methanol- Methanol
to-oxy_gen Conversion S(CO) S(COy) S(CH,0) S(Hy) S(H,0)
Ratio o
0
15 26 6 58 13 0 23
2:1 2 25 13 35 16 11
1:0 14 47 0 9 44 0

Table 1. Normalized product selectivities and methanol conversion rates on cobalt, derived by on-line QMS
results. Data are recorded at 520 K under CH3;OH:O, reactant gas with mixture ratios 1.5, 2:1 and 1:0.
Depending on the reaction conditions CO, CO,, CH,0, H,O and H, were detected.

Selectivities are referring to constant temperature and pressure conditions (520 K, 0.1-0.3
mbar) and are expressed as the percentage in the overall (CO, CO,, CH,0O and H,) production.
The maximum activity was obtained just after reaching the 520 K (500 K for pure methanol)
and afterwards gradual deactivation was observed, as was evident by the decrease of methanol
consumption. Comparison of spectroscopic and catalytic data presented in figure 1 and table 1
provide direct indications for the catalytic behaviour of cobalt in oxide and metallic form. In
particular for MR=0.2, were Co30, is the dominant phase, the CH3OH consumption is high
and total oxidation to CO, is favoured. In contrast, for MR=2, partial oxidation products (CO,
CH.0 and H,) are detected, accompanied with significantly lower methanol conversion rates
(almost ten times). As showed in figure 1, in that case the pre-oxidized cobalt surfaces were
reduced to CoO. Finally, in a pure CH3OH stream, metallic cobalt favours methanol
decomposition to CO and H,. It is worth mentioning that above 500 K, high rate of coke
deposition was observed on metallic cobalt, which is the cause of fast deactivation of this
catalyst.

In summary combination of in situ spectroscopy and on-line gas phase analysis testifies
for the dynamic response of the cobalt surface to the reaction mixture, indicating also the
effect at the catalytic behaviour.
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Background and Objectives

Methanol steam reforming is a promising reaction in terms of hydrogen production for use in
PEM fuel cells. The main criterion for a catalyst in this reaction is its selectivity to CO, and
H,. The common byproduct CO, formed by side or follow-up reactions such as methanol
decomposition and reverse water-gas shift (RWGS) is problematic due to its poisoning effect
on the electrode of a downstream fuel cell. It was previously shown [1] that palladium
supported on certain reducible oxides (ZnO, GayOs, In,O3) provides high selectivity
combined with thermal stability. As a reason for the improved selectivity the formation of an
alloy or intermetallic compound (IMC) between Pd and the reduced support has been

suggested [1].

The aim of this work was the investigation of alloy formation on a 5 wt% Pd/Ga,O3 powder
catalyst in different atmospheres. In-situ XRD had been used previously to determine the
temperature of formation of a bulk alloy/IMC under reducing conditions. In-situ XPS allowed
for a surface characterization under the conditions of methanol decomposition as well as
reduction in hydrogen. In addition, we studied methanol decomposition on pure (unalloyed)
Pd foil as well as on GayOs; (without Pd) for comparison of the carbon-containing
intermediates formed on the catalyst surface.

Experimental

In situ X-ray photoelectron spectroscopy was performed at BESSY Il at the ISIS-PGM
beamline. Pure Ga,O; and a 5 wt% Pd/Ga,Os; powder catalyst were mounted onto a
temperature controlled sample holder in the form of pressed pellets. During reduction in 0.25
mbar H,, Ga3d and Pd3d regions were recorded at increasing sample temperatures and
different excitation energies (160, 400 and 800 eV for Ga3d and 480, 720 and 1120 eV for
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Pd3d) , yielding information from different depths. During methanol decomposition, the C1s
region was recorded additionally. Methanol decomposition reaction was also carried out on a
Pd foil at different temperatures (400, 500 and 600 K, 0.13 mbar methanol). During the
reaction the Pd3d and C1s signals were followed at different excitation energies (420, 540,
660 and 1060 eV for C1s; 480, 600, 720 and 1120 eV for Pd3d). The gas phase was analyzed

by online mass spectrometry.

Results
Pd-Ga,03:

Previous in-situ XRD measurements under flowing Hy/He had indicated that bulk alloy
formation set in at 548 K. Hydrogen reduction in the in-situ XPS system was performed at
temperatures of 448, 523 and 623 K and a H; pressure of 0.25 mbar. Starting at 523 K and
more pronounced at 623 K, metallic Ga appeared in the surface region, indicated by an XPS
signal at binding energies 2 eV lower than that of Ga®" in Ga,Oj3 (see Fig. 1). The ratio of Ga°
to Ga>* did not strongly depend on the information depth. Methanol decomposition was
investigated at temperatures of 448, 523 and 623 K as well, with similar amounts of reduced
Ga species appearing as in the reduction experiment. While it can be assumed from the
combination of XRD and XPS measurements that the reduced Ga is present at least partly in
form of an alloy or intermetallic compound of Pd and Ga, the presence of reduced (by the

atomic H supply from Pd) but unalloyed Ga cannot be excluded.

Figure 1: Ga3d region of Pd/Ga,0j3 (left) and pure Ga,Os (right) recorded at 0.25 mbar H,
and 623 K. Excitation energy: 160 eV
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Pd-foil:

For methanol decomposition reaction on Pd, two different reaction pathways can occur, with
or without cleavage of the methanolic C-O bond, leading either to CO and H; or to formation
of carbon(aceous) species. Using in situ XPS, we aimed at a quantification of these two
pathways at different reaction temperatures. C1s signals at 285.3 eV are attributed to adsorbed
CO, CHy species give rise to XPS peaks at ~284.1 eV (see Fig. 2). At the lower reaction
temperature (400 K) a significantly larger amount of adsorbed CO was detected on the Pd
surface compared to 600 K (CH,:CO ratio =3 at 400 K and =6 at 600 K), but this does not
result in a lower activity due to CO-blocking. At 400 K an additional Pd3d species appeared,
shifted by 0.6 eV to higher binding energies, which can be attributed to an adsorbate-induced
shift or to a Pd-C phase. Inclusion of such a compound was not required at 600 K reaction
temperature, which rather supports the first explanation (adsorbate-induced shift). Additional
Cls peaks appeared between 286 and 288 eV binding energies due to various oxygen-

containing carbon species.

T=600 K

Pd foil 7 T=400 K Pd foil
0.13 mbar MeOH

0.13 mbar MeOH

T T T T T T 1
T T T T T T 1
292.0 290.0 288.0 286.0 284.0 282.0 280.0 292.0 290.0 288.0 286.0 284.0 282.0 280.0

binding energy / eV

binding energy / eV

Figure 2: C1s region during methanol decomposition reaction on the Pd foil at 400 K (left)
and 600 K (right). Excitation energy: 420 eV
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Magnetic-field induced effects on the electric polarization in DyMnO,
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Continuing our research program [1] on the series of magneto-electric multiferroics RMnOs,
in 2008 we have performed x-ray resonant magnetic scattering (XRMS) studies of the rare
earth magnetic ordering in DyMnQg3, using the new superconducting magnet at the MAGS
beamline for the first time. This compact magnet (Fig. 1), based on high-T. superconductor
technology, supplies a maximum field of 50 kOe and is combined with a 4 K base-T cryostat.

DyMnO3 undergoes three stages of magnetic ordering
of the Dy and Mn moments as function of T. At the
Neel temperature Ty = 39 K, a Mn sinusoidal order
arises with a gradual shift of the propagation vector
2" as T is reduced. At Tiox = 18 K, 2" stabilizes
simultaneously with the emergence of a spontaneous
electric polarization PJ|c. In our previous work, we
determined the commensurate Dy ordering with
propagation vector 7Y = % b* below 6.5 K. We also o

demonstrated that above 6.5 K the ferroelectric pola- fg%aﬁétiggema';";’t s o o
rization of DyMnOjs is enhanced by a Mn-induced Dy | Euler cradle of the diffractometer together
spin order with Y =M =0.385 b* [2, 3]. with the cryostat holder (right hand side).

DyMnO; exhibits interesting effects induced by
external magnetic field. Below 10 K, DyMnO3; shows
a significant enhancement of the electric polarization
Pllc by a factor of up to 3.5 for magnetic fields
between 10 and 50 kOe applied along a (Fig. 2). This
enhancement is related to a two-step metamagnetic
behavior with transitions around 20 and 50 kOe
observed for T=2K. This suggests that a
modification of the Dy magnetic ordering takes place
at these transitions that, in turn, has an effect on the Flig.tZ_: T?mper?turep dependendce t of the

H H H H H H electric polarization F, measured at various
]I;?;/r;\(;lerll(e)zt”\(/:vapsoftrll;ﬁtelgn.b;/I_OXVF\? II’\I/If%/ t;]tl S tpl}e/p%l;es;_sé applied magnetic fields zH||a (from [4]).
resonance in magnetic fields Hj|a with scattering vectors (0 k 0). First, we have measured k-
scans at 4.5 K in zero field and in 20 kOe, with k values around 2+z (Fig. 3, top). The Bragg
reflection related to the individual Dy ordering > = % does vanish in an applied field of
20 kOe. Simultaneously, another reflection with 7Y = 0.385 appears. This value coincides
with the Mn-induced Dy ordering observed for T > 6.5 K in zero field. We conclude that the
field-induced suppression of the 7Y = % Dy ordering is accompanied by a re-emergence of
the Mn-induced ordering and is directly linked to the increase of the electric polarization.

From the magnetic field dependence of the (0 2+7°¥ 0) and (0 2+7"" 0) reflection intensities at
base temperature (Fig. 3, bottom) we derive a critical field of H* = 18 kOe for the transition
of the Dy ordering from 7Y = ¥ to ¥ = 7" = 0.385. The related Bragg reflection has its
maximum intensity around 20 kOe and rapidly decreases for larger fields. Thus the Mn-

induced ordering of Dy is gradually suppressed for magnetic fields above 20 kOe.
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Above 40 kOe the intensity levels off, probably
marking a second transition. The position of the
(02+7™0) reflection does not vary
significantly with the strength of the applied
magnetic field (not shown), which implies that
the Mn propagation vector is field-independent.

These observations confirm that the first
metamagnetic step in the magnetization data is
indeed related to a breakdown of the
independent Dy ordering. Above this transition,
however, the Dy moments still carry an
antiferromagnetic modulation with the same
propagation vector as the Mn-induced ordering.
The magnetization can only be saturated (forced
ferromagnetic alignment) when this modulation
is also suppressed. This point is reached above
the second transition at ~50 kOe.

It is also interesting to compare the magnetic
field dependence of the induced ordering
(Fig. 3) with the field dependence of the electric | Fig. 3: (top) XRMS k-scans along (0 k 0) measured at
d b he i . f th field H||a; (bottom) Magnetic field dependence of the
corresponaence between the Intensity Of the | jnieqrated intensities of the (0 2.5 0) and (0 2.385 0)
induced-ordering related Bragg reflection and | reflections at 4.5 K. Open circles show the square of
the magnitude of the electric polarization at 4.5 the polarization enhancement AP, defined within the
P : text. The scaling factor is fixed to give a match at 20
K. We performed _a quantitative anaIySIS based kOe. Lines in the bottom figure are guides to the eye.
on the assumption that the 4z and
components of the Mn-cycloid stay unchanged (or change only slightly) under application of
a magnetic field. In this case, the field-dependent electric polarization enhancement (4P.(H)=
Pc.(H) - Po) should be proportional to the size of the induced Dy moment, justified by the
model presented in our previous report [3]. The related Bragg intensity is expected to be
proportional to the square of the induced moment. Thus, the square of the polarization
enhancement should scale with the (0 2+7"" 0) Bragg intensity. The experimental data follow
this scaling well (Fig. 3, bottom) except for H > 40 kOe. One possible explanation for the
mismatch in this field-region is that the above assumption becomes invalid when the flop of
the electric polarization at H ~ 65 kOe is approached, since this is related to changes on the
Mn-sublattice.

To conclude, we have shown that for H||a the intermediate field region with enhanced electric
polarization for T < 6.5 K is characterized by the re-occurrence of an induced Dy ordering
with 2. Only for fields large enough to fully suppress the AFM arrangement of Dy moments
with 2", the enhancement of the electric polarization by the Dy vanishes. These observations
confirm our previous conjecture [3] that this Mn-induced ordering of Dy is responsible for any
enhanced electric polarization in DyMnOs.
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For the interaction of proteins, the distribution of charges is crucial. In fact, salt ions are ubiquitous
in biological media, and the folding of DNA as well as protein is intimately coupled to the
counterions that neutralise these macroions. Thus, a detailed understanding of the counterion
distribution is essential for many biological systems. However, little is known experimentally about
the counterion distribution around charged proteins. ASAXS provides the only way to study this
issue by selecting the energies away and near the absorption edge of the target ions, which has been
proved by recent successful studies [1-3]. The present work is devoted to the characterization of the
counterion distribution around globular proteins, BSA and lysozyme, in aqueous solution using
ASAXS.

In the present experiment, we intend to study the ion distribution around proteins as a
function of protein and salt concentrations as well as temperature and pH (as a way to control the
charge) for BSA and lysozyme in solutions. Proteins with mono-, di- and trivalent salts will be
studied by using ASAXS technique. Using the different valencies we will address the question to
what extent the higher valency-ions are more localized and the related length scales as well as the
effect of protein-ion interaction on the effective protein-protein interactions in solution. During this
beamtime, we focused on BSA with trivalent salt, yttrium chloride, in solution. Our goal is to get
reliable ASAXS signal for the counterions by optimizing the sample and measurement parameters,
such as protein/salt concentration, measuring time and number of energies, etc. and establish the
data analysis and fitting protocol for a direct description on the ion distribution around proteins in
solution.

Anomalous small-angle X-ray scattering (ASAXS) measurements were carried out at station
7T-MPW-SAXS of BESSY, Berlin. The detector response was calibrated using the scattering from
Niobium foil at 18860 and 18800 eV. The angular scale was calibrated using the scattering peaks of
Silver Behenate. We have determined the experimental absorption K-edge of yttrium in solution
with and without the existence of protein as shown in Figure 1. The absorption edge is 16932 eV,
with AE= -106 eV compared to the theoretical value (17038 eV). Five energies were selected for
ASAXS measurement: with AE = -4, -14, -48, -152 and -538eV.

Protein solutions were filled into capillaries from Hilgenberg GmbH, Malsfeld, Germany.
The capillaries are made of borosilicate glass with an inner diameter of 4.0 mm and a wall thickness
of 0.05 mm. The scattering of a salt solution was measured as the background, in exactly the same
way as the protein solutions and was subtracted from the sample scattering. All measurements were
carried out at room temperature. The raw data were corrected for transmission, fluctuation of
primary beam intensity, exposure time, and the response of the detector.

Bovine serum albumin (BSA) with protein concentration of 5, 10, and 20 mg/mL and salt
concentration (YCl3) 30 mM, 50mM and 100 mM were measured at five energies with two sample-
to-detector distance in order to cover a large g-range. Figure 2 presents the merged scattering
profiles of a sample with BSA 20 mg/mL and 30 mM yttrium chloride and the deduced pure
resonant term.
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The pure resonant term was calculated from the following equation [3]:

1 [ N@EE) AIGEE) "
CFEEE)TE)-TE) FE)-TE)
()= (E,) 1 (E)- 1 (E)

f'(Ey) - '(E,) f'(Ey) - f'(Ey)
In this study, the energies were selected that the imagery part of the scattering factor, f” remains
constant for all energies. Hence the observed ASAXS signal will be determined mainly by the real
part f. The successful separation of pure resonant signal for the multivalent ion makes it possible
for further understanding the binding number and thickness of counterion around charged protein
molecules. Detailed data analysis and model fitting will be carried out imminently. Together with
SANS measurements on the same solution, the structure of bind-ion shell around proteins can be evaluated.

Sion (q)

Where F(E,,E,,E,) = f'(E,) - f'(E,) +

Figure 1 (left). Determination of the absorption edge for yttrium chloride in solution. Figure 2 (right). Typical
ASAXS curves measured at different energies (only one was shown, E5) and the separated ASAXS curve
from two energies (E1-E5). The pure resonant term deduced from the separated forms according to Eq. 1.

Nevertheless, we have demonstrated that the ASAXS measurements on the counterion distribution
around charged protein molecules are feasible and that information on the ionic cloud can be
obtained. The present results encourage us to continue our research on proteins with other
counterions, such as Br and Rb.
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The graphene layer forming the wall of a single-wall carbon nanotubes (SWCNTS) is a
structure that is extremely stable against chemical treatment. Several problems exist, the solution
to which urgently demands techniques to chemically modify the nanotube surface to be
designated. First, chemical functionalization is required for the use of SWCNTSs as the additive in
a polymer matrix for the improvement of polymer binder in mechanical properties. Second, for
the effective use of SWCNTSs in many applications, it is necessary to achieve the best nanotube
disintegration in the various media possible, down to the isolated tubes. Fluorination only can
potentially become basis for the industrial technology of the chemically modified SWCNT
production [1]. In this work, the high-resolution near edge X-ray absorption fine structure
(NEXAFS) and X-ray photoelectron (XPS) spectroscopies are used to elucidate the nature of
chemical bonding between carbon and fluorine atoms on the surface and inside fluorinated
SWCNTs. These methods are very suitable for probing the chemical bonding in polyatomic
systems due to their atomic selectivity and high
chemical sensitivity [2,3].

SWCNTs were synthesized by an electroarc
method using nickel-yttrium catalyst. The purified
nanotubes had a narrow diameter distribution with an
average value of ~1.5 nm. High-purity SWCNTSs (~
98 wt.%) are obtained in the form of paper (SWCNT
paper). The direct fluorination was carried out at a
temperature 222 °C for 5 hours [4]. The fluorinated
SWCNTs had ~ 35 wt.% fluorine (SWCNTs+F35%).
Measurements were performed at the Russian-
German beamline at the BESSY 1. NEXAFS spectra
of all samples 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 energies of 385 - 1030 eV with the
total energy resolution of 200 meV using Phoibos
150 analyzer.

A 5 |C 1s absorption spectra |

Absorption (Total Electron Yield)

SWCNT+F35%
E*

F*

MWCNT+F39%

— . . . —
285 290 295 300 305 310 315

Photon Energy (eV)

Fig. 1. C 1s NEXAFS spectra of HOPG,
inital MWCNTs and SWCNTS,

The NEXAFS spectrum of the pristine

SWCNTSs (Fig. 1) corresponds well to the spectra of
HOPG and MWCNTs. Small distinctions in these
spectra usually appear as consistent changes in the

SWCNTs+F35% and MWCNT+F39%.

relative intensities of the most typical features of the
A-B-C structure and inefficient broadening, resulting in “puttying” when turning from HOPG to
MWCNTs and SWCNTSs. First, the agreement in the spectra of HOPG and SWCNTSs indicates
the high structural perfection of nanotubes and a lack of any appreciable contribution of the
amorphous or other phases of carbon in the samples. Next, this agreement clearly proves the key
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role of a single graphene layer in the formation of the Cls absorption spectra in HOPG,
MWCNTs and SWCNTs [5]; it also certifies the assumption that the dependence of SWCNT
conductivity band from tube bending is weak. Hereby, in both the Cls absorption spectra of
nanotubes and in the HOPG spectrum, the main structures A-A' and B—F reflect transitions of 1s
electron of carbon atoms into the free states of the conductivity band, which are formed from the
2p electron state of carbon atoms and have © and o symmetry, respectively [5].

Significant differences in the structure of C1s spectra of the pristine and F-SWCNTSs are
observed. There is a strong decrease in A peak intensity, the emergence of new features for
structures B;*, B*, C*, D* instead of A'-D structures, and isolated band E*~F* formation. We
mention that, in addition to new absorption bands in F-SWCNT spectra, A band from the
spectrum of the original nanotube is retained, proving the fact of incomplete nanotube
fluorination.

It is logical to associate the changes observed in Cls spectra of F-SWCNTs with the
chemical interaction between F atoms and the nanotube wall and, subsequently, the
rearrangement of the free-state spectrum in the tubes being explored by X-ray absorption. The
appreciable similarity in F-SWCNT and F-MWCNT spectra allows supposing that the chemical
binding of fluorine with carbon occurs in both cases, for the most part, by fluorine atoms bonding
to carbon atoms on a nanotube sidewall, forming o(C—F) bonds at the expense of the covalent
mixing of F2p- and C2p,-valent electron states [5]. Obviously, such binding of fluorine atoms
modifies the coordination of carbon atoms, from triangular in original nanotubes to nearly
tetrahedral in fluorinated nanotubes, and it is

ge ¢ LCIs.Flsabsorptionspectral  possjple only when sp? valent state

D*

hybridization of carbon atoms changes for
sp® hybridization in F-SWCNTs.

In Fig. 2, the C1s and F1s absorption

B * SwcNT+F35%| - spectra for F-SWCNTs (curve 2) and F-

D* I MWCNTs (curve 3) are shown. Fluorine

- F1s| spectra were reduced to the energy scale of

SWCNT+F35%|  photons in the carbon spectrum using the

5 D* energy distance AE(F1s-Cls) = 398.4 eV

E* F*

F1s| petween the ground 1s levels of F and C
atoms in F-SWCNTs, which was measured
by the X-ray photoemission method at
" 085 200 205 300 305 310 315 Photon energy of 1030 eV. The Fls-spectra
for F-SWCNTs and F-MWCNTs are

Cls

Absorption (Total Electron Yield)

MWCNT+F39%

Photon Energy (eV)

characterized by very similar fine structures

Fig. 2. Comparison of C 1s and F 1s absorption | which, in the case of F-MWCNT spectrum
spectra of SWCNT+F35% and MWCNTs+F39%. | (jike for carbon spectra), have more relief.

F1ls absorption spectrum of F-SWCNTSs, energetically matched by the Cl1s spectrum,
demonstrates a fine structure whose features perfectly correlate to new B;*-F* features,
appearing in C1s spectrum as a result of SWCNT fluorination. Such correlation of F1s and C1s
spectra had already been observed for F-MWCNTS [5]. This correlation means that both spectra
reflect the transitions of ground F1s- and C1s-electrons into the same vacant electron states of the
F-SWCNT conductivity band. New electron states are formed as a result of covalent bonding of
carbon and fluorine atoms; therefore, they have a mixed (hybridized) F2p — C2p, character.

C1s photoelectron spectra for F-SWCNTSs are presented in Fig. 3. In accordance with the
universal curve of the dependence of the electron mean free path from their kinetic energy [3],
the escape depth is limited by ~0.5 to 1.5 nm, for all practical purposes restricting the sounding
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depth of the sample by means of the near-surface layer, which is as thick as one nanotube
diameter by an order of magnitude. As it can be seen from Fig. 3, the signal belonging to carbon
atoms of the graphene layer of the initial CNTs (band A) partially remains in all spectra.
Moreover, in the series of spectra in Fig. 3, an explicit strengthening of this band is observed
after increasing of probing depth up to ~1.5 nm from the surface of nanotube rope. That fact
unambiguously indicates an appreciable decrease in the fluorination degree of CNTs located
inside the rope, i.e., of all nanotubes which do not form the coating surface of the nanotube rope.
This result correlates well to the previously discovered increase in the SWCNT fluorination
degree upon the improvement of their dispersion, i.e., with the reduction of nanotube rope lateral
size formed by them. Comparing C1s spectra of F-SWCNTSs, we will mention that all of them
except for the signal from the graphene layer (A band) contain three additional higher-energy B-D
bands. The most interesting change in spectra that happens when the energy of exciting photons
(and, therefore, the probing depth) increases from ~0.5 nm up to ~1.5 nm is the reduction of the
relative intensity of the B band: it decreases more than twice in regard to C band intensity.

In conclusion, the combined investigation of
G the F-SWCNTSs by highly chemically sensitive X-ray
3 methods is presented. It was observed that
fluorination process of SWCNTSs is accompanied by
chemical bonding between fluorine and carbon atoms
on the tube side walls. Fluorine atoms do not
substitute carbon atoms in graphene layers of
MWCNTSs but they add perpendicularly to them as a
result of covalent mixing between C 2p, and F 2p
states. In this case the coordination of carbon atoms
changes from sp?-triangular to sp>-tetrahedral. The
photoelectron spectra showed that the surface of
SWCNT ropes is practically fully fluorinated. On the
other hand, as deep as ~1.5 nm inside the nanotube
ropes, the degree of nanotube fluorination
significantly drops.
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Effect of methanol on lignosulfonate macromolecules studied
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Lignosulfonate, or sulfonated lignin, is a globular polyelectrolyte obtained from wood via
chemical processing. During sulfite pulping lignin is removed from the wood and transformed
into lignosulfonate. Sulfonate groups make the lignosulfonate highly soluble in water, while the
rest of the macromolecule is mostly hydrophobic due to aromatic groups. The polymer has been
determined to be branched, but also differing views have been presented. In aqueous solution
low molecular-weight lignosulfonate has been found to exist as compact flat platelets about 2
nm in thickness. [1]

Lignosulfonate has been tested as a component in low cost methanol fuel cell membranes
[2]. To find out more about the inner structure of lignosulfonate and its behaviour in non-polar
solvents, we added lignosulfonate into a binary mixture of alcohol and water and varied
the concentration of lignosulfonate within the semi-dilute range. It is known that for some
polymers the solution properties such as association into larger complexes depend on the
order in which methanol and solute are added in the solution [3]. Since lignosulfonate has
an overall aromatic nature a solvent with lower polarity might modulate the intra and/or
intermolecular bonds. Changes in the structure of the solutions were studied using small-angle
X-ray scattering (SAXS) at the 7T-MPW-SAXS beamline at BESSY. Counterions of the
charged sulfonate groups are also affected by the polarity of the solvent and they were expected
to attach to the sulfonate groups. With anomalous small-angle X-ray scattering (ASAXS) at
the same beamline also the counterions, such as rubidium, can be seen and so the location of
the charged groups can in theory then be determined.

Experimental

Sodium and rubidium salts of lignosulfonate were prepared at Borregaard Lignotech. The
average molecular weights were 7600 g/mol and 9100 g/mol, respectively. The molecular
weight of Rb-lignosulfonate is higher only due to the higher mass of Rb with respect to Na.
Samples were prepared by dissolving different amount of lignosulfonate in either pure water or
in water-methanol mixtures of ratio 3:1 and 1:1. (The lignosulfonate fractions were not soluble
in pure methanol.) The volume fractions of lignosulfonate salts in each solution mixture
were carefully adjusted to 1.0, 3.7, 7.5, 10.9, 14, and 17 %. The samples were placed in
Hilgenberg glass mark tubes with about 4 mm inner diameter and 50 pm wall thickness. SAXS
measurements were made with the mark tubes placed in air to avoid leakage of the methanol
solution to vacuum. Due to the large background from air scattering, filters needed to be used
to guard the 2D gas detector from too high intensities. Measurement time per sample at each
sample-to-detector distance and photon energy was about 10 min in SAXS measurements and
30 min in ASAXS measurements. Two sample-to-detector distances were used: 1435 mm
and 3804 mm. The measurements were made well below Rb K-absorption edge (15200 eV)
at energies 14803, 15085 and 15166 eV to avoid fluorescence and other energy dependent

!Present address: University of Campinas, Brazil

109



backgrounds. The magnitude of the scattering vector is defined here as ¢ = 4x sin 6/, where 0
is half of the scattering angle and A is the wavelength. The data were normalized into absolute
units (1/cm) using a glassy carbon of 90 pm thickness as calibration standard.

Results

X-ray absorption near edge structure (XANES) measurements of rubidium lignosulfonate
solutions showed that no significant difference is seen in the chemical state of the rubidium
in different solutions and concentrations of lignosulfonate within the measurement accuracy

(Fig. 1).

Figure 1: X-ray absorption spectra of ligno-
sulfonate samples of different volume frac-

go7 tion (3.7 % and 17 %) in water, in water—
éo‘s’ methanol 3:1 and in water-methanol 1:1. g
go‘& is the linear absorption coefficient and d is
;12: —_a7%HO 2 gy (v the sample thickness. The inset shows the
02 - :j:zgng: ii ] derivative of ud as a function of energy. The
01 179 H,0MeOH 1:1 ] first inflection point of the absorption curve
15;.2 15t21 15t22 15?23 15?24 15t25 15t26 15.27 glVeS the pOSItlon Of the edge
Energy (keV)

The ASAXS results for the Rb-lignosulfonate are presented in Fig. 2. A minimum visible
in the separated ASAXS data of lignosulfonate in water solution is not seen for methanol-
water mixtures. This feature is related to the distribution of rubidium around the lignosulfonate
particles in the solution. The two lignosulfonate salts, even though prepared in the same way and
having the same valency of +1, had very different behaviour in the methanol-water mixtures
according to the SAXS measurements. Therefore the results obtained from ASAXS for the
rubidium-lignosulfonate cannot be directly applied to other lignosulfonate salts and may not
present the behaviour of the natural state of lignosulfonate.

] ii”ffffirm g, (@) ] Figure 2: SAXS intensities of some
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Sub-Terahertz excitations of Charge Density Waves in manganites
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The optical conductivity of La-Ca and Nd-Sr manganites with commensurate charge order (CO)
has been first studied in the sub-THz region, by use of the Coherent Synchrotron Radiation of
BESSY. Below the ordering temperature Tco of each material, well-defined peaks are observed,
associated with side bands. They have been assigned to collective excitations of the Charge Density
Waves, namely, pinned phasons and combinations of phasons and amplitudons.

PACS numbers:

Several manganites, like Laj;_,Ca,MnOs (LCMO)
with > 1/2, exhibit charge ordering (CO) phenom-
ena below a transition temperature Teco [1]. Recent re-
sults point toward [2] a weak-coupling, or Charge Density
Wave (CDW) [3, 4], approach to the CO phenomena in
these materials, even if the collective excitations typi-
cal of the CDW have never been observed up to now.
One of the CDW modes predicted by the theory is the
phason, an infrared-active, acoustic-like, excitation with
wy(k = 0) = Q, = 0. Either if the CDW is pinned to
lattice impurities, or if it is commensurate with the lat-
tice, one has €}, > 0 and the phason can be observed
in the very far infrared. The second collective mode
is the Raman-active, optically-dispersed amplitudon at
wa(E = 0) = Q,. CDW excitations at finite energies
have been indeed detected in the subterahertz range (1
THz = 33 cm™!) in one-dimensional metals like the ”blue
bronze” family[5] Ko 3sMoj_, W,O3. The manganite fam-
ily offers the opportunity to study the excitation spec-
trum of a multi-dimensional CDW, provided that one
can reach sub-THz frequencies with the desired signal-
to-noise ratio.

We have obtained the above result by using the Coher-
ent Synchrotron Radiation (CSR) emitted by the storage
ring BESSY when working in the ”low-a” mode. We
have thus studied, down to frequencies wy,;, which range
from 4.5 to 10 cm™!, the optical conductivity of four
manganites. One of them is a Nd; /5Sr; /,MnO3 (NSMO)
single crystal, grown by the floating zone method, and
here measured in the ab plane. Its Tcp is 150 K. A
second one is a single crystal of Big 5SrgsMnQOg3, also
grown by the floating zone method [6], and here mea-
sured both in the ab plane and along the ¢ axis. The
remaining three samples are polycrystalline pellets of
La;_,/sCa,/sMnO3 with n = 5,6,7, and with Tco = 270,
230, and 150 K, respectively [7]. The reflectivity R(w) of
all samples, 2-mm thick, was measured at nearly normal
incidence after accurate polishing with sub-micron-thick
powders. Conventional radiation sources were used be-
tween 20 and 6000 cm !, the CSR of the BESSY storage
ring [10, 11] from wy,in, to 30 em™!. R(w) was extrapo-
lated to w = 0 by accurate Drude-Lorentz fits and o(w)
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FIG. 1: Optical conductivity at different temperatures of the
single crystal of Nd;,2Sr;,2MnO3 and of the polycrystalline
pellets of La;_,/sCa,,sMnOs.

was obtained by standard Kramers-Kronig transforma-
tions.

The optical conductivity of the four samples is shown
in Fig. 1. At the highest T’s it exhibits a weak Drude
term, while below Tco an optical gap 2A opens in the
spectra of all samples. By smooth extrapolations of the
lowest-T' curves to o = 0, one finds 2A(T ~ 0) ~ 800
cm ™! or 0.1 eV in the polycrystalline samples of LCMO,
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FIG. 2: Low-energy conductivity of La; /4Cas,4sMnO3 at 10 K
(solid line) and 100 K (dots) with the corresponding best fits
(thin-dotted lines). The side band is the sum of the overtone
2Q), and of the combination band €, + ., as shown at 10 K
by crosses and open circles, respectively. The inset shows the
CDW contribution to the real part of the dielectric function
€1(w) in two samples at 10 K.

~ 0.2 eV in NSMO. Correspondingly, sharp conductivity
peaks appear at the lowest frequencies in all panels of Fig.
1. We assign the peaks in the sub-THz range to phasons
in a ”pinned state”, consistently with the presence in our
samples of both impurities and commensurability. Their
frequencies €2, are all larger than in [5] Ko.3MoOs (3.3
ecm~!) and, in the three samples with CE-type charge
order, are found to scale with Teo.

In the La-Ca manganites with n = 5,6 a broad side
band is also detected below 100 cm ™. It shows the same
T-dependence as the main peak and disappears into the
Drude continuum above T o. Fig. 2 shows in further de-
tail both sub-THz bands of La, /,Caz/4MnOQOs3, indicating
that the side band is in fact the sum of two contributions.
One of them broadens with T like the phason peak at 7.5
cm ™!, while the other one is nearly T-independent. A
similar fit was obtained for Laz /sCas/sMnO3. We assign
those two features to the overtone 2w, and to a phason-

amplitudon combination band wy, +w,, respectively, bas-
ing on several arguments [12].

Both the pinned-phason mode and the amplitudon
have a high density of states close to ko = 0, where their
dispersion is nearly flat. If therefore w, 4w, is peaked at
Qp+Qq, and 644 =~ d2,, one obtains for 2, 40 (30) cm™!
for z = 5/8 (3/4) which provides and electron-phonon in-
teraction strength A = 0.8 (0.7) . These moderately low
values show that the assumptions of the CDW model are
thus justified a posteriori.

By using further relations which link the frequencies
and the CO gap here measured to the charge dynamics,
one can obtain [12] the effective mass of the CDW. It
turns out to be m*/my =~ 400 (700) for z = 5/8 (3/4)
at 10 K, to be compared with m*/m; ~ 800 reported
for the one-dimensional CDW of K 3sMoO3 [5]. Also the
CDW contribution to the dielectric constant €5 can
be determined. As here wp,, is lower than any CDW
absorption, the experimental €1 (wpin) at low T measures
€§'PW, after one subtracts the phonon contributions and
the high-frequency term e,,. From the inset of Fig. 2
one obtains €§’PW = 100 (150) at = = 5/8 (3/4). These
results can be compared with the theoretical prediction
of the CDW theory [4], which in the present case[12] gives
€5 DWW =90 (120) at x = 5/8 (3/4). Therefore, also under
this respect the CDW theory is in very good agreement
with the experiment.

In conclusion, we have first explored in the sub-THz
range the optical conductivity of four manganites with
Tco spanning from 130 to more than 500 K, by using
a coherent, sub-Terahertz radiation source. In all sam-
ples with Tco < 300 K we have found sharp peaks which
disappear above Too and are similar to those reported
for one-dimensional CDW’s. They have been assigned
to pinned phasons, followed by broad combinations of
phasons and amplitudons. In two La-Ca manganites, a
detailed analysis based on the CDW theory has allowed
us to determine the electron-phonon coupling, the CDW
effective mass, and the CO-phase contribution to the di-
electric constant. These parameters are consistent with
a description of the charge order in La-Ca manganites
in terms of charge density waves, even at commensurate
doping.
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Introduction

Synchrotron microcomputed tomography (SRUCT) 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 under-
stand 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 SRuUCT data,
the local distribution of bone mineralisation should be determined three dimensionally as a
function of the conditions ,healthy’ ,osteoporotic’ and ‘hormone treated osteoporotic’. 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 (hnBMP 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 Il) 27 speci-
mens, with 3 samples for each condition, were evaluated with Synchrotron microcomputed
tomography (SRuCT). For each sample 720 X-ray attenuation projections with a local resolu-
tion of 9 um were acquired using a monochromatic X-ray energy of 30 keV.

Results and Discussion

The SRuCT 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 in-
dicate a specific reaction of the organism to the functionalised titanium wires.

The analysis of relations between different implant surfaces, bone conditions and/or hor-
mone therapy to the characteristics of the three-dimensional network around the implants is
still under investigation. A suitable imaging procedure for a volumetric analysis related to this
specific model was developed (Fig. 2).
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Fig. 1: SRuCT visualisation of different mineralised bone on a biofunctionalised titanium wire (white) after a heal-
ing time of 4 weeks in a rat tibia.

A) 3D CT-volume B) bone sleeve projection

/
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C) analysis procedure
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Fig. 2: Adapted analysis procedure to obtain 3D-information of newly formed bone from SRuCT-measurements
around cylindrical implants.
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Our group has developed a prototype DNA sensor on diamond. The DNA probes are
covalently attached to diamond surfaces using an effective two-step protocol [1], and the
location of the DNA probes can be predetermined by photopatterning the linker layer. This
platform is sensitive for point mutations, as was demonstrated using fluorimetric read-out [1]
as well as real-time, label-free impedance spectroscopy [2].

In the framework of this project, we are interested in the molecular organisation of DNA
probe layers (brushes), both in single and double stranded form. One technique to study DNA
brushes on diamond is “nano-shaving” with an atomic force microscope [3]. To study the
orientation of immobilised, short DNA strands (8-36 bases) in a non-destructive way, we
apply vacuum UV spectroscopic ellipsometry (SE).

We demonstrated that this technique can indeed be used to detect (sub-)monolayers of short
DNA strands on ultra-nanocrystalline diamond (UNCD) surfaces. Based on the 4.74 eV
transition due to the 7 7* transition dipole moments of the DNA bases, the orientation of the
DNA strands could be calculated: we found average tilt angles ranging from 45° to 52° [4].

Since UNCD has an root-mean-square surface roughness of 17 nm, the interpretation of the
obtained tilt angles is not straightforward for biological layers thinner than that. Hence, we
performed additional ‘mapping SE’ experiments on UNCD samples, to qualify the lateral
spread on the average DNA tilt angles. This made clear that the roughness of the DNA layer
can vary from point to point: in Figure 1 and Table 1, three spots have been compared of the
same UNCD sample functionalised with double stranded DNA of 29 base pairs. We also
collected spectra on atomically flat surfaces to examine tilt angles caused only by the inter-
molecular interactions of DNA in dense layers, not by the topography of the underlying
surface. At first we opted for DNA-modified single crystalline diamond (SCD). Typically,
SCD samples have a surface area limited to (2 mm)2. Taking spectra on such small areas is far
from trivial. Therefore, we examined additional DNA-layers covalently coupled to single
crystalline Si: these substrates are also atomically flat, but larger in surface area, e.g. (1 cm)2

The reference spectra collected on clean SCD and Si samples correspond well with UV
spectra found in literature. The additional features in the spectra of linker- and DNA-modified
SCD and Si samples are similar to those previously recorded on UNCD. Further calculations
based on the new data are ongoing, to reveal possible variations in the average orientation of
the DNA strands between the previously analysed UNCD samples on the one hand, and the
SCD and Si samples on the other, as well as between different spots on the same SCD or Si
sample.
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Figure 1: Vacuum UV ellipsometry on UNCD with double-stranded DNA of 29
base pairs. Measured (open symbols) and fitted (lines) spectra of three spots on
the same sample.

Table 1: Layer thickness and roughness of the DNA layer (29 base pairs) of the
three spots considered in Figure 1, calculated from the fitted spectra.

Film Thickness (nm) Roughness (nm)
12.7 25
12.8 0.5
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Objective

Mechanical surface treatments such as shot peening (SP) or ball-burnishing lead to changes in the near-
surface material states. This is mainly the result of induced plastic deformation which results in work-
hardening and the generation of residual stresses. Residual compressive stresses are well known to
enhance the fatigue performance and corrosion resistance of a number of metallic materials by retarding
or even suppressing micro-crack growth from the surface into the interior. The shot peening-induced
residual stresses in shot peened titanium alloys Ti-2.5Cu and Timetal LCB were evaluated by applying
energy-dispersive (ED) diffraction using synchrotron radiation because of a higher penetration depth
compared to conventional X-ray diffraction [1,2]. The main objective of this study is to measure the
compressive residual stresses in deeper region below the surface of aforementioned alloys.

Experiment

Residual stress measurements were performed by applying hard X-rays using synchrotron radiation.
Stresses are evaluated by means of the siny method. Energy dispersive X-ray diffraction technique using
synchrotron radiation allows the non-destructive measurement of residual stress depth-profile. This
technique uses white X-ray beam with various energy ranges, 20 ~ 120 keV in general. Table 1 shows the
required parameters of hard x-ray diffractometer.

Table 1. Diffractometer parameters

Beam size 0.50 mm x 0.50 mm
Detector slit 0.03 (H) x 8.00 mm (V)
Beam energy Up to 120 keV

2-Theta 8° (for Ti-2.5Cu) and 6° (for LCB)
Phi 0°
Psi 0° to 80° (~21 steps)
Exposure time 300 sec.

The residual stress depth profiles were measured in shot peened samples, Ti-2.5C and Timetal LCB.
Peening was done to full coverage at Almen intensities of 0.11 and 0.20mmA. Blanks (20x20x5-10mm?)
were cut. Some layers (50, 100, 150, 200 um) were removed by using electro-polishing to reach the
stress-free zone.
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Achievements and Main Results

Fig. 1 shows examples of the relation between lattice spacing (d) and (sin®¥) for Ti-2.5Cu. No steep
residual stress gradient was found.

Fig. 1 The relation between lattice spacing (d) and (sin®¥) for Ti-2.5Cu

Fig. 2 and Fig. 3 show the residual stresses profiles 6(t) of shot peened Ti-2.5Cu at Almen intensities of
0.11 and 0.20mmA, respectively. It is observed that the residual stress-depth profile obtained from the
synchrotron radiation is exponentially damped transform of the actual or real space stress depth. This is explained
by the 'modified multi wavelength method' used in the synchrotron radiation measurements yields the residual stress
depth profiles in the Laplace space, i.e. sigma(t). In addition, The tensile residual stress is located deeper than
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Fig. 4 shows examples of the relation between lattice spacing (d) and (sin®¥) for a-phase and p-phase of
TIMETAL LCB.

Alpha Beta

Fig. 4 The relation between lattice spacing (d) and (sin¥) for Timetal LCB

Fig. 5 and Fig. 6 show the residual stresses profiles of shot peened (0.11 mmA) a and B in Timetal LCB,
respectively. It is observed that the free stress point is 270 (approx.) um in depth for f-phase.
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The difference of residual stresses between a and [ phases is explained by the difference in the yield
strength. The B Ti-alloys have in general larger yield strength comparing to that of o alloys, so that the
potential maxima of the induced residual stress by plastic deformation is larger in the  phase.

Fig. 7 and Fig. 8 show the residual stresses profiles of shot peened (0.20 mmA) a and B in Timetal LCB,
respectively. Also, it is observed that the residual stresses induced in o and 3 phases are different.
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A difficult problem concerns the neumerical inverse Laplace transformatiom (NILT), which has to be
applied in order to obtain the residual stress profiles ¢(z) in the real z-space from the experimentally
determined Laplace space stressses o(t) [1].
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Abstract:

Liquid water transport has been visualized in situ with a so far unique spatial and
temporal resolution. For the synchrotron studies two different viewing directions have
been chosen in order to get a pseudo-3D insight in processes on a microscopic
scale.

The water content of the different components in a fuel cell and diffusion barriers for
the reactant gases have been determined. The different components show a
sufficiently different absorption coefficient to distinguish them. Liquid water appears
at first close to the catalyst layer; the adjacent micro-porous layer is free of liquid
water. In the porous gas diffusion media, water condenses and is from there
transported in an eruptive manner to the channel of the flow field.

Component providers and fuel cell developers will benefit from these insights for
optimization and design purposes.

Detailed report:

Water management is the key problem in state-of-the-art hydrogen driven fuel cells.
Considerable efforts have already been reached by new designs of flow field
structure which allow a well-balanced distribution of reactants and help to avoid the
formation of large amounts of liquid water. Still the performance suffers from excess
water in the gas diffusion layer or drying-out phenomena, e.g. at dynamic operating
conditions. These problems can be addressed by, e.g., fine tuning of diffusion
materials. A fundamental understanding of water distribution and transport in gas
diffusion media features the key pathway to achieve the target of well distributed
water content.

Figure 1: Insight in fuel cells from two different directions.
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The observation of liquid water evolution and transport in PEM fuel cell under
operating conditions is realized on a microscopic level with a resolution down to 3 pm
[1, 2]. By means of synchrotron X-ray radiography the initial formation of small water
clusters in the gas diffusion layer and the transport from the diffusion media to the
channel of the flow field are detected. The employed fuel cell setup allows for an
unperturbed and unbiased insight to the evolution and transport mechanisms of liquid
water under operating conditions.

In figure 1, two different viewing directions have been chosen, the through-plane view
and the cross-sectional view.

Through-plane imaging allows for a differentiation between areas under the land and
the channel of the flow field (Fig. 2). Water evolution starts under the land of the flow
field; from a certain pressure onwards the water clusters are transported in an
eruptive mechanism from the GDL to the gas channel.

Figure 2: Though plane view in an operation fuel cells. On the right side
liquid water clusters under the ribs can be distinguished.

The cross-sectional viewing direction allows a separate investigation of the different
components: Gas diffusion layer (GDL), micro porous layer (MPL) and membrane
electrode assembly (MEA). It helps to clarify transport mechanisms from the source
of water evolution to the gas channel (Fig. 3).

Figure 3: Cross sectional view on liquid water formations in an operating PEM fuel cell.

The dynamic formation of water cluster at changed operating conditions is monitored
and the increase of water content in the gas diffusion media can be described.
Based on the experimental findings previous results from modeling and simulation
approaches are confirmed, which consider the area under the ribs as the primary
source of liquid water. A recently proposed eruptive mechanism for the water
transport from the gas diffusion layer to the channel, which was observed in ex situ
experiments, is now supported by the presented in situ results.
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Encapsulated single-walled carbon nanotubes (SWCNTs) with inner channels filled by
different compounds present the new class of composite materials. Such CNTs are of a big
interest because of an opportunity to form 1D nanocrystals as well as quantum nanowires with
new physical and chemical properties inside the tubes. Electronic properties of modified
CNTs determine substantially the field of their application. As a consequence different spec-
troscopic methods are important for studying the electronic structure of composites. The
NEXAFS [1] spectroscopy probing the partial density of empty electron states that are local-
ized near the absorbing atom is one of the powerful methods for investigating the local atomic
and electronic structure as well as the chemical bonding in various nanosystems. Therefore,
the present study is aimed to characterize the possible chemical interaction between Cul and
SWCNTs in Cul@SWCNTSs and electronic structure of the latter.

All measurements have been performed at the Russian-German beamline (RGBL) using
experimental station Mustang. The Cul@SWCNT nanocomposite was produced by the filling
of metallic single-walled carbon nanotubes with inner diameter of 1.1-1.4 nm by wide-gap
semiconducting Cul nanocrystals using so-called capillary technique [2]. Approximate load-
ing value of Cul equals 72.6 wt. % (i.e. one Cul molecule corresponds to about 6 C atoms.).
Cul@SWCNT sample was prepared in air by rubbing powder of it into the scratched surface
of stainless steel plate. Evaporated layer of Cul, powder of CuO and initial SWCNTs were
used as reference samples. Thin (20-25 nm) Cul layers were prepared in situ in the prepara-
tion chamber by thermal evaporation of thoroughly dehydrated Cul powder (Alfa Aesar) from
a water-cooled effusion cell onto a polished stainless-steel plate in a vacuum of ~3x10”" mbar.
Powders of CuO and SWCNTSs were rubbing into the scratched substrates. NEXAFS spectra
at the Cu 2p and C 1s edges were obtained in the total electron yield mode by detecting a
sample current. All spectra were normalized to the incident photon flux, which was monitored
by recording the photocurrent from a gold mesh placed at the outlet of the beamline. The pho-
ton energy at Cu 2p and C 1s edges was calibrated using Au 4f photoemission lines (Eping(Au
4f12)=83.9 eV and Eping(Au 4f52)=87.6 eV) from gold plate fastened on the same holder with
sample under study. The accuracy of this procedure is evaluated to be of 0.1-0.2 eV. The total
energy resolution of monochromator at C 1s and Cu 2p edges was about 100 meV and 300
meV respectively. Measurements of absorption and photoemission spectra were carried out at
a pressure in the measuring chamber ~ 2:10™° mbar.

Cu 2p spectra for CUl@SWCNTSs, and reference samples Cul and CuO are presented in
Fig. 1. All spectra were normalized to the absorption edge jump at hv=966 eV. Structures cor-
responding to the electronic transitions from Cu 2p;, and Cu 2ps, core levels to the same
empty electron states are denoted by the primed and unprimed letters, respectively. If the di-
pole rules for 2p electron transitions are taken into account, so these spectra reflect local den-
sity of empty electron states that have mainly Cu 4s- and Cu 3d-character. It can be seen from
the Fig.1 that the Cu 2ps;, NEXAFS spectra of Cul@SWCNTSs and Cul show appreciable dif-
ferences between their absorption structures. The main distinctions are an appearance of nar-
row (FWHM=1.1 eV) low-energy peak A, a broadening of all and merging (c1 and ¢, e; and
e,) as well as disappearing (d, f) of some absorption structures in the CuUI@SWCNT spectrum.
Moreover, all structures in the spectrum of the composite have low-energy shift of order of
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0.3 eV in comparison with their counterparts in the spectrum of Cul. It is natural to relate
these distinctions to changes in electronic structure of Cul owing to its encapsulation into
SWCNTSs or to weak chemical interaction between the filler and the CNT in Cul@SWCNT.

Clearly, these changes are accompanied by an

electron density transfer between copper, io-
dine and carbon atoms in the composite. With
consideration for the valence electron configu-
ration of the Cu* ion (3d'%4s%) in Cul, the ap-
pearance of narrow low-energy peak A in the
Cu 2pss, spectrum of the composite is reason-
able to associate with Cu 2ps, electron transi-
tions to empty 3d electron states that are lack-
ing in pristine Cul and appear in
Cul@SWCNTs as a result of changes in elec-
tronic structure of Cul. This is accompanied
by the change in the valence electron configu-
ration of the Cu* ion from 3d'%4s° for Cul to
3d'%* for CuUI@SWCNTSs. The direct compari-
son of Cu 2ps, spectra for the composite and
CuO confirms this interpretation. It is easy to
see (Fig.1) that the spectrum for CuO with the
valence electron configuration of Cu®" ion,
3d°, has the similar narrow (FWHM=1.0 eV) -

Absorption, Total Electron Yield (arb. units)

A

Cul_evaporated

H T T T T T T T
low-energy peak A as well. It is well known 930 940 950 960

that this peak is due to the Cu 2ps, - 3d elec-
tron transition [3]. The energy of the latter in

Photon Energy (eV)

Cul@SWCNTs (931.25 eV) is in good Flg 1. Cu 2p NEXAFS spectra for
agreement with the one in CuO (931.3 eV) Cul@SWCNTSs, Cul and CuO.

[3]. Comparison of relative intensities of

peaks A from the spectra for CuO and Cul@SWCNTSs, that were normalized equally, gives
the magnitude of x= 0.06 e for the decrease of the Cu 3d charge in the composite. Right now,
there is no way to unambiguously indicate a direction of the electron transfer from the copper
atoms to the iodine or carbon atoms. As for the other differences between the spectra of
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Fig. 2. C 1s NEXAFS spectra for CulI@SWCNTSs and
SWCNTs.

125

Cul@SWCNTs and Cul, they
are most likely due to the
changes in crystal and electronic
structure of Cul owing to its en-
capsulation into SWCNTs. The
general resemblance of absorp-
tion structures for spectra of Cul
and Cul@SWCNTSs, except for
the peak A, is probably evidence
for conservation of a tetrahedron
coordination of absorbing Cu ion
as well as relatively small mag-
nitude of effects under consid-
eration. In this case, the broad-
ening and smearing of some ab-
sorption structures can be related
to a distortion of the tetrahedron
environment of Cu ions by io-
dine atoms.



C 1s spectra for nanocomposite 1 - -
Cul@SWCNTs and pristine SWCNTs C1s XAS
normalized to the absorption edge
jump at hv=317 eV are shown in Fig.

2. The main structures in the spectrum
of the pristine SWCNTs are narrow S T
(FWHM = 1.3 eV) resonance a and
bands b, c¢ that are caused by C 1s

electron transitions to empty electron : ve
states of m= and o symmetry with C '

2p;n and C 2pyyc character. These EA[

states are very similar to the
corresponding states of graphite and Y .
strongly localized perpendicular and |80 ! 290
parallel to the carbon hexagon [4]. i Cu2pXAS
From Fig.2 it is seen that C 1s :
absorption spectrum for
Cul@SWCNTs is practically identical
to the one for pristine SWCNTSs except
for an additional small shoulder-like
peak A at the low-energy side of the n-
resonance a. Besides, it is observed the
decrease of total spectral weight of n-
states of about 12% and the narrowing
of n-resonance a of about 0.1 eV for
the composite spectrum relative to the
one of pristine SWCNTSs. It is obvious
that such a new peak reflects the
interaction between valence electrons
of the filler and = electron subsystem
of the nanotubes. Cu 2ps, and C 1s
spectra for Cul@SWCNTSs, which have been aligned in energy by using the binding energy
separation of 648.0 eV between the Cu 2ps;; and C 1s core levels, are represented in Fig. 3. It
is easy to see that the positions of the peaks A in both spectra are nearly coincide within 1 eV,
In the framework of quasimolecular approach [5], this coincidence of the absorption peaks A
in both the energetically aligned spectra can be regarded as a result of the transitions of Cu
2p32 and C 1s electrons to the same empty state of Cul@SWCNTSs which has hybridized Cu
3d-C2p, character. In this case, a slightly different position of peak A in C 1s and Cu 2ps»,
spectra can be associated with a different influence of C 1s™ and Cu 2pz;,™ holes on the core-
excited state under consideration.

In conclusion, the present study has shown that encapsulation of Cul into SWCNTSs is
accompanied by the changes in electronic structure of Cul because of the ones in atomic
structure of Cul in the composite and the chemical interaction between the filler and carbon
nanotubes.
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Synchrotron-based, depth-resolved analysis of elemental gradients in chalcopyrite solar cell
absorbers using angle-dependent x-ray emission spectroscopy

H. Ménig*, Ch.-H. Fischer*? R. Caballero?, C.A. Kaufmann? A. Grimm?, B. Johnson?,
T. Kropp?, M. Ch. Lux-Steiner"?, C. Jung? and I. Lauermann?
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Figure 1: Absorber preparation by

3-stage physical vapour deposition (PVD)

Synchrotron excited soft x-ray emission
spectroscopy (XES) is a technique which provides
bulk sensitive information® with an information
depth in the range of 0.1 to 1 um, depending on
the energy of exciting and emitted radiation and
the material.. When used angle-resolved, we call
this method AXES? We quantify results from
angle-resolved XES and use a simple layer model
to extract depth profiles from these data. Here we
examined Cu(InGa)Se, solar cell absorbers
prepared in the 3-stage process® (Figure 1) by the
technology department (SE3) of the HZB using
different temperatures T2 during the deposition:
T2 = 525°C (standard temperature)

T2 =425°C
T2 = 330°C (suitable for polyimide substrates)

We analysed these samples with AXES at the U 41 PGM beam line at BESSY Il and recorded Cu L3
and Ga L, spectra at different exit angles B to change the depth sensitivity. These spectra are shown
in Figure 2. Peaks originating from Cu and Ga were then integrated and plotted vs. the exit angle. The
results are shown in Figure 3 (right).
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Figure 2: XES spectra with Ga L,3 and Cu L,3 peaks, obtained at
different exit angles S, normalised to the maximum of the Ga L3 peak.
For evaluation, peaks are integrated and area ratios plotted vs. £.
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SNMS results and fit AXES results and modelling
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Figure 3: Comparison of SNMS profiling with AXES results from 3 samples with different

processing temperatures T2. Left: Experimental Cu/Ga-ratio from SNMS (dots) and two fitted depth

profiles, solid line: best fit of SNMS data, dotted lines: best fit of AXES data. Right: Intensity ratios

Cu/Ga from integrated AXES peaks (dots) and calculated based on literature values for x-ray
absorption (solid and dotted lines as on the left).

On the left of Figure 3 we show the comparison with sputtered neutral mass spectrometry SNMS data
(done at the ZSW Stuttgart) from the same samples. This method yields absolute elemental
concentrations®. The results can be summarised as follows: There is a clear influence of T2 on the
Cu/Ga-distribution: lower T2 leads to Ga-depletion within the space charge layer. The AXES-results
confirm the SNMS-profiles and allow some refinement of the elemental distribution up to a sampling
depth of 500 nm. At extreme angles (high surface sensitivity), the AXES results are not consistent
with a Cu/Ga gradient in the first 150 nm in samples A) and B) as suggested by SNMS. AXES results
point towards a constant Cu/Ga-ratio in that region. These results prove the value of AXES for the
analysis of thin films up to several hundred nm.
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Soft X-Ray Channeling in Policapillary Structures at the Condition of
Anomalous Dispersion Region of Si L — Edge Absorption

M. I. Mazuritskiy, P.V. Makhno
Physi cs Department, Southern Federal University, Sorge, 5, Rostov-on-Don, Russia, 344090

Researches of the X-ray transmission through microcapillary structures aimed at the
development of a new focusing devices in particular for long-wavelength X-ray radiation is a
high-priority physics problem. Its solution would lead to the appearance of a long-awaited
techniques, instruments and technologies for physics, materials science, biology, and
medicine. The microchannel plate (MCP) systems have been applied to focus and collimate x-
rays and multiply reflection properties of the microchannel surfaces are extremely important to
research particularly for ultra soft x-ray radiation.

Great scientific and applied interest have grazing x-ray methods based on the analysis of the
secondary response of a solid to the absorption/reflection of incident radiation. If the incident
photons are capable to excite the atomic levels then X-ray fluorescence is observed together
with elastic scattering if the grazing angle is less than critical one. It was shown [1,2] that
under certain conditions x-ray fluorescence emitted inside microcapillaries due to the
excitation of atomic levels can affect the spatial distribution of the radiation intensity. We
have researched channeling of the X-ray fluorescence (secondary radiation) in the anomalous
dispersion region of energy range near SiL — absorption edge. In fact transportation of X-ray
can be in the mode regime [3] associated in particular with the surface channeling of photons
inside microcapillary structures.

The MCP samples were thin (=0.5 mm) “perforated” (with 8 um - diameter channels) plates
consisting of mainly silicate glass. Samples were electrically insulated from the metal surface
of the holder. The scheme in Fig. 1 shows rays (1) directed aimost perpendicularly to the plate
surface and corresponding to the grazing incidence onto the microchannel walls. Radiation (3)
passed through the microchannel plate (2) absorbed by the plate (4) and detected in the
current mode. The angle of incidence was varied by rotating the sample around the x, y axes.

The XANES spectra were excited by
monochromatic radiation whose photon
energies were varied in the vicinity of
the corresponding absorption edges. The
total intensity of the X-ray radiation
passed through the microchannels of the
sample was measured. XANES Si L3
spectra (see Fig. 2,3) for the various
grazing incidence of radiation onto the
channel walls have been detected & the
outgoing from polycapillary structures.
The spectra were obtained with a
resolution of 0.1 eV on spectrometer

Fig. 1 Experimental scheme MUSTANG, RGBL-PGM at the
BESSY synchrotron center.

The fine structure was observed for the angles of incidence of less than 8°, i.e., under the
conditions of total external reflection. The critical angle corresponds to the experimental data
[4] for glass in the vicinity of the L, 3 edge of silicon absorption (100-140 eV). The L; edge
of silicon absorption is at the photon energy range of about 160 eV.

The structure of spectra 2,3 in Fig. 2 corresponds to the one obtained in [5,6] for a plane SiO;
surface. However for MCP samples radiation was incident into long and narrow channels, so
the reflected rays could not directly exit outside. Fig. 3 shows the spectra obtained from the
MCP preliminarily subjected to thermal hydrogen reduction. The fine structure of spectra 3-5
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differs from that seen in Fig. 2. The modified glass surface has an oxide silicon state SiO,
where 1<x<2. Note that the fine structure of the spectra measured at the channel outputs
remains the same as in the reflection spectra.

Fig.2 Spectra of white MCP in the vicinity of the L Fig.3 Spectra of microchannel plates subjected to
edge of silicon absorption obtained for variousangles  thermal reduction with hydrogen for various angles of
of radiation incidence onto the channel walls: incidence of theradiation onto the channd walls:
1-85°, 2-6.5°, 3-5.5°, 4-4.5°, 5-3.5° 110°. 2-7° 36°, 45,5, 5.5° 6.4°

As the angle becomes about 3.5° (see Fig.2, spec. 5) the fine structure unambiguously
determines the SiO, spectra of the fluorescence yield published earlier ([7,8]). The spectrum 6
on Fig.3 has the similar fine structures for angle about 4°. It is known that the spatial
distribution of the fluorescence is almost isotropic. The intensity can increase during
fluorescence-radiation transport inside the channels. The surface-bound channeling takes
place in the case of transverse wavelength A, = A/6 We assume that the fluorescence

radiation excited inside the channels is transported in such a way that its spectral composition
remains almost unchanged. In fact the excited fluorescence is trapped by microchannels and
channels along them. is much larger than the wavelength of incident radiation. Channeling of
Si L x-ray fluorescence excited in the structure formed by microchannels and interaction of
standing waves in a media with unoccupied electronic states is investigated. The surface-
bound propagation of X-ray fluorescence excited inside microchannels is observed for angles
of incidence of less than 6=6/2.

Actually result of interaction an incident beam with surface is. scattered (or mirror reflection)
and refracted radiation which can be selectively absorbed by atoms. X rays are reflected by an
extended surface segment, i.e. in a macroscopic field described by a permittivity. The
radiation propagates freely along the channels at grazing angles less than the critical angle of
total external reflection 6.. Mirror surfaces are not perfectly smooth. The interaction of the X-
ray radiation with the surface layer should be described taking into account that the spatial
variation in the permittivity varies with the depth [9]. Various factors including roughness
form a transition or contaminated layers. It was shown in [10] that in the case of surface-
bound channeling the peak of angular distribution at the capillary output is at angle of less
than the angle on which the radiation enters in the channels. In the considered case the
radiation is partially scattered to angles of less than 4° and absorbed by the transition layer of
the glass. The fluorescence radiation of silicon is selectively trapped by microchannels and
propagates inside hollow silicate capillary systems. As aresult the reflection spectra transform
into the spectra of fluorescence yield. The data of [11] on the absorption cross section in SiO,
at energies above the L absorption edge make it possible to estimate the mean free path of an
excited photon amounting to about 500 A. In this case of the grazing incidence the
fluorescence is excited from a depth of about 50 A.

The excitation of the silicon L fluorescence can be schematically outlined as follows. The
initial stage includes the absorption of a photon resulting in the formation of a hole on an
atomic level. Here exist a photonless intermediate state which includes a hole at the inner
level and a virtual photoelectron. The lifetime of this excited state is finite and determined by
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the time in which a photoelectron wave is scattered in the environment and then a photon is
emitted upon the recombination of an electron—hole pair, i.e., the electron system returns to
the initial state. The processes of the excitation (absorption) and emission of a photon are
conventionally assumed to be of a pure atomic nature, i.e., to proceed independently inside
equivalent atoms. However, it was shown in [12] that the interference of photons emitted by
atoms of the same kind is possible for the silicon L spectra and the criteria for the interference
of the fluorescence radiation were pointed out. In this case the interaction between the excited
atomic states is possible during the surface bound channeling of the emitting radiation. An
electromagnetic wave acts on electrons and polarizes silicon atoms as a result a time-
dependent dipole moment appears. In addition, the phasing of the elementary emitters, i.e.,
excited silicon atoms distributed over the microchannel walls, induces a macroscopic moment
of the transition. The induced correlation between the transition moments of spatially diverse
emitters interacting through a radiation field is responsible for the collective emission. As a
result, such atoms in a macroscopic volume can emit coherently. One of the conditions
ensuring the interference of fluorescence radiation emitted by spatially diverse atoms is that
the coherence length exceeds the mean free path of an exciting photon.

Let us estimate the coherence length for fluorescence radiation emitted as a result of the
excitation of the silicon L3 absorption edge. According to [13] the width of an excited L3 level

for silicon atoms is 0.014 eV and the corresponding lifetime is 7 = 0.5-10™s. The maximum
size of the coherence region in which the emitters can be phased can be estimated as follows:
|.=7-c=0.14mm. This is much larger than the mean free path (500 A) of the exciting

photon. A specific regime called superradiance can be achieved if a medium is excited (and
the emitters are phased) directly by the channeling radiation. In this case, ordering appears
due to the narrowness of the atomic-transition lines. The modes of the field are discriminated
by the long-wavelength radiation which is propagated along the microchannel axes.

The propagation of radiation in capillary systems depends on its interaction with the inner
walls of the channels and is determined by the permittivity. Resonance phenomena in X-ray
spectroscopy are observed near the atomic-absorption edges if the photon energies of the
incident radiation are close to the energy of the electron transition from an inner electron shell
to unoccupied free states. Correct calculations of capillary systems in this region require
reliable information on the real and imaginary parts of the permittivity obtained from
experimental spectra (XANES/reflection).

One of the important applications is the use of bent MCP to achieve the high density of
microfocal sources of coherent fluorescent X-ray radiation.

This work was supported in part by the Russian—-German Laboratory at BESSY (project no.
2008_1_70987).
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Local structural understanding of the glass formation process
In Zr-based glasses, using XAFS

1. Lahiri Debdutta, Bhabha Atomic Research Centre, India. 2. Schumacher Gerhard,
Helmholtz Zentrum Berlin fur Materialien und Energie 3. Riesemeier Heinrich, Institute
Bundesanstalt f. Materialforschung und -prifung, Germany. 4. Schrieb Tobias, Helmholtz
Zentrum Berlin fur Materialien und Energie5. Radtke Martin, BAMlIine (BESSY). 6.
Reinholz Uwe, BAMline (BESSY).

Metallic glasses have been of scientific interest for their unique engineering application
potential that arises from this amorphous structure. The formation of glass rather than
crystalline phase is challenging and varies with alloy composition. Understanding the causes
of such preferential glass formation is important for the successful synthesis of a wide variety
of metallic glasses and points to an understanding of the nucleation (of crystalline phase)
process. The glass-forming ability is negatively correlated with the nucleation of crystalline
phases. The preferential nucleation of crystalline (rather than quasi-crystalline) phases is
speculated to be correlated with different nature of pre-existing short-range order (SRO) in
the corresponding glassy phases. The object of this XAFS work is to probe the role of SRO
on the nucleation process by measuring XAFS on the glassy and annealed (quasi-crystalline,
from XRD) phases of Zr(69.5)Al(7.5)Cu(12)Ni(11). We have measured XAFS at Cu, Ni, Zr
K-edges at BAMline.

Our analysis has focused on the first coordination shell (nearest neighbor) fitting. The
shells farther out, although show structure, are extremely disordered to allow for error-free
analysis. Moreover, our first shell analysis has been sufficient in establishing the structural
model for the material. The fit parameters are listed in Table I. Comparison of the structure
before and after annealing (Fig. 1) shows that the structural evolution with annealing mainly
involves expansion of bond-length (by 0.1 A), coordination increase and reduction of DWF
(=enhanced degree of order). The low coordination for the different bonds seems unrealistic
at the first sight. However, these results seem logically plausible by realizing that XAFS
yields the weighted average result from the neighborhood around various sites. Low
coordination due to finite size effect is well reported in the XAFS literature of nano-clusters.
Considering several possible models for this result, we have realized that icosahedral cluster
best represents the structure in this glass. Our interpretation of the XAFS data, henceforth,
was targeted at determining (1) the size of the icosahedral cluster; (2) the centers of
nucleation (whether Al, Ni, Cu, Zr); (3) the stoichiometric composition of the clusters; (4) the
deviation of the cluster from perfect icosahedron.

We first proceeded by generating the geometric coordinates for 13-atom, 55-atom and
147-atom icosahedral clusters corresponding to a desired radial distance from the centre of
cluster to the first atomic shell. [Note that icosahedral clusters come in sizes of 13-, 55- and
147-atoms.] For each cluster size and different nucleation centers (viz. Al, Ni, Cu, Zr), we
calculated the weighted average of Ni-Ni, Cu-Ni, Cu-Cu, Ni-Zr, Cu-Zr, Zr-Zr, Zr-Cu and Zr-
Ni coordination for all the atomic sites, over the fit range (2-3 A) and compared with our
XAFS results. Our analysis yields the structure for the metallic glass ZrgosNii1CuiAl7 s to be
(1) disordered icosahedral clusters; (2) the system is heterogeneous, consisting of at least 3
types of clusters: Zr-centered 13-atom Zr-rich cluster, Ni and Cu-centered 55-atom
stoichiometric clusters; (3) Ni and Cu-centered clusters have a larger diameter (1 nm)

132



compared to Zr-centered clusters (0.6 nm); (4) assumption of the given stoichiometry for
cluster composition is compatible with our XAFS results; (5) the structural evolution with
annealing (for 2 hours at 300°C) is purely that of improvement in the degree of order of the
cluster rather than any phase transition into a new structure. This structure does not improve
with prolonged annealing; (6) the improving in order with annealing is the least for Ni-
centered cluster and highest for Zr-centered cluster.

The implications of these results are as following:

(1) Our results are in concert with theoretical predictions that more stable clusters are

formed around smaller sized atoms. Thus, 55-atom cluster is formed around Ni, Cu
while 13-atom cluster is formed around Zr. Moreover, the least change in order of the
Ni-centered cluster with annealing indicates that Ni-centered cluster is most stable
while Zr-centered cluster is the least stable.

(2) There exists a critical (cluster) size of nucleation: the probability of nucleation of

crystalline phase is low for cluster sizes smaller than critical size i.e. the probability of
glass formation is high. The fact that the smallest cluster is built around Zr may be
indicative of Zr being the preferential site of glass formation. The cluster sizes of 0.6
nm and 1 nm, determined from our XAFS results, may be used to obtain an estimate
of the critical size of nucleation. The critical size must be greater than 1 nm since the
annealed phase is quasi-crystalline.

(3) The fact that the structural evolution with annealing involves only an improvement

in order of cluster rather than diffusion-mediated increase in cluster size or
interlocking of different clusters indicates that the clusters in the glassy phase must
already have been thermodynamically stable.

We plan to pursue this work by measuring XAFS on a glass that yields
crystalline phase with annealing. We can then estimate the critical size of nucleation
more accurately.

Table |

Fit parameters for the data of glassy phase and annealed phase of the samples

Bond-length N DWF (A%
(A)
Ni-Zr Glassy phase 2.6 2 0.013
Post-Annealing | 2.7 2.33 0.012
Cu-Zr Glassy phase 2.72 2 0.01
Post-Annealing | 2.8 3 0.005
Zr-Ni Glassy phase 2.6 0.5 0.006
Post-Annealing | 2.66 0.5 0.002
Zr-Zr Glassy phase 3.07 5.5 0.022
Post-Annealing | 3.13 5.5 0.012
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Fig. 1 XAFS for glassy phase (red curve) and annealed phase (blue curve).
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1. Introduction

Conventional spectroscopies such as photoemission spectroscopy and Xx-ray absorption
spectroscopy have shown to be particularly well-adapted probes to study electronic properties
of pristine and modified carbon nanotubes. However, these conventional techniques typically
sample an area of some mm? thus preventing the analysis of a single nanostructure. Moreover,
signal originating from impurities that are usually present in the nanotube powder (amorphous
carbon, onion-like particles, and catalysts) cannot be avoided. In order to overcome these
problems, one must carry out the spectroscopy at high spatial resolution. In this context,
Scanning Transmission X-ray Microscopy (STXM) has recently been shown to be one of the
most appropriate techniques to study carbon nanotubes since it combines both spectroscopy
and microscopy with a spatial resolution better than 30 nm allowing studies of isolated
nanotubes [1,2,3].

In this work, electronic, structural and chemical properties of isolated multiwall carbon
nanotubes (MWCNTSs) were studied using the BESSY Transmission X-ray Microscope
(TXM). Analysis of the C 1s near-edge absorption fine structure (NEXAFS) spectroscopy was
performed on individual carbon nanotubes.

2. Method

Carbon nanotube powders were purchased from SES research [4]. The raw powders were
sonically dispersed in ethanol and a drop of the solution deposited on a holey Formvar TEM
grid. The first sample is non-modified CNT while the second is a CNT decorated with gold
nanoparticles and immersed for 24 hours in a DNA (with S-terminated groups) solution. It is
assumed that DNA will attach to the side walls of the nanotubes via gold sulphur bonding.
NEXAFS spectroscopy was performed on individual nanotubes using the TXM-NEXAFS end
station located at the BESSY beamline U41. In order to prevent degradation, the DNA/CNT
sample was cooled using liquid nitrogen during the measurements.

3. Results
Figure 1a shows a TXM image where we can observe an isolated carbon nanotube. NEXAFS

spectra were extracted from two different regions of the nanotube, corresponding to the
horizontal and vertical part of the nanotube (figure 1b). The spectra show a strong polarization
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dependence [3]; the intensity of the C 1s — =* transition is found to be the highest when the
E vector is perpendicular to the tube axis, while it almost completely vanishes when the E
vector is parallel to the tube axis. This result shows that the directional electric field of the x-
rays can be used as a “search tool” for the direction of chemicals bonds of the atom selected
by its absorption edge.

Intensity (arb. units)

T T T T T T T
280 284 288 292 296
photon energy (eV)

Figure 1. (a) TXM image of a region with one isolated MWCNT. (b) Spectra extracted from the coloured region
of the isolated nanotube. In red, the nanotube is perpendicular to the E vector and in black it is parallel.

Figure 2 shows TXM images of the CNT/DNA sample with a nanotube decorated with gold
nanoparticles and immersed for 24 hours in a DNA solution taken at 281.0 eV (below the
C 1s — z* transition) and at 285.5 eV (at the C 1s — =* transition). At 281.0 eV, the intensity
of the nanotube is equal all along the nanotube axis meaning that the density is also constant.
But at the C 1s — =* transition, black spots can be observed in some regions of the nanotube
revealing the presence of carbon materials attached to the nanotube surface.

A4

Flgure 2. TXM |mages of a MWCNT taken at 281.0 and 285.5 eV. The nanotube was decorated with gold
nanoparticles and immersed for 24 hours in a DNA solution.

NEXAFS spectra of two regions of the nanotubes are shown in figure 3. Due to the horizontal
orientation of the nanotube, the signal of the n* peak of the bare CNT is almost equal to 0 (red
curve). This unique property is very useful to detect small amount of carbon material attached
to the CNT surface. The blue curve corresponds to the signal coming from the black spot on
the nanotube. It can be seen that the intensity at 285.5 eV increases by a factor of three
confirming the presence of carbon on the darker regions of picture 2.
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Figure 3. NEXAFS spectra extracted from the blue and red region of the TXM image in figure 2. The arrows
shows the increase in the 7* transition.

Using TXM we were able to record spectra from an isolated carbon nanotube and to confirm
the importance of its orientation compared to the x-ray electric field. We took advantage of
the polarization dependence in order to detect carbon material attached at the surface of the
nanotube. We are able to distinguish bare regions from regions covered with carbon material
on the same individual nanotube. However, at the present stage, we cannot confirm that the
carbon signal originates from the DNA chains. In order to confirm it, the next step of our
project will be to record the nitrogen edge on the same nanotube.
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The physics of strongly correlated electron systems represent one major topic in current
condensed matter research, especially against the background of high-T¢ superconductors and
colossal magnetoresi stance manganites [1]. Photoemission spectroscopy (PES) is a powerful
tool in the investigation of the electronic structure of these systems. Some variants of this
technique can only be applied using certain advantages of synchrotron radiation, namely
energy tunability and its high degree of polarization. Thus, one can make use of the resonant
enhancement of states related to specific orbitals (e.g., Ti 3d) and their respective symmetry.
We applied these techniques at beamline UE56/2 using the MUSTANG end station to
transition metal oxyhalides of the form TiOX (X=Cl,Br). These are layered Mott insulators
with features characteristic for low-dimensiona systems, e.g., a spin-Peierls ground state in
the low-T phase [2], and serve as an electron analogue to the cuprates because of their 3d*
configuration. Their crystal structure is of the FeOCl type and consists of buckled Ti-O
bilayers separated by halide ions. These bilayers interact along the crystallographic c-axis
only weakly through van-der-Waals forces. Due to an increased overlap of electron clouds
along the b-axis, electronically and magnetically one-dimensional Ti chains are formed.
Additionally, neighboring chains along the a-axis are shifted by half alattice constant, which
leads to a triangular lattice in the ab-plane and introduces magnetic frustration into these
S=1/2 systems. Intensive research has been performed on the nature and driving force of the
observed unconventional spin-Peierls scenario involving two transitions at T=66K and
T=91K in the case of TiOCI [2]. It was found that the incommensurate modulation in the
intermediate phase is intimately connected to frustrated interchain interactions [3]. Recent
infrared optical absorption and transmittance measurements have indicated a possible metal-
insulator transition under pressure [4], which however is still under debate [5]. Investigations
of the electronic structure have been performed using photoemission spectroscopy (PES) and
suitable band structure and model calculations, namely LDA+U and GGA+U [6], cluster-
DMFT [7], DDMRG [8] and VCA [9]. The importance of interchain interactions, i.e., the
non-negligible degree of two-dimensionality, for the electronic structure has been evidenced
via a quantitative comparison of phenomenological band widths from experiment along the a-
and b-axisin both TiOCl and TiOBr [10], aswell asby VCA caculations[9].

Recently, we focus our attention on the investigation of doping induced changes in the
electronic structure. The van-der-Waals gaps between the layers allow for an intercalation of
akai metal atoms (Na, K) into the crystals, which donate their outer electron to the host
system and thus lead to electron doping. From a model point of view, thisis expected to lead
to afilling-controlled Mott insulator-metal transition, as opposed to the band-width controlled
pressure-dependent changes hinted at above. However, spectroscopic signatures of a metallic
phase, namely a Fermi edge or quasi-particle peak at the chemical potential, are missing in
our PES data, although successful doping was evidenced from a charge transfer to the Ti atom
discernible in core-level spectroscopy. Recent molecular dynamics calculations combined
with LDA+U have indicated that multi-orbital effects are responsible for a trapping of the
additional electrons at specific Ti sites, thus suppressing metallic conductivity [11].
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Two major questions have to be addressed experimentally to justify the above scenario: (i) To
which degree are the additional electrons localized at Ti sites and (ii) which orbital do they
occupy. The first question was addressed using resonant photoemission spectroscopy
(ResPES). With this method it is possible to estimate the degree of hybridization or admixture
of the different species (Ti/O/CI) in the valence band. Measurements were performed on
pristine TiOCl crystals at dightly elevated temperatures (~350K) in order to minimize
charging effects due to the insulating nature of the samples. Varying the excitation energy
over several eV across the Ti 2p-3d edge a clear resonance behavior of the Ti 3d weight
closest to the chemical potential was observed, while the high-binding-energy vaence band
shows only moderate enhancement (see Fig. 1). This is in line with partial density of state
(pDOS) calculations which predicted a negligible admixture of O and Cl bands to the Ti 3d
spectral weight [6] and also supports the picture of electrons localized at (single) Ti sites and
a low significance of hybridization for the basic eectronic properties of TiOCl. Results
considering changes upon doping, however, could not yet be unambiguously related to
physical origins because of experimental issues.

The second, maybe even more important question can be answered using polarization-
dependent PES (PolPES). Using a special geometry with the incoming beam and outgoing
electrons lying in a crystal mirror plane alows a switching between different Ti 3d orbitals by
exploiting the symmetry dependence of the dipole matrix element involved in photoemission.
Thus, one can effectively quantify the degree of orbital polarization also in doped crystals. As
one can see in Fig. 2, new spectral weight appears upon doping in the charge gap at ca. 1eV
beloe the chemical potential. This weight displays clearly different shapes for horizontal and
vertical polarization of the incoming light. Applying an iterative independent component
analysis, it was possible to untangle two different contributions identifiable as the two lowest
Ti 3d orbitals, in agreement with molecular dynamics calculations combined with LDA+U
[11, 12].

Fig. 1. (left) ResPES spectra of
the undoped TiOCI vaence band
with increasing photon energy
from bottom to top. The strongly
resonating structure between ca
-5eV and the chemical potential
M is the Ti 3d spectral weight,
while the high-binding-energy
structure corresponds mostly to
O 2p/Cl 3p bands. (right) Ti 2p
edge X-ray absorption spectrum,
with the energetic positions of
the ResPES spectra marked.
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Fig. 2: Deconvolution of the Ti 3d
spectral weight of a Na doped TiOCI
crystal measured with different polari-
zations of the incoming light. Clear
differences between horizontal and
vertical polarization on the high-
binding-energy side (‘LHB’) are in
line with results from pristine TiOClI
[8]. The additional peak appearing
upon doping (‘new 1st/2nd comp’)
consists of two components whose
separation of ca. 0.15eV is in agree-
ment with molecular dynamics calcu-
lations [11]. From their polarization
dependence they can be identified as
two different Ti 3d orbitals.

References:

[1]
[2]
[3]
[4]
[5]
(6]
[7]
[8]
[9]
[10]
[11]
[12]

M. Imadaet al., Rev. Mod. Phys. 70, 1039 (1998)

A. Seidel et al., Phys. Rev. B 67, 020405(R) (2003)
R. Ruckamp et al., Phys. Rev. Lett. 95, 097203 (2005)
C. A. Kuntscher et al., Phys. Rev. B 74, 184402 (2006)
M. K. Forthaus et al., Phys. Rev. B 77, 165121 (2008)
T. Saha-Dasgupta et al., Europhys. Lett. 67, 63 (2004)
T. Saha-Dasguptaet al., New J. Phys. 7, 74 (2005)

M. Hoinkis et al., Phys. Rev. B 72, 125127 (2005)

M. Aichhorn et al., submitted for publication

M. Hoinkis et al., Phys. Rev. B 75, 245124 (2007)

Y. Z. Zhang et al., unpublished

M. Sing et al., unpublished

140



NEXAFS C1s, N1sand Co2p spectra potassium-doped CoPc.

V.N. Sivkov®, S.B. Nekipelov?, O.V. Molodtsova’, V.Y u. Aristov®®, D.V. Vyalich®, SLL.
M olodtsov®

®Komi Science Center, Russian Academy of Science, Ural Division, Syktyvkar 167982, Russia
PLeibniz Institute for Solid Sate and Materials Research, D-01069 Dresden, Germany
dnstitute for Solid State Physics, Russian Academy of Sciences, Chernogolovka, Moscow District
142432, Russia
“Ingtitut fiir Festkorperphysik, Tehnische Universitdit Dresden, D-01062 Dresden, Germany

The wide of possible applications of the 3d
transition metal phthalocyanines (MePc's),
which are organometallic complexes, in
electronic and optoelectronic devices such as
organic lightemitting diodes, organic field effect
transistors, organic photovoltaic cells, fuel cells
radiation and gas sensors, low dimensional
molecular magnets and organic based spintronics
has initiated substantial research activities in
previous years. In  particular,  cobalt
phtalocianine (CoPc) is often utilized in the
filds of gas and radiation sensors [1],
optoelectronics [2], in medical applications [3,
4]. Nowadays, CoPc is considered as a material
for development of low dimensional molecular
magnets [5]. The potential applications give a
strong motivation to characterize and investigate
the dectronic structure of cobalt phthal ocyanine
thin films since this determines the performance.

The ability to incorporate electron acceptors
and donors into molecular crystals enables to
control of their electronic properties by
introducing charge carriers. This special aptitude
represents a promising route for technology as
well as for the investigation of the fundamental
properties of molecular crystals.

Recently the electronic structure of the
organic semiconductor CuPc and of potassium
doped CuPc at different levels of doping have
been studied by means of photoemission and
photoabsorption spectroscopy [6-8]. An analysis
of the spectra shows strong diffusion of
potassium atoms into the Pc films and profound
chemical  interaction between  adsorbed
potassium and nitrogen atoms linked to pyrrole
carbon. That investigation indicates that the
density of states in the energy region of the
LUMO is reduced as a consequence of electron
doping and filling of the LUMO with electrons
that stem from potassium. This demonstrates that
the potassium ions sit closely to nitrogen atoms
of the CuPc molecule. The transfer of electrons
from the potassum to MePc molecule is an

141

effective method of the investigation the
hybridization of Cls, N1s and Me2p atomic
orbitals and density of unoccupied states.
However, the absolute absorption cross section
and oscillator strength of X-ray transitions,
which is proportional density of unoccupied
states, need to be measured.

The present article is dedicated to the
evolution of the unoccupied electronic levels of
the CoPc as a function of potassium doping. We
have studied the absolute absorption cross
section spectral dependences in the region of the
near edge x-ray absorption fine structure
(NEXAFS) N1s, Clsand Co2p edge by using Ti
— filter method [9]. The Ti - filter method was
used to suppress and measure the
monochromatic stray and high-order radiation
[9]. Ti - filter was prepared in the form of free
film (diameter 14 mm) on Au — grid with small
mesh. The total dectron yield (TEY) 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
(SR) was measured using the TEY from the
clean Au photocathode. A TEY was divided into
cross section value of the atomic Au [10].

The acquired spectra were energy calibrated
using photoionization spectra of CO, and N
gases. In the NEXAFS experiments the photon
incidence angle was selected to be 35° relative to
the sample surface normal. The pressure in the
experimental system during data acquisition was
aways better than 1.5-10 ° Torr. The Au(100)
surface of a gold single crystal was used as a
substrate for CoPc film deposition. The surface
was prepared by repeated sputtering and
annealing cycles. The CoPc film was deposited
in a sample preparation chamber (base pressure
of 2.5:10 ™° Torr) directly connected to analyzer



chamber. The CoPc deposition rate, monitored
by a quartz microbalance, was 1-2 A/min. The
CoPc films used for our studies were about 70 A
thick. Potassium was evaporated onto the CoPc
film at rates ranging from 1 to 50 A/min from a
properly outgassed SAES akali metal dispenser,
without detectable pressure increase during
deposition. The K concentration in the CoPc
films was deduced from a comparison of the
redative surface area of the partia K2p-
absorption spectrum.

Intensity TEY, arb. units
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Fig.1. TEY signal CoPc (black) and TEY signal
Au divided cross section Au atom (red) obtained
by using Ti-filter.
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Fig.2. The spectral dependence cross section
CoPc (red) and the calculate sum atomic cross
section of CoPc — molecule (black point).

The TEY signal CoPc and the intensity of
the incident SR in wide region 280-500 eV are
shown in Fig.1. The intensity SR in the arbitrary
units was aobtained from the TEY curve of the
clean Au dividing by the well-known atomic X-
ray absorption cross section of Au [10]. Between
250 and 450 eV photon energy the extracted flux
curve varies monotonically. At 450 eV a sharp
drop in intensity is observed when passing the Ti
2p absorption edge.
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Fig. 2-3 show the TEY signal obtained from
the CoPc layer after normalization to the
intensity incident SR. It was reduced to the
absolute scale by means of the calibration using
the known values of the atomic cross section
[10]. The normalization was carried out by
alignment with the sum atomic cross section of
CoPc — molecule.

T T T
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Fig.3. The spectral dependence cross section
CoPc in theregions C1s, N1s and Co2p edges.
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Fig.4. NEXAFS spectra of CoPc taken at the C
1s edge as a function of K doping, x — K
concentration (arb. units). Thick lines marked
x=0 (black) and x=6 (red).

Fig. 4-6 shows the NEXAFS spectra of CoPc at
the Cls, N1s and Co 2p3/2 absorption edges as a
function of K doping. The Cl1s, N1s and Co
2p3/2 NEXAFS data exhibit the main feature A
and some significantly different structures prior
to the continuum, which is not discuss in present
article. It is obvious that oscillator strength of the
main feature A decrease with the increasing of
the doping potassium dose x up to practical full
disappearance in C1s, N1s and Co 2ps, Spectra.
At that C1s spectra have a feature (284.8 eV),
which may beidentified as Cls-n* in the
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Fig.5 NEXAFS spectra of CoPc taken at the N 1s
edge as a function of K doping, x — K
concentration (arb. units). Thick lines marked
x=0 (black) and x=6 (red).
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Fig.6. NEXAFS spectra of CoPc taken at the Co
2p edge as a function of K doping, x — K
concentration (arb. units). Thick lines marked
x=0 (black) and x=6 (red).
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Fig.7. The NEXAFS Me2p - spectra CuPc [7],
NiPc[12], CoPc and FePc.

aromatic cycles. That synchronous decreases of
A features oscillator strength indicate, that the
filling LUMO is strongly hybridized orbital. The
LUMO, probably, is an incompletely filled MO
ley(d:) — symmetry which appears due to
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decrease of d-éectrons number from CuPc to
CoPc and FePc (Fig.7). It is agreed with the
theoretical data [11].
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Excellence of refraction enhanced micro-CT for materials characterization

Bernd. R. Miller, Axel Lange, Michael Harwardt, Manfred. P. Hentschel
Federal Institute for Materials Research and Testing (BAM), Berlin, Germany

In computed tomography the contrast at interfaces within heterogeneous materials can be
strongly amplified by effects related to X-ray refraction. Such effects are especially useful for
materials of low absorption or mixed phases showing similar X-ray absorption properties
which produce low contrast. X-Ray refraction is an Ultra Small-Angle Scattering (USAXS)
phenomenon [1, 2] which occurs whenever X-rays interact with interfaces (e.g. of cracks,
pores, particles, and phase boundaries) especially at low angles of incidence. Due to the short
X-ray wavelength below 0.1 nm X-ray refraction is sensitive to inner surfaces and interfaces
of nanometre dimensions. Refraction enhanced micro-CT measurements have been conducted
[3] at the hard X-ray experimental station (BAMlIine) [4, 5]. By exploring the same specimen
with and without the refraction technique the potential of the Synchrotron Refraction Com-
puted Tomography can be shown impressively.

The specimen was a cylindrical (3.5 mm diameter) Low Cycle Fatigue (LCF) test
sample provided by MTU Aero Engines, Germany, in an aircraft project. It consists of a tita-
nium base Ti-6242-alloy reinforced by SCS6-fibres from Textron [6]. Static and cyclic forces
were applied in parallel to the fibres in order to obtain the values of several mechanical pa-
rameters.

After the mechanical treatments absorption based Synchrotron CT measurements were
carried out. The nominal Pixel size of the detector system was 1.7 um x 1.7 um. Fig. 3 shows
a radiograph taken at a distance of 25 mm between the specimen and the detector system. In
opposite to film radiographs weak absorption appears bright while strong absorption appears
dark. In the centre left of Fig. 3 a bright horizontal stripe indicates the main crack of the
specimen caused by cyclic loading. Vertical dark stripes are caused by the reinforcing fibres.
Horizontal stripes at the top and bottom are due to monochromator artefacts. Increasing the
distance between the specimen and the detector system to 1128 mm effectuates a contrast
enhancement of the crack and fibre interfaces (see Fig. 4). Because of the great distance be-
tween the specimen and the detector the deflected X-rays are now resolved. This leads to the
observable contrast enhancement. Thus some additional small cracks are visible, but the
spreading out of the main crack remains the same as in Fig. 3. Thus, by varying the distance
between the specimen and the detector the contrast in the radiograph can be adjusted to im-
prove the recognition of damage relevant details!

- I

Figure 3: Radiograph of the LCF specimen at 50 keV
photon energy. The distance between the specimen
and the detector is 25 mm. The nominal Pixel size is
1.7 ym x 1.7 ym. The bright horizontal stripe in the
middle left shows a crack caused by cyclic loading.
Vertical stripes are caused by the reinforcing fibres.
Horizontal stripes at top and bottom are due to
monochromator artefacts.

Figure 4: Radiograph of the LCF specimen at 50 keV
photon energy. The distance between the specimen
and the detector is now 1128 mm. The nominal Pixel
size is 1.7 ym x 1.7 um. The bright and well con-
trasted horizontal stripe in the middle left shows a
crack caused by cyclic loading. Around the main
crack few small cracks are visible. The well con-
trasted vertical stripes are caused by the reinforcing
fibres.

Fig. 5 shows the radiograph of the same specimen as before, but archived by the Syn-
chrotron Refraction Computed Tomography technique. Due to technical circumstances the
nominal Pixel size during the measurement was only 5.6 um x 5.6 um. In contrast to the ab-
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sorption measurement the crack interfaces appear dark (nearly black)! This is because the
analysing crystal was set to the maximum of its Rocking-curve, therefore all X-rays deflected
at the crack interfaces due to refraction and total reflection are not reflected and hence miss-
ing at the detector. Thus the crack appears as if it were a strong absorbing material. In com-
parison to the absorption measurement the spreading out of the main crack shows up much
larger. Even though the Pixel size is about three times larger than it was in the absorption case
much more details are visible! Above and below the main crack additional small cracks are
identifiable (compare Fig. 4 and 5).

Figure 5: Radiograph of the LCF specimen at 50 keV
photon energy recorded in refraction geometry and
fibre orientation parallel to the scattering plane of the
analysing crystal. The nominal Pixel size is
5.6 um x 5.6 um. The horizontal main crack appears
dark. Around the main crack several small cracks are
identifiable. Vertical stripes are caused by the rein-

Figure 6: Radiograph of LCF specimen at 50 keV
photon energy recorded in refraction geometry and
fibre orientation perpendicular to the scattering plane
of the analysing crystal. The nominal Pixel size is
5.6 um x 5.6 um. The horizontal main crack appears
dark. The vertical stripes are caused by the reinforc-
ing fibres.

forcing fibres.

A further feature of the analysing crystal is its orientation dependent suppression of
the scattered X-rays. That means only the vector component of the refracted X-rays (due to
the specimen interfaces) is suppressed, which is parallel to the scattering plane of the analyser
crystal. The component perpendicular to the scattering plane of the analyser crystal remains
unaffected. For this reason the above described refraction technique is an excellent tool to
suppress scattered X-rays dependent on there orientation. E.g. the radiograph shown in Fig. 5
was measured while the scattering plane of the analysing crystal was parallel to the fibre ori-
entation. That means scattered X-rays from the crack interfaces perpendicular to the fibre ori-
entation (and the load direction) are mainly suppressed. For the radiograph shown in Fig. 6
the scattering plan of the analyser crystal was perpendicular to the fibre orientation. The con-
trast of the main crack is less pronounced than in Fig. 5, because the crack interfaces are
mainly oriented perpendicular to the load direction.

Figure 7: Reconstruction of the data
set taken by Synchrotron Refraction
Computed Tomography Measure-
ment (scattering plane of the analys-
ing crystal is parallel to the fibre
direction). The Ti matrix is shown
semi transparent, while the fibres and
its Carbon core are solid. The main
fatigue crack in the matrix is clearly
visible.
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Fig. 7 shows a three-dimensional visualization of the reconstruction by filtered back
projection of the Synchrotron Refraction Computed Tomography Measurement. The orienta-
tion of the scattering plane of the analysing crystal was parallel to fibre direction. Like in the
case of absorption CT measurements (not shown here) the visualization contains all the in-
formation about the fibre distribution and orientation in the Ti matrix. The main fatigue crack
is clearly visible (horizontal structure in the semitransparent matrix). For a better visualization
of the crack distribution in the specimen the crack is extracted from the data set and shown
separately in Fig. 8. It shows all cracks, which have its main interface component perpendicu-
lar to the load direction. In contrast Fig. 9 shows only the distribution of cracks, which have
its main interface component parallel to the load direction. From the data analysis it is clearly
perceived, that the main crack is oriented perpendicular to the load direction and located in
the Ti matrix. The fatigue cracks are oriented parallel to the load direction and located at the
fibre/matrix interfaces. During the fatigue test the fibres deboned from the matrix. This led to
the partial failure of the specimen.

Figure 8: Visualization of the main fatigue crack of Figure 9: Visualization of fatigue cracks along the
the LCF sample without matrix and fibres. The scat- fibre surfaces of the LCF sample without matrix and
tering plane of the analysing crystal was parallel to the fibres. The scattering plane of the analysing crystal
fibre direction. was perpendicular to the fibre direction.

Conclusion

The above described novel Synchrotron Refraction Computed Tomography Technique
combines analytical capabilities of sub-micrometer structure detection with the requirements
of non-destructive full volume characterization. It is capable to detect and visualize cracks
even beyond the spatial resolution of the detector. Furthermore it can detect the orientation of
the cracks. The technique is expected to close an essential gap in the spectrum of non-
destructive techniques for a better understanding of micro structures of materials down to the
nanometre scale and their behaviour under thermal and mechanical loads. Therefore the novel
X-ray refraction technique might help accelerating materials development, leads to a better
understanding of meso-structures and partly replace micro analysis and mechanical testing in
advanced materials science.
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Hydrogen zoning in zinc-bearing staurolite from a high-P, low-T diasporite (Samos,
Greece): a combined EMP-SIMS-FIB-FTIR study

Anne Feenstra!, Dieter Rhede, Monika Koch-Miiller, Michael Wiedenbeck, and
Wilhelm Heinrich

Deutsches GeoForschungsZentrum Potsdam, Department 3, Telegrafenberg, D-14473
Potsdam, Germany. E-mail: mkoch@gfz-potsdam.de

Staurolite is an important index mineral for determining the metamorphic grade of Al-rich
rocks with the ideal formula FesAl;gSisO46(OH),. It has a flexible structure and the crystal
chemistry is complex due to variably occupied lattice sites resulting in various coupled
vacancy-cation and other complex intracrystalline cation substitutions, which may induce
local ordering. Further complexity arises from the fact that staurolite may incorporate highly
variable amounts of light elements such as hydrogen and lithium. Li-rich zincostaurolite
occurs locally as mm-long crystals at the marble footwall of a meta-karstbauxite on eastern
Samos. The Samos rocks have been metamorphosed during an early Alpine high-P, low-T
metamorphism (M1) followed by a late Alpine greenschist-grade overprint (M2). Textures
and mineral chemistry indicate that staurolite formed from gahnite, cookeite and pyrophyllite
during the early M1 stage.

In this contribution we report the chemical composition of the above mentioned natural
metamorphic Li- and Zn-rich staurolite single crystal formed at low temperature-high pressure
conditions. We present chemical zoning by detailed electron microprobe (EMP) work and
secondary ion mass spectrometry (SIMS) by which lithium and hydrogen concentrations were
quantified. Staurolite crystals show growth zoning with cores enriched in Zn, Fe, Mg, Co, and
to a minor extent Li concentrations increase towards the rims (Fig. 1). Hydrogen
concentrations were analyzed by SIMS and calibrated with natural staurolite and cookeite
standards. Concentrations are significantly higher in cores (up to 5.97 atoms H per 480)
compared to rims (3.9 to 4.5 atoms H) and clearly anti-correlated with Al (Fig. 1).

Hydrogen concentrations measured by SIMS were compared with those obtained by FTIR
spectroscopy (Fig. 2). The high absorption in the OH stretching region requires very thin (<
10 pm) samples for IR measurements. Therefore several 3-5 um thick and 10 x 20 um wide

oriented foils (Fig. 3) were cut close to the locations of measured EMP-SIMS profiles using

! Deceased on April 9, 2007
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Focused 1on Beam (FIB) technology (Wirth, 2004), by applying a Ga-ion beam at 30 kV and
2.7 nA. The beam current of 2.7 nA was about four times higher than that used for routinely
prepared thin foils of 120 nm thickness. Polarised FTIR spectra were collected on this foils at
the synchrotron |R-beamline at Bessy 1.

Figure 1: Staurolite crystal Sa9aE: (i) back-scattered electron micrograph (left top); R-S
indicate profiles along which EMP and SIMS analyses have been performed; a and b denote
locations where FIB-foils have been cut (see IR-spectra a and b in Fig. 2). (ii) selected X-ray
element maps for Zn and Fe (left bottom); central part of the crystal contains numerous
inclusions of Ca- (Fe, Mn, Mg) carbonate and a few paragonite (pg) solid inclusions., and (iii)
variations in major and trace elements along profile S-R (right); Atoms calculated on the basis
of 48 oxygens; H and Li measured by SIMS, all other elements by EMP.

Fig. 2 a, b: Polarized IR-spectra of staurolite Sa9aE Fig. 3: FIB prepared sample
(normalized to an effective thickness 10 pm). 10 x 20 pm in size; in red is

a, b: FIB prepared samples from core and rim, respectively.  shown size and location of
the measure spot.
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Applying an IR calibration for OH in Fe-rich staurolite (Koch-Mdller and Langer, 1998)
the hydrogen zoning profile by SIMS was well reproduced, however, the absolute hydrogen
concentrations were systematically lower by about 25%. To see whether this discrepancy is
due to water loss during the foil preparation, foils taken on an oriented plate of staurolite from
Pizzo Forno with a well-known content of 2.05 wt% H,O (Koch-Mdller and Langer 1998)
were cut parallel a and parallel ¢ at identical focused ion beam conditions as for the unkown
staurolite sample. Interestingly, quantification of the water content using the IR calibration
yields also 25% less water then obtained on the original sample. Thus, the discrepancy must
be caused by sub-micron scale hydrogen loss at the staurolite surface during FIB-thinning. To
use the promissing focused ion beam techniques in future to prepare very thin site specific IR
samples further test with variations in beam current and/or cutting time are necessary.

The observed zonation in hydrogen in this special staurolite is interpreted as reflecting the
two-stage growth. M1-staurolite that formed at low T of about 400-450 °C and high P of >1.5
GPa incorporated nearly the maximum amount of hydrogen allowed by the staurolite structure
(6 H pfu) and was subsequently overgrown and marginally replaced during the M2 stage by
less hydrous, Fe-Co richer staurolite. Hydrogen zoning in staurolite is facilitated by the
sensitivity of its structure to changing P-T conditions. Water in staurolite is maximized at high
P and low T. Cores of staurolite from Samos represent the most hydrous staurolite
compositions reported to date.

References

Koch-Miiller, M. & Langer, K. (1998): Quantitative |R-spectroscopic determination of the
component H,O in staurolite. European Journal of Mineralogy 10: 1267-1273.

Wirth R. (2004) Focused lon Beam (FIB): A novel technology for advanced application of
micro-and nanoanaysis in geosciences and applied mineralogy. European Journal of
Minerlaogy 16: 863 — 876.

149



Valence state of Co ions in nanostructured LiCoO,
obtained by high pressure torsion method
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Oxides Li;;CoO9 have served as cathode materials for Li batteries. Most of the electrochemical
and physical properties would be affected by the electronic structure of these compounds.

The electronic ground state of Co®T ion in LiCoO5 can be written as tgth%gleg. We have found
that the deficiency of oxygen in LiCoO,_; give rise of the divalent cobalt ions and this fact can be
detected by Co 2p and Co 3s X-ray photoelectron spectra [1]. In lithium deintercalated cobaltites
Li;—»CoO2 (z > 0) the charge compensation occurs through the formation of holes in the O 2p
states, whereas the electron configuration of the cobalt ions remains unchanged [2, 3]. Here we
present the results of X-ray absorption (XAS) and X-ray photoelectron (XPS) spectroscopy studies
of nanostructured LiCoOs.

Co 3p

LiCoO, after deformatior}; Lils
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Fig. 1: Co 2p X-ray photoelectron spectra of Fig. 2: Co 3p and Li 1s X-ray photoelectron
nanostructured LiCoO, obtained by high pres- spectra of LiCoO, subjected to plastic defor-
sure torsion method. The anvil rotation angles mation. For comparison, the spectra of ini-
¢ indicate deformation degrees. For compari- tial LiCoO5 and defective cobaltites Lig.sCoO-
son, the spectrum of initial LiCoOs is presented. and LiCoO,_g are presented.

A single-phase, homogeneous ceramic sample of LiCoOs was prepared by sintering a mixture of
Co304 and LioCO3. Nanostructured LiCoO5 samples were obtained by high pressure torsion method.
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High pressure torsion was realized by means of a 100-t press and Bridgman anvils. Initial powders
of LiCoOy were placed between anvils and pressed at 3-8 GPa. Shear deformation was achieved
by rotation of one of the anvils. The degree of strain was specified by the anvil rotation angle .
Powder X-ray diffraction was used to confirm single-phase specimens. All the nanostructured samples
contain 100 % of hexagonal LiCoOs-.

The X-ray photoelectron spectra of the defective and nanostructured lithium cobaltites were
obtained with a PHI 5600 ci Multitechnique System XPS spectrometer using monochromatized
Al K« radiation. The energy resolution was about 0.4 eV. The Co 2p X-ray absorption spectra
(XAS) were measured at the Russian-German Beam Line at the BESSY storage ring.

Deformation of LiCoOy can lead either to defects in oxygen and therefore to the formation
of Co?* ions or to defects in lithium, nominally accompanied by Co?* ions. According to Co
2p X-ray photoelectron spectra presented in Fig. 1, there is no difference between the Co 2p X-ray
photoelectron spectra (XPS) of nanostructured and initial (coarse grain) samples of LiCoO; obtained
at the anvil rotation angles ¢ < 30° (see Fig. 1). This means that the valence state of the Co ions
is not changed. Note, Co 2p XPS and XAS and Co 3s X-ray photoelectron spectra of defective
cobaltites Li;—,CoOq are nearly identical to the spectrum of the initial oxide LiCoOs [2, 3].

On the other hand, the increase of the anvil rotation angles lead to an increase of the relative
intensity of Li 1s / Co 3p XPS lines (see Fig. 2). Note that photoelectron spectra give an information
about the surface of materials. This means that the relative concentration of Li atoms is increased
at the sample surface region. One can see that the maximum of the Li 1s line in defective LiCoOs
is shifted to the low-binding-energy side. We suggest that it is evidence of the formation of LiyO.
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Fig. 3: Co 2p X-ray absorption spectra of LiCoO5 subjected to plastic deformation, initial LiCoOs,

defective cobaltites LigCoO9, Lig.gsCo0O2, and Co304. The spectrum of Co3Oy4 is reproduced
from [4].
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Fig. 3 shows Co 2p X-ray absorption spectra of LiCoOy subjected to by high pressure torsion
deformation. The spectra of the samples obtained at pressures of 3-5 GPa and the anvil rotation
angles ¢ < 30° present only minor changes indicating that the Co ions are not changed. The absence
of changes shows that the Co ions remain in a trivalent Co®* low-spin state. An increase of pressure
to 8 GPa leads to radical changes of the Co 2p spectrum. The spectrum of nanostructured LiCoO4
obtained at a pressure of 8 GPa and ¢ = 4 x 360° shows the presence of Co?* ions.

XPS and XAS measurements in TEY mode are surface sensitive to a few hundred Angstroms.
We suggest that after deformation, a change of the composition of lithium cobaltite occurs. The
concentrations of oxygen as well of lithium decrease: Lij_;CoOy_s (§ > x/2). The surface of the
samples is enriched by Li. Such situation is described in Ref [5]. Note that extration of Li from
coarse-grained LiCoOs occurs only at temparatures higher than 1200 K.

This work was supported by the Russian Foundation for Basic Research (Grants Nos 07-02-00540
and 08-03-99071) and by the bilateral Program “Russian-German Laboratory at BESSY".
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Nanostructural characterization of TiN-Cu films using EXAFS spectroscopy
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Transition metal-TiNy material systems have been a subject of extensive scientific and
engineering studies since they exhibit excellent mechanical properties as well as wear and
corrosion resistance. The problem of toughness in superhard nanocomposites can be
addressed by the formation of hard nanocrystalline phases within a metal matrix, such as TiN
in Ni or Cu. In such coatings, one of the metals can form a hard nanocrystalline nitride phase
while the other one remains unreacted. Here we apply X-ray absorption fine structure
(XAFS) measurements at the Cu-K-edge in order to identify composition dependent changes
in the bonding environment of Cu in TiN-Cu and Ti;«Cuy films.

The studied nanocomposite TiN-Cu and Ti;xCuy films were deposited at room temperature
on Si substrates by reactive magnetron co-sputtering. In particular, the deposition of the
former films occurred under Ar+N, atmosphere and of the latter films under inert gas (Ar)
atmosphere. Details on the growth conditions have been reported previously.> The Cu-K-
EXAFS spectra of the studied samples were recorded at the N
KMC2 beamline in the fluorescence yield (FLY) mode. A Cu 25 L @
film, 203 nm-thick, deposited on quartz under the same
conditions as the Ti;«Cuy films was used as reference.

The y(k) EXAFS spectra of the Ti;.xCux and TiN-Cu studied
films were subjected to Fourier filtering in the distance range 1.6-
2.6A and the corresponding Fourier Transforms (FTs) (k range:
3.5-12.0A™) are shown in Fig. 1(a) and (b), respectively. The
analysis of the EXAFS spectrum of the reference Cu film reveals
that Cu is coordinated with 12.8 (£0.8) Cu atoms and the
respective Cu-Cu bondlength is equal to 2.55A (+0.01), i.e.
crystalline Cu is detected. On the contrary, in the studied Ti;- 0 .
«CUy and TiN-Cu samples, the nanostructure of Cu changes as a o 1 2 3 4
result of the different chemical composition.

More specifically, as shown in the upper panel of Fig. 2, in the
Ti1xCux samples the total coordination number of Cu, i.e. the
sum of both Cu and Ti first neighbours (Ncy and Nrj,
respectively), increases from =6 to =11 when the Cu increases
from 24.1 to 52.7 at%. This change can only be attributed to the
systematic increase of the number of Cu atoms bonded to Cu
(Ncu). Indeed, as shown in the middle panel of Fig. 2, Ny is
practically constant (within the error bar) and ranges between 3.5
and 4.1 (x0.4-0.3), while on the contrary, as depicted in the lower 8
panel of Fig. 2, N¢, increases linearly from 2.2 to 7.1 (£0.4-0.5). ST
Additionally, the EXAFS analysis reveals that the coordination 0 L -
number of Cu does not depend on the substrate and is practically o 1 é(ﬁs s
equal between the samples with the same composition (35.5 at% Fourier Transforms
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Fig. 1:

Cu) grown on Si and quartz: in the former case the 1% nn shell
consists of 4.2+0.6 Cu and 3.6+0.4 Ti atoms while in the latter
case Cu is bonded to 3.5+0.6 Cu and 3.7+£0.3 Ti atoms. In all
studied TiyxCux samples, the Cu-Ti bondlength is equal to 2.45-
2.47A (+£0.01) while the Cu atoms are located at 2.54-2.56A
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(FTs) of the filtered k®*y(k) Cu-
K-EXAFS spectra of (a) the Tiy.
«Cuy and (b) the TiN-Cu films.
The raw data and the fitting are
shown in thin and thick solid
lines, respectively.



(£0.02), i.e. as in the reference Cu film. Thus, it is revealed that independently of the Cu
content, Cu belongs to an amorphous Cu-matrix where Ti partially substitutes Cu atoms while
also forms intermetallic TiCu. As the Cu content increases, the total coordination number of
Cu increases linearly. More specifically, Cu belongs to intermetallic TiCu nanocrystallites
and prefers to segregate when the Cu concentration exceeds 40 at%.

The EXAFS analysis of the TiN-Cu films reveals that only in the sample with the
intermediate Cu concentration (37.8 at% Cu), Cu is bonded to both Cu and Ti. The 1% nn
shell consists of 1.9+0.2 Ti and 2.6+0.3 Cu atoms that are 12 —

Ti Cu {

located at 2.47A (£0.01) and 2.55A (+0.02) respectively, i.e. at
the same distance as in the Ti;-xCuy samples. However, in this 10
sample fewer Ti atoms (1.9+0.2) are bonded to Cu, compared
to the respective number of Ti atoms in the Ti;.xCux sample 8
with 35.5 at% Cu (3.6£0.4). This modification in the TiN/Cu
sample with 37.8 at% Cu can be attributed to formation of TiN
crystallites, which have also been detected by XRD
measurements.®> Thus it can be proposed that, when the films
are grown under Ar-N, atmosphere, Ti prefers to form TiN and
any excess Ti atoms bond to Cu. On the contrary, in the
sample with the lowest Cu concentration (27.3 at%), only Ti
atoms comprise the 1% nn shell. Cu is bonded to 6.1+0.4 Ti
atoms and the Cu-Ti bondlength is equal to 2.45A (£0.01), i.e. = N, i
the formation of intermetallic Ti-Cu bonds is identified.
Finally, in the sample with the highest Cu content (67.7 at%)
Cu is coordinated with 10.6+0.4 Cu atoms located at 2.53A #
(x0.01), i.e. Cu belongs to an amorphous Cu matrix. &
T_herefore, it is concluded t[hat_ in_ t_he TiN-C_u_ sa_mple; the 20 2530 35 40 45 50 55
different Cu content results in significant modifications in the
nanostructure of Cu: in the lowest Cu concentration limit, Cu Cu (at%)
forms intermetallic TiCu, in the sample with the intermediate Fig. 2: Modification of the
Cu concentration both TiCu nanocrystallites and Cu-Cu bonds  So0rdination number of Cu as a
. . . . . function of the Cu content in the
are detected while finally, in the highest Cu concentration Ti,..Cu, films.
limit, Cu belongs to an amorphous Cu matrix.

To conclude, the effect the different chemical composition on the nanostructure of Cu in
Ti1-xCuy and TiN-Cu nanocomposite films was studied using EXAFS measurements at the
Cu-K-edge. It is disclosed that in all studied Ti;.xCux films, Cu belongs to amorphous Cu
regions and to intermetallic TiCu nanocrystallites. However, the coordination number of Cu
increases as a function of the Cu content in the samples, which can be attributed only to the
systematic increase in the number of Cu atoms bonded to Cu. On the contrary, in the TiN-Cu
films, the alteration in the chemical composition affects both the coordination number and
type of atoms in the 1% nn shell. In particular, Cu is coordinated with both Cu and Ti atoms
only in the sample with intermediate Cu concentration (37.8 at%). In the sample with the
highest Cu content (67.7 at%), Cu belongs to pure, amorphous Cu regions, while in film with
the lowest Cu content (27.3 at%), only intermetallic Cu-Ti bonds are identified.
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n-XRF and p-EXAFS studies of an Al matrix Fe-Ni composite
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The mechanical properties of metals can be improved by either alloying with other metals
or by chemical reactions which lead to the formation of intermetallic products." When the
surface of a Fe-Ni alloy is exposed to liquid Al, dissolution occurs followed by growth of
intermetallic layers at the alloy-aluminium interface.?®* The growth of these phases is
controlled by chemical reactions at the interfaces and the interdiffusion of Fe and Ni. The
strength of the matrix can be further improved via a direct reaction synthesis in which reactant
powders are directly added into the molten metal. The reinforcing particles are formed in situ
through reactions between reactants or between the reactant and a component of the metal.
For example, a mixture of K,TiFs and KBF, is added in to the molten Al matrix resulting in
the formation of Ti-B particles which are well incorporated in the metallic matrix.

Here we report on the distribution of the metals and the local coordination of Ni in a Fe-
Ni rod (97 wt% Fe and 3 wt% Ni) which was dissolved in liquid Al. A 5 wt% mixture of
K,TiFs and KBF,; was added at 1060°C and stirred for 30min. The pu-XRF and p-Ni-K-
EXAFS measurements were conducted at the KMC2 beamline which is equipped with a
double-crystal monochromator and capillary optics that reduce the beam diameter to S5um.
The u-XRF maps were recorded using excitation photons of 9500eV, i.e. higher than the Fe-K
and Ni-K absorption edges, using an energy dispersive (Rontec) fluorescence detector. The p-
Ni-K-EXAFS spectra were recorded from different positions of the sample surface while an
Ni-K-EXAFS spectrum was recorded from a random sample spot, after removing the
capillaries. The spectra were recorded in the fluorescence yield (FLY) mode using a Réntec
detector.

The XRF maps of the studied sample reveal that the distribution of both Fe and Ni is
inhomogeneous. More specifically, as shown in Fig.1, Ni-rich (H-regions) and Ni-poor (L-
regions) regions are detected. It should be noted that in the Ni-rich islands the corresponding
Fe concentration is low, while in the Ni-poor regions, Fe segregates. On the contrary, the p-
XRF spectra recorded from the H- and L-regions reveal that the distribution of both Mn and
Cr, which are contaminants in the Fe-Ni alloys, is homogeneous (Fig. 2).
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Fig. 1: 300x250pum? p-XRF maps of the Fe and Ni distributions. The regions denoted L and H,
correspond to Ni-poor and Ni-rich regions, respectively.

In order to investigate the possible changes in the bonding environment of the Ni atoms
as a function of the Ni segregation or depletion, we recorded p-Ni-K-EXAFS spectra from the
H- and L-regions, respectively. The Fourier transforms (FT) of the k>-weighted y(k) p-Ni-K-
EXAFS spectra (k-range 2.5-9.0A™") are shown in Fig.3. In the same figure we include the FT
of the Ni-K-EXAFS spectrum (k-range 2.5-9.0A™) recorded after removing the capillaries.
As shown in Fig.3, in the FTs of both the p-EXAFS and EXAFS spectra, only the 1% nearest
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neighbor (nn) shell is resolved, indicating that the
bonding environment of Ni is amorphous.* The p-
EXAFS and EXAFS spectra were fitted assuming
that Ni is bonded only to Al However, the
crystalline models used in the fitting process were
modified for the Ni-rich and Ni-poor regions: in the
Ni-rich regions it is assumed that Al atoms substitute
Ni in the structure of crystalline Ni, while in the Ni-
poor regions, Ni is assumed to form intermetallic
NiAl nanocrystallites.

The p-EXAFS analysis reveals that the
bonding environment of Ni changes as a result of the
inhomogeneous  distribution of  Ni. More
specifically, in the Ni-rich regions (H-region), the Ni
atoms are bonded to 11.5+0.7 Al atoms that belong
to an amorphous Ni matrix. On the contrary, in the
region with low Ni content (L-region), Ni is
coordinated with 8.8£0.5 Al atoms. In this region,
the Ni atoms occupy sites in an amorphous Al
matrix.  Furthermore, the Ni-K-EXAFS analysis
discloses that the coordination number of Ni is equal
to 9.7£0.8, i.e. equal to the average number of Al
atoms in the L- and H-regions of the sample.
Additionally, the p-EXAFS and EXAFS analysis
reveal that the Ni-Al bondlength is equal to 2.47-
2.49A  (#0.01), i.e. independent of the
inhomogeneous distribution of Ni.

The modification in the bonding environment
of Ni can be explained on the basis of the different
phases formed in the sample. In particular, in the H-
region, Ni belongs to a pure amorphous Ni phase
where the Al atoms have partially substituted Ni
atoms (Ni is bonded with 12 Ni atoms in metallic
Ni). On the contrary, in the L-region, the number of
Al atoms in the 1% nearest shell of Ni is smaller.
Since in the cubic structure of intermetallic NiAl,
each Al atom is bonded with 8 Al atoms, it can be
proposed that in this region, Ni belongs to
intermetallic NiAl nanocrystallites.  Finally, the
coordination number of Ni, as determined by the
EXAFS analysis is, as expected, equal to the average
number of Al atoms in the H- and L- regions.
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Fig. 2: u-XRF spectra recorded from the H-
and L-regions, respectively. The low energy
region (1 to 6.5 keV) is shown at the inset of
the figure.
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Fig. 3: Fourier Transforms (FT) of the p-Ni-
K-EXAFS spectra recorded from the Ni-rich
(H-region) and Ni-poor regions (L-region).
The FT shown on the top (denoted
“sample™) corresponds to the Ni-K-EXAFS
spectrum recorded without the capillaries.
The raw data and the fitting are shown in
thin and thick solid lines, respectively.
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Two kinds of interfaces in SrTiOs/LaAlO; superlattices
revealed by resonant soft x-ray scattering
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Introduction: The interfaces of hetero-junctions composed of transition-metal
oxides have recently attracted great interest. Among them, the interface between
two band insulators SrTiO; (STO) and LaAlO; (LAO) is especially interesting
due to the metallic conductivity [1] and even superconductivity [2]. Several
reports suggest that n-type (LaO/TiO,/SrO) interface is metallic and the p-type
(LaO/AlO,/SrO) interface is insulating. In this study we investigated the
electronic structure of the STO-LAO superlattice (SL) by resonant soft x-ray
scattering [3], which has recently been used to study SrMnO3;-LaMnO; SLs [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 1.0x10-5 Torr and a substrate temperature of
700 °C. 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 UE46-PGM. The spectra were taken at room
temperature. The incident light was polarized in the
vertical direction (o polarization) or in the Figure 1: Schematic view
horizontal direction (m polarization) with the ¢ 4o SITiO4/LaAlO;
detector integrating over both final polarizations. superlattice sample.
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Results and discussions: Figure 2
shows the photon-energy
dependence of the (002) and (003)
peaks near the O 1s absorption edge
measured with o (@) and = (b)
polarizations. The structure factor
for this (003) peak is proportional to
(fTioz, int = frioz + fAloz, int ~ fAloz),
where frigp and fao, are the
scattering factors of the TiO, and
AlO; planes of the STO and LAO
layers,  respectively, and the
subscript  “i means the scattering

int
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. From top and middle
panels, we can see strong polarization

Figure 2: Photon-energy dependence
of the (002) and (003) peaks near the
O 1s absorption edge measured with
o (a) and 7 (b) polarizations. Top and
middle panels show intensity maps of
(002) and (003) regions, respectively.
Here, bright parts correspond to high
intensities. Bottom panels show the
(002) and (003) peak heights together
with the XAS spectra.

dependence. Also we notice that there are two structures in the energy region of
530 — 532 eV, which comes from hybridization with Ti 3d t, states. The relative
intensities of these two structures depend on polarizations. The value of the
energy splitting is about 1 eV. From linear dichroism in Ti 2p x-ray absorption,
Salluzzo et al. [5] concluded that the xy orbital is stabilized at the interface, and
the value of the energy splitting between xy and the other two t,4 orbitals (yz and
zx) is about 50 meV, which is much smaller than the 1 eV splitting observed in
this study. Now we are performing band-structure calculations to explain this 1

eV splitting.
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Doping of organic semiconductors to improve electronic interface properties of hetero-

junction solar cells.

Thomas Mayer, Corinna Hein, Eric Mankel, and Wolfram Jaegermann
Darmstadt University of Technology, Institute of Materials Science
Petersenstr. 23, D-64287 Darmstadt, Surface Science Division
BMBF Initiative “Organic Photovoltaics”

Due to low dielectric constants and strong intra and extra-molecular relaxation in organic
semiconductors optically generated electron hole pairs form strongly bound excitons of 0.5 to
1eV binding energy. In organic solar cells hetero-junctions of electron donor and acceptor
materials are used for dissociation of the excitons and charge separation (Fig.1). Even after
injection of the electron from the donor to the acceptor electron hole pairs may be bound
across the hetero-junction forming so called geminate pairs still likely to undergo
recombination. Therefore the electronic structure of such organic hetero-interfaces concerning
band/orbital line up and potential gradients is of basic importance for the cell efficiency.

Fig.1: Exciton dissociation and charge separation at the donor
acceptor hetero-junction interface in organic solar cells.

Fig.2: Band diagram of the electronic structure of the
donor/acceptor CuPc/BPE-PTCDI hetero-junction. The
potential gradients retain charge carriers at the interface
whereby the efficiency of the photovoltaic device is reduced.
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We investigate the electronic
structure of the CuPc/BPE-
PTCDI donor/acceptor interface
and the changes induced by p-
doping of CuPc with WO3 using
SXPS on step wise in situ
prepared interfaces. CuPc and
BPE-PTCDI were provided by
the project partner BASF. The
measurements are performed at
the BESSY undulator beamline
U49 wusing the SoLiAS end-
station. The electronic structure
of the donor/acceptor system
CuPc/BPE-PTCDI indicates
unfavorable potential gradients
that retain the separated charge
carriers at the interface instead of
driving them towards the external
contacts (Fig.2). In order to
reverse the interface band
bending p-doping of CuPc and/or
n-doping of BPE-PTCDI is
suggested. We tested p-doping of
CuPc with WO3 as an inorganic
molecule of high electron
affinity. Due to a high number of
trap states in the energy gap of
organic semiconductors much
higher ~ dopant content s
necessary in order to shift the
Fermi level as compared to
inorganic semiconductors™.



Fig.3: Band diagram of the single materials CuPc, WO;, BPE-
PTCDI and a CuPc+WOs; blend. For the organic materials
values for HOMO photoemission maxima have been
determined using SXPS on in-situ prepared films. For HOMO
LUMO energy gaps data from inverse photoemission are used.
The work function is derived from the valence band spectra
secondary edge.

With increasing WO3 content, the
Fermi level position in CuPc
changes up to 0.7 eV towards the
valence band as derived from 1s
core level positions of C and N in
CuPc. The band diagrams of the
single  materials and the
CuPc+WOs3 blend as derived with
SXPS are given in Fig.3. In the
Anderson  model that just
compares work functions, p
doping of CuPc with WO3 and
the reversal of the band bending
at the CuPc+WO3/BPE-PTCDI
interface compared to bare CuPc
can be expected. The photo-
emission set Fig.4 taken in the
course of stepwise deposition of
BPE-PTCDI onto WO3; doped
CuPc delivers the information for
drawing the band diagram of the
CuPc+WO3/BPE-PTCDI
interface Fig.5.

Fig.4: Set of SXPS
spectra taken in the
course  of  stepwise
deposition of BPE-
PTCDI onto WO;3; doped
CuPc. In the valence
band spectra VB of the
bare CuPc+WO; film
the W4f emission of the
dopant is observable.

The line up of the CuPc and BPE-PTCDI HOMO bands can directly be read from the HOMO
section of the valence band spectra Fig. 4 top right. The change in work function is derived
from the secondary edge (SK top left). Band bending in the substrate and adsorbate film is
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taken from induced shifts in the respective core level emissions in the course of stepwise

interface formation (Fig.4 bottom).

Fig 5: Band bending in the WO;
doped CuPc substrate and in the
BPE-PTCDI stepwise adsorbed
film as derived from CuPc N1s
and BPE-PTCDI HOMO and N1s
levels. In addition the change in
the energy position of the
secondary edge i.e. of the work
function is shown and the change
in of AE,, Which is interpreted as
interface dipole is indicated.

The band diagram of the WO3 doped CuPc/BPE-PTCDI interface is displayed in Fig.6. As
compared to the undoped case Fig.2, the band bending is reversed to the intended direction,
supporting the transport of electrons in BPE-PTCDI and holes in CuPc towards the external

contacts.

Summary: Applying SXPS p-doping of CuPc using WO3 has been demonstrated to improve
the potential distribution at the CuPc/BPE-PTCDI interface for solar cell applications.

Fig.6: Band diagram of the
CuPc+WO4/BPE-PTCDI hetero-
junction. P-doping of CuPc with
WO3 leads to potential gradients
in the favourable direction that
promotes the transport of charges
away from the interface.

1. Mayer, T., C. Hein, J. Haerter, E. Mankel, and W. Jaegermann, A doping mechanism
for organic semiconductors derived from SXPS measurements on co-evaporated films
of CuPc and TCNQ and on a TCNQ/CuPc interface. Proc. SPIE 2008. 7052, : p.

705204
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On the electronic structure of the oxypnictide family

T. Kroll**, S. Bonhomme&duT. Kachel, H.A. Diir?, F. RotH, R. Krau$, J. Wernel, G. Beht, A.
Koitzsch, A. K. Ariffin 3, R. Manzké F.M.F. de Grodt J. Fink'2 H. Eschrig, B. Buichnet, and M.
Knupfert

1 IFW Dresden P.O. Box 270016, 01771 Dresden, Geyma
2 BESSY, Albert-Einstein-Strasse 15, 12489 BéBarmany
3 Institut fur Physik, Humboldt-Universitat zu BerINewtonstrasse 15, 12489 Berlin, Germany
4University Utrecht, Sorbonnelaan 16, 3584 CA Uttedletherlands

We investigated the recently found superconductaFdAsQ.,Fx by X-ray absorption
spectroscopy (XAS). A shift in the chemical potehis visible in both the Fi, ; and OK edge
spectra which emphasizes the importance of baretteffand moderate correlations in these
compounds. From experimental Fg;ledge spectra and charge transfer multiplet calongwe
gain further information on important physical vedusuch as hopping parameters, the charge
transfer energg, and the on-site Hubbatdl Furthermore we find the system to be very covalen
with a large amount of ligand holes.

Measurements of the absorption and photoemissiectrspof undopetinFeAsO (n=La, Ce,

Sm, Gd) reveal no significant changes when excimantjie rare-earth ion or when varying the
temperature below and above the magnetic/strudnanasition temperature.

KEYWORDS: Oxypnictides, Spectroscopy, Electroriwi&ure

Core level spectroscopic measurements suchcan be explained by the observation that the XPS
as X-ray absorption spectroscopy (XAS) are Fe 2 core level excitations do not shift relative
appropriate experimental methods to shed newto the chemical potential with doping within the
light on the electronic structure of the recently experimental resolutiéh while the chemical
discovered superconductor LaFeAsB>Y. In potential shifts by 200meV with doping from
XAS, a core electron is excited into an x=0.0 to x=0.2. In other words, this excitation
unoccupied state near the Fermi level, i.e. one
probes the empty states. In this article, we
present experimental data from Eg and OK
absorption edges together with theoretical
descriptions such as charge transfer multiplet
and local density approximation (LDA)
calculations. For the presented measurement
we chose undoped LaOFeAs and electron dopel
LaFeAsQ.,F polycrystalline samples in a
doping range betweenx=0.0 and 0.15
Polycrystalline samples were prepared as pellet:
as described in Ref. 2, the XAS signal has beer
taken by recording the fluorescence signal. Fe L E—
and O K edge spectra have been normalized & 703
750 eV and 610 eV, respectively. Further
experimental details are given in Ref. 3.

According to the dipole selection rules, the Fe
L, ; absorption edges correspond to excitations
of Fe 2 core level electrons into unoccupied Fe
3d electronic states. In Fig. 1(a) the experimental
Fe L; edge XAS spectra for different doping
levels are shown. Two main changes appear witt
F doping. The energy position of the main peak
around 708 eV shifts slightly with doping
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towards lower energies. This shift amounts to
=150meV on going fronx=0.0 to x=0.15 and
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levels. (b) Shift of the onset of the main pealein
relative tox=0.0 as a function of F doping



T T T I T for the ground state. Such a parameter set leads
to a highly covalent system and a high spin state
of S=2 The shoulder at712 eV is provoked by
charge transfer effects and emphasizes the
hopping values above. Since the core hole
potential is rather small (Q=2.5 eV), the excited
states are not shifted far out of the feeband’,

and therefore band effects become visible in the

Intensity (arb. units)

530 532 534 536 538

Photon Energy (eV) experimental spectra.
2 VIR A second edge that is worth to investigate is
gl () * A + . the OK edge. Note that the O ions are located
% + within the LaQ.F layer, and therefore do not
Eool X, ] behave like ligands at the transition metal ion
0000 0025 0050 0075 D100 0125 0150 contrary to cuprates or cobaltates. In Fig. 2(a),

Daoping x . .
Fig. 2. LaFeAsQ.F. (a) Doping dependence of O K edge spectra for different doping levels are
XAS O K edge spectra. (b) Energy shift of the Shown for photon energies between 529 and 539

onset of the % peak as compared t0=0.0 for eV. This region can be assigned to excitations
experimental and theoretical results. from the O % core level into unoccupied 2
states. In the XAS spectra, the onset of the 1
energy as seen in Fig. 1 decreases upon doping.peak shifts by 350 meV towards higher photon
Moreover, the onset of the; ledg® shifts to  energies with dopirly whereas the ®1 peak
higher photon energies B¥00 meV. Note that  itself (at 531 eV) shifts only by100meV and
such a shift could also cause an asymmetric peakhe 2 peak (at 532.7 eV) does not shift.
narrowing and affect the position of the peak When comparing the experimental spectra to
maxima. A shifted onset is consistent with the partial density of states (PDOS) as gained
additional electrons at the Fe sites, which from LDA calculations, one observes that the
diminishes the number of holes, i.e. the total overall agreement is goddand LDA is able to
intensity at the Fe L-edge. Therefore, the doped explain all main features, and assign tfigdak
electrons reside (partially) at the Fe sites, which to hybridizations between O and Fe states and
is supported by valence band photoemission the 2¢ peak to hybridizations between O and La
spectroscopy (PES) The observed shift of the states. From X-ray photoemission spectroscopy
onset of the Fd. edge spectra is especially (XPS) experimentit has been observed that
remarkable since it emphasizes the importancethe La 4l level shifts relative to the chemical
of band effects and the absence of strong potential by about 200 meV fror¥0.0tox=0.1
correlations as they have been observed for e.gwhile the As 8 level hardly shifts. This can be
the cuprates. The onset of the spectra shiftsascribed to a change of the Madelung potential
monotonically to higher photon energies (see between the As and La layers upon doping, in
Fig. 1(b)) caused by a shift of the chemical agreement with X XAS. When focussing on
potential as it has been observed by PES the onset of theIpeak, i.e. on the change in the
measurements chemical potential, a clear doping dependence is
Simulations of the Fel,; edge require observed. This is further illustrated in Fig 2(b)
consideration of multiplet  splitting, Where the shift of the onset of th& fieak as
hybridization, and crystal field effects. We compared tx=0.0is shown. Such an increase is
performed charge transfer multiplet calculations supported by the PDOS since the shift in the
for divalent F& (d° in tetrahedral (J) onset of the I peak betweer=0.0 andx=0.125
symmetry. Note that a band effect such as thematches well the slope found from the
shift of the chemical potential is beyond this experimental data. This agreement between
local approach. The parameter set that theory and experiment stresses the observation

reproduces the experimental data best (notthat the experimental X edge is strongly
shown here, e.g. Ref. 3) i%0Dg=0.2 eV, affected by the shift of the chemical potential
A=E(d’L)-E(cf)=1.25 eV (L denotes a ligand  With doping. _ _

hole), U=1.5 eV, andpd/=0.27 eV. The core In LDA no Coulomb energy is taken into
hole potential has been set ©=U+1 eV. The ~ account. When switching it on at the Fe site, this

Slater-Condon parameters have been reduced tdVill have an effect on the energetic position of
80% of their Hartree-Fock values as it is the Fe 8 spectral weight. As the relative
reasonable in solids, which leads to the two Position of the OK XAS peaks matches those

Hund's couplingSe=0.90 eV andJ,,=0.78 eV determined by LDA calculations within 1 eV,
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together with the observation that the LaFeAsO

valence-band spectrum can be explained by the In

DOS as derived from LDARef. § but does not
match the DOS as derived from LDB¥ or
DMFT®, we conclude thatU is small as
compared to the conduction-band width. Note

summary, from X-ray absorption
spectroscopy measurements together with LDA
and charge transfer multiplet calculations,
deeper insight into the electronic structure of
LaOFFeAs has been proposed. Th&@dge

that the strong electronic correlations in cuprates is well described by LDA calculations. The shift

such as La,SrCuO,, are clearly visible in the O
K absorption edgé®.
Furthermore, we performed X-ray absorption

in the chemical potential is clearly visible in the
absorption edge. Furthermore, the band width
could be assigned as an upper limit of the on-site

spectroscopy at the Fe L2,3 edge as well as coreHubbardU.
level Fe 2p and valence band photoemission Band effects have a significant influence also
spectroscopy on various undoped rare-earthon the shape of the [Esedge absorption spectra.

oxypnictidesLnFeAsO (n=La, Ce, Sm, Gd) at

A shift in the chemical potential towards higher

temperatures above and below the phaseenergies is observed in agreement with the

transition temperatures. In none of our results

results of the OK edge, which stresses the

we find significant change of the spectral shape existence Hubbartd significantly smaller than

which leads to the conclusion that the electronic

the bandwidthw. Further valuable information

structure of the FeAs layers as seen by thesecould be extracted from He ; absorption edge

experiments, does not change by exchanging theabsorption

rare-earth ions or varying the temperattre

Exemplarily we show the Heabsorption and Fe

2p excitation spectra at 20 K for different
rare-earth oxypnictides (Fig. 3).
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Fig. 3. LnFeAsO: (a) Fe.,; absorption edge and
(b) Fe 2 photoemission excitation spectra at 20 K.
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together with charge transfer
multiplet calculations in tetrahedral symmetry.
The low HubbardJ fits to the upper bound as
concluded from the comparison between O
K-edge XAS spectra and DOS. Furthermore,
due to small values of the charge transfer energy
A and the Hubbart the system turns out to be
very covalent.

Measurements of the XAS and PES spectra of
undoped_nFeAsO (n=La, Ce, Sm, Gd) reveal
no significant changes when exchanging the
rare-earth ion or when varying the temperature
below and above the magnetic/structural
transition temperature.

This investigation was supported by the DFG
(SFB 463 and KR 3611/1-1) and DFG priority
program SPP1133.
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Evidence for static, site centered stripe order by photoemission on
Bizsrl.zLao.scu06

Valentina Scherer, Christoph Janowitz, Beate Miiller, Lenart Dudy, Alica Krapf,
Helmut Dwelk and Recardo Manzke
Humboldt-Universitdt zu Berlin, Institut fiir Physik, Newtonstr. 15, 12489 Berlin

Taichi Okuda and Akito Kakizaki
Institute of Solid State Physics (ISSP), University of Tokyo, Japan

Antiferromagnetic spin correlations play an important role especially for hole under-
doped cuprate superconductors. The vicinity of the Mott—insulating parent compound
phase and the metallic phase in this regime requires a description beyond Fermi liquid
theory. Possibly the most striking evidence is the occurrence of spin-and charge
separation in form of the so called static stripe phase at a hole doping of ny = 1/8 as
observed first by Tranquada [1] in a (Nd)-LaSrCuO- cuprate by neutron scattering.
Photoemission measurements on cuprates of the same family revealed a dual nature of
the Fermi-surface: features due to itinerant as well as due to static, localized electrons
from the stripe phase were observed [2]. Since up to now most of these observations
were reported on members of the LaSrCuO- family with one CuQO,- layer per unit cell,
it is promising to extend these studies on another single CuQO,- layer cuprate from a
different family. Bi,Srj,LagsCuQg single crystals with a single CuO,-layer per unit
cell, a nominal hole doping around nyg = 0.10 and vanishing Tc were therefore grown,
characterized and studied by high resolution photoemission.

Measurements at BESSY were performed at the BEST-beamline equipped with a Sm-
Normal Incidence Monochromator and a high-resolution photoelectron spectrometer
SES-2002 and at the Photon Factory (Japan) at BL-18A at the angle-resolved
photoelectron spectroscopy station for surfaces and interfaces. Spectra recorded at both
locations were comparable. The spectra shown below were measured at a photon
energy of 22eV and 20 K sample temperature at BESSY. A total resolution of 30meV
was found sufficient to resolve the essential details. Due to the very low count rates this
was a compromise to collect sufficient data without surface degradation within 48
hours.

High quality single crystals of Bi,Srj,lLaggCuO¢ were grown out of solution. The
crystals were characterized using several techniques, e.g. x-ray emission (EDX), ac
susceptibility, Laue diffraction and LEED, to obtain information on the chemical
composition, the superconductivity, and the quality of the crystals. The five samples
investigated by photoemission showed in AC susceptibility no transition to the
superconducting state down to 2 Kelvin. The exact hole concentration (ny) was
determined from the linear relation between La content and ny derived from X-ray
absorption spectroscopy data [3,4]. This alternative method for the quantitative
evaluation of the hole content uses the signal of the Cul3 edge. It consists of a so called
“white line”, representing the excitation of Cu-2p-electrons into Cu-3d states, and a
satellite peak, appearing as a high energy shoulder, with an intensity varying according
to the hole content of the sample. To obtain a numerical value for the hole content the
ratio of the intensity of the satellite peak to the intensity of white line plus satellite peak
has to be evaluated.
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Photoemission intensity maps obtained by integrating 200meV (upper picture) and 30
meV (lower picture) spectral intensity below the Fermi energy are shown in FIG. 1. The
very low count rate near the Fermi energy at these doping levels posed a challenge to
the experiment. It is nevertheless clearly evident, that along the nodal I'X and I'Y lines
the Fermi surface has vanished, while a buildup of spectral weight around the antinodal
M-point occured. This electronic structure is decisively different from any hitherto
reported one of Bi-cuprates in the underdoped regime. While no spectral weight,
dispersion or Fermi surface crossings along the nodal line could be detected, a diffuse
but, when compared to the missing intensity along the nodal line, clearly detectable
buildup of spectral weight around the antinodal M-point occurred. Interestingly the
comparison to a theoretical Fermi surface obtained by cluster perturbation theory for a
static, site centered stripe model at 0.10 hole doping, i.e. at the same doping level as in
our experiments, gave good qualitative correspondence [5]. The measurements will be
continued at elevated temperatures, i.e. above the stripe ordering temperature and for
crystals at different doping levels, especially ny= 1/8.

Figure 1.

Photoemission intensity
map of the IXTYD
quadrant with the M-
point in the center. The
polarization vector and
the intensity scale is
shown on the left. The
upper  picture  was
obtained by integrating
all counts 200 meV
below the Fermi energy
and the lower picture by
integrating 30 meV
below the Fermi energy.
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1. Introduction

Anomalous small-angle X-ray scattering (ASAXS) represents a powerful tool for the evaluation of
structural parameters from element sensitive analysis of nano-materials [1, 2]. Recently, based on the use
of adequate experimental setups and capable equipment, ASAXS has been proven to provide also useful
data on the chemical composition even in the sub-nanometer scale. Heterogeneous precious metal catalysts
consist in most instances of nanometer sized metal particles supported on chemically inert carriers.
Therefore, they represent very suited model substances for demonstrating the potential of this technique
and for further improvement of its skills.

Currently, to meet future energy demands, there is an urgent need for higher performing heterogeneous
catalysts for fuel cell applications, distinguishing by reduced amounts of nobel metals or, most promising,
by replacing Pt with less expensive metals. Accordingly, selenium modified ruthenium nano-particles
supported on activated carbon (RuSe,/C) have been found to catalyze the oxygen reduction reaction (ORR)
in acidic media with high activity and superior selectivity [3]. Therefore, this material is now in focus as
methanol tolerant electro-catalyst replacing Pt at the cathode side of Direct Methanol Fuel Cells (DMFC)
[4-6]. Nevertheless, a better understanding of this novel catalyst system is believed to be the prerequisite
for its further optimization to pave the way towards commercial application.

To reveal the structure of such highly complex materials involving constituents ranging from tens of nm
down to the sub-nanometre region, comprehensive ASAXS measurements were performed. Using ASAXS
one takes advantage of the so-called anomalous or resonant behaviour of the atomic scattering amplitude of
an element near its absorption edge to separate its scattering contribution from other elements in the
sample. The main targets were to provide a more elaborate structural investigation of novel RuSe,/C fuel
cell catalysts by using the possibility of separating the scattering contributions of the carbon black carrier
and the different metallic constituents of the thereon supported nano-particles by means of ASAXS
measurements. Based on these data a structural model of the catalytically active particles was derived.

2. Experimental

Highly active RuSe,/C catalysts were prepared in a multistep procedure starting from ionic metal
precursors [7]. Commercially available carbon black (Black Pearls 2000 from Cabot) was used as support
material. In brief, a calculated amount of RuCls-xH,O was dissolved in water, previously purged with
argon. A weighted amount of carbon black was placed inside the quartz tube, heated from room
temperature to 950°C while purging with CO, and held at this temperature for 20 min for activating the
carbon support prior to impregnation. After cooling down the activated carbon sample was transferred into
the round-bottomed flask with the Ru precursor solution. The solvent was rotary evaporated and the dried
powder was treated under forming gas (5%H,/95%N,) at 200°C to form the Ru nano-particles. This Ru/C-
intermediate was transferred into an acetonic solution of SeCl, for selenization. After ultrasonic
conditioning the solvent was removed by rotary evaporation and, finally, a reductive treatment under
forming gas for 30 min at 800°C was performed.

Anomalous small-angle X-ray scattering has been performed on the SAXS beamline 7T-MPW-SAXS at
the synchrotron facility BESSY [8]. The contrast variation was performed at different energies near the Se-
K (Ese = 12658 eV) and Ru-K (Ery, = 22117 eV) absorption edges (see table 1). To cover the full
accessible g-range two sample-detector distances (800 mm and 3750 mm) have been selected. The
scattering were recorded using an area sensitive gas-filled multi-wire proportional counter. These raw data
were corrected for the dark current, dead time and sensitivity of the detector as well as the incoming
photon-flux, sample transmission, scattering background and geometrical effects like the projection of the
detector plane on the sphere with radius equal to the sample-detector distance. To increase the statistics of
the scattering intensity the two-dimensional corrected data were circularly averaged over rings with a
certain width. In order to have direct control of statistical errors and to take care of possible time
dependent variations of the beam conditions the measurements were separated into several short runs and
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then averaged [9]. The scattering of a reference sample (1 mm glassy carbon) were measured at the
beginning of each run to scale the intensities obtained at different energies relative to each other. The norm
of the scattering vector was calibrated using the d-spacing of silver behenate as reference.

3. Results

In Fig. 1 two scattering curves for the Ru/C sample at energies E6 and E10 are shown together with the
obtained scattering curve for the carbon black sample. It can be seen that the scattering curves of the Ru/C
sample has a broad shoulder at g ~ 1 nm™ compared to pure carbon black. A noticeable intensity variation
with respect to the energy in this g-domain can be seen. At higher g-values a crossover of the curves
occurs, being due to isotropic resonant-raman scattering (RRS) close to the absorption edge.
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Table 1: Numeration of the X-ray Figure 1: Scattering curves of the  Figure 2: Scattering curves of the

energies used in the experiment. The Ex  Ru/C sample at two energies near  RuSe,/C sample at two energies

is the energy of the corresponding the Ru-K absorption edge (E6 and near the Ru-K absorption edge (E6

absorption edge Se-K for E1-E5 and E10). The SAXS curve of the and E10). The SAXS curve of the

Ru-K for E6-E10. carbon black is shown for carbon black is shown for
comparison comparison.

In Fig. 2 scattering curves for the active catalyst sample RuSe,/C at energies E6 and E10 are shown. The
scattering seems to be very similar to the scattering from the sample without Se (Fig. 1) but at high g-
values above 7 nm™ a second weaker shoulder occurs. Therefore, the corresponding structure element
seems to be connected with the Se arrangement. Considering the theoretical calculated energy-dependent
correction factors f'(E) and f"(E) of the atomic scattering factor, the three energy-independent partial
scattering contributions lo(q), lor(q) and Ir(q) can be calculated by solving a set of linear equations [10]

1@ E) = 1o(@) + 21 (E)log (@) + {2 (E) + 172 (E) )1 (@) @

where the partial scattering contribution Ir(q) contains information on the spatial arrangement of the
resonant scattering element alone. The lo(q) describing the scattering behaviour if one measures at energies
far from any absorption edge of the elements present in the sample. This partial scattering contribution
contains information of all structure components. The lgr(q) is the cross term of 15(q) and lor(q). The Ir(q)
will represent the partial scattering contribution of the Ru distribution only by solving the system of linear
equation (1) for energies close to the Ru-K edge and considering the theoretical values f' and f" listed in
[11] and calculated by the method of Cromer & Liberman [12]. In order to check the reliability of the
solution, the calculation was repeated several times using three, four or five different energies. The result
using the five energies E;=ES,...,.E10 is shown in Fig. 3. In addition the obtained ASAXS curve at
21675 eV is also shown after subtraction of the isotropic background level which was determined at g
values above 10 nm™. The main results of this analysis were: (i) the behaviour of the non-resonant
contribution lIp(q) is very similar to the ASAXS curve obtained far the Ru-K absorption edge. (ii) the so-
called resonant scattering contribution Iz(q) behaves completely different at small and large g-values. In
the limit to small g-values the Ir(g) curve converges to a constant intensity contrary to the lp(q) curve which
shows a strong increase. This indicates the presents of a larger non ruthenium containing structure element.
In the other limit to large g-values the Iz(q) curve shows a nearly linear decrease in the double logarithmic
plot contrary to the lo(q) curve which shows a weak shoulder in this g-domain. Therefore, the causing
structure has nearly nothing to do with the Ru present in the sample. Moreover, the shoulder deduced in

169



the 1p(g) curve at large g-values has to be considered as an indication for a much smaller mainly ruthenium
free structure.

Discussing the measurements near the Se-K absorption edge of the Se containing sample RuSe,/C, it must
be noticed that the sensitivity of the ASAXS-technique to Se is much lower in contrast to Ru. Fig. 4 shows
two scattering curves obtained for sample RuSe,/C at energies E1 and E5 as well as the SAXS curve for the
carbon black. Within in the error no variation of the intensity with respect to the different energies has
been ascertained for g-values less than 4 nm™. Only at larger g-values an increasing intensity with
increasing energy has been observed. This energy-behaviour can be explained by a superposition of two
effects: (i) the resonant Raman scattering effect caused by the Se-atoms. This effect gives rise to a
increase in the intensity while moving the incident energy closer to the Se-K absorption edge; (ii) the
anomalous scattering effect of Se-enriched small nano-structures which have a scattering contribution in
the larger g-domain.
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Figure 3: Partial scattering contribution for sample RuSe,/C calculated  Figure 4: Scattering curves of the RuSe,/C
using the five energies close to the Ru-K absorption edge. Therefore,  sample at two energies near the Se-K absorption
the 1r(q) represents the scattering of the resonant scattering Ru-atoms.  edge (E1 and E5). The SAXS curve of the
As comparison one measured scattering curve is shown as well. carbon black is shown for comparison.

The result of the analysis of the energy dependencies of the SAXS curves is that for RuSe,/C catalysts a
structure model with three independent types of particles (in size and composition) must be assumed. The
three contributions are assumed to be connected with the following structures: (i) the carbon black support
nano-particles with a mean radius of 15.00 £ 5.70 nm; (ii) the Ru nano-particles with a mean radius of
1.25 + 0.60 nm; (iii) the selenium aggregates with a mean radius of 0.30 = 0.02 nm [11]. This structural
model is not just supported by previous results of conventional characterisation techniques (e.g. XRD,
TEM and EXAFS [13]). In fact, current ASAXS measurements revealed for the first time that Se-modified
Ru nanoparticles on RuSe,/C catalysts are not completely covered by Se on the particle surface as formerly
assumed (core-shell model). The Se rather forms clusters on the Ru surface while the rest of the surface is
covered by oxygen. Thus, ASAXS successfully demonstrated its potential as future powerful characteri-
sation technique in the field of heterogeneous catalysis, when using adequate experimental setups.
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Introduction — Fe,Pt;_, nanoparticles are currently
the object of intense research activities, driven both
by fundamental interest and their possible use as
new ultra-high density magnetic storage media. For
the latter case, nanoparticles with a high magneto-
crystalline anisotropy (MCA) are needed to over-
come the superparamagnetic limit, i.e. data loss
caused by thermally activated magnetisation fluctu-
ations. In addition, the magnetic moments of the
nanoparticles should be low to prevent magneti-
sation switching caused by magnetic dipole inter-
actions.

One of the prime candidates for future application
is Fe.Pt; in the chemically ordered state around
the equi-atomic composition due to its high MCA
density of about 6x10°J/m°[1]. Interestingly, the
magnetic moments in FePt nanoparticles in both the
chemically disordered and chemically ordered
phase are rather small compared to the bulk
material [2,3]. The x-ray absorption spectroscopy is
a powerful tool to investigate both local structure
around the absorbing atoms by the analysis of the
extended x-ray fine structure (EXAFS) and
magnetic properties, e.g. by measuring the x-ray
magnetic circular dichroism (XMCD) as presented
here.

The standard Fourier based analysis of EXAFS
oscillations of oxide-free FeqsePto4s Nanoparticles
give not only evidence for a lattice expansion with
respect to the corresponding bulk material [4], but
also a clear local deviation from the averaged
composition. A visualisation of this compositional
inhomogeneity is given by the Wavelet transfor-
mation (WT) method. It may be used to distinguish
between different atomic species in an alloy due to
their different positions of maximum backscattering
amplitude in k-space (Fig. 1). This is possible since
in these transformations employing wavelets both
localised in real space and k-space, the resolution in
k-space is not lost in contrast to a Fourier trans-
formed signal [5].

Fig. 1 shows a contour plot of the difference
between wavelet transformed EXAFS of nano-
particles and bulk material measured at the Pt L;
edge at the ID-12 undulator beamline at the ESRF
indicating a reduced number of Fe nearest
neighbours (nn.) and an enhanced number of Pt nn.
around the Pt probe atoms in FePt nanoparticles
with respect to the corresponding bulk material.
Note, that the slightly different positions in r and
the different inclination of the WT data are due the
different EXAFS phase shifts.

Fig. 1: Contour plot of the difference between wavelet transformed EXAFS measured at the Pt L; absorption edge of
nanoparticles and bulk material (left), effective backscattering amplitude of Fe (upper right graph) and Pt (lower right graph)
and EXAFS phase shift as a function of the photoelectron wave number. In both cases Pt is the absorber atom. The grey line
in the coordinates plane at the bottom refers to the dependence of the phase shift on the wave number.

e-mail: carolin.antoniak@uni-due.de

171



FIG. 2: Picture of the plasma chamber with ignited
hydrogen plasma; Inset: schematic drawing of the FePt
nanoparticles before and after plasma treatment, e.g. with
and without Fe oxides and organic ligands

In this work, the influence of an inhomogeneous
composition within FePt nanoparticles with a
diameter around 4.4nm on the magnetic properties,
especially on the element-specific magnetic is dis-
cussed. Since the magnetic moments at the Pt sites
are almost independent of the local composition
and distortions of the crystal lattice [2,6], we
focussed on the magnetic moments at the Fe sites
which are a sensitive monitor for structural
changes. As reference, the magnetic moments of
chemically disordered Fe,Pt; alloys were probed
as a function of Fe content by XMCD of different
samples, i.e. bulk material and 50 nm thick films. In
addition, band structure calculations were
performed using the spin-polarized relativistic
Korringa-Kohn-Rostoker (SPR-KKR) method [7].

Experimental — The x-ray absorption near-edge
structure (XANES) and its associated XMCD was
measured in the soft x-ray regime at the Fe Lj,
absorption edges at the PM3 bending magnet
beamline at BESSY |1 in total electron yield (TEY)
mode. The measurements were performed at T =
15K in magnetic fields of woHex = £2.8T at fixed
photon helicity in an energy range of 680eV < E <
790eV. After each scan, either the magnetic field or
the circular polarisation was reversed.

Induced magnetic moments at the Pt sites were
evidenced in the soft x-ray regime at the Ng-
absorption edges of Pt in the energy range 65eV <
E < 85eV.

A portable plasma chamber [8] was attached to the
experimental endstations for an in situ cleaning of
the samples (Fig. 2). An exposure to a hydrogen
plasma at a pressure of p = 5Pa for 20min was
found to be sufficient for the complete reduction of
Fe oxides and organic ligands, i.e. oleic acid and
oleyl amine surrounding the wet-chemically synthe-
sised particles [1] in the as-prepared state.

The efficiency of the plasma cleaning procedure
was proven by XANES measurements at the carbon

172

K edge and the Fe L3, absorption edges [6]. After
plasma treatment, no absorption was detected at the
carbon edge and at the Fe L3, absorption edges,
pure metallic spectra were obtained.

The size distribution of the nanoparticles is log-
normal around a mean diameter of 4.4nm and a
standard deviation of about 0.14. In order to prevent
the particles from agglomeration during the plasma
treatment, less than one monolayer of particles was
brought onto the substrate.

Results and Discussion — The deviation of the
local composition from the averaged value may
strongly influence the magnetic properties of the
Fe.Pt;_x nanoparticles, e.g. the element-specific
magnetic moments. In order to rate these values
experimentally found in nanoparticles, the
corresponding magnetic moments of 50nm thick
films were measured for different compositions. In
addition, SPR-KKR band structure calculations
were done for different Fe,Pt;_, bulk systems. We
found both experimentally and theoretically that the
magnetic moment at the Fe sites is decreasing with
increasing Fe content [5]. This decrease can be
essentially explained by the decrease of the lattice
constant with increasing Fe content which usually
yields smaller magnetic moments. Due to an
enhancement in the hybridisation of Fe d-states, the
decrease of the magnetic moment at the Fe sites is
connected to a broadening of the density of states
(DOS).

FIG 3: Spin and angular momentum resolved density of
states at the Fe sites calculated for three different
compositions of Fe,Pt;, bulk alloys using the Munich
SPR-KKR package



Fig. 4: XANES and XMCD of FePt nanoparticles
measured at the Pt Ng; absorption edges (upper
panel) and Fe L;, absorption edges (lower panel)

The calculated spin and angular momentum
resolved DOS at the Fe sites is shown in Fig. 3 for
three different compositions, Feg3,Ptos, F€0.58P1o.42,
and Feg e8Pty 32.

The relatively narrow d-bands are strongly
exchange split. A clear broadening of the DOS at
the Fe sites for the Fe-rich alloy is visible and the
difference between the majority and the minority
band becomes smaller indicating decreasing
magnetic moments in  agreement to the
experimental values obtained from XMCD analysis
of Fe,Pt;, bulk-like films with different
compositions [5].

One example of XANES and the corresponding
XMCD of FePt nanoparticles are shown in Fig. 4.
The XMCD at the Pt Ng; absorption edges clearly
indicates some induced magnetism at the Pt sites.
Since there is no standard analysis method for
spectra obtained at these edges, only qualitative
conclusions about the ratio of orbital-and-spin
magnetic moments can be made [9]. In regard to the
magnetism at the Fe sites, we found from the
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XMCD shown in the lower panel of Fig. 4 that the
magnetic moments at the Fe sites are reduced by
20-30% with respect to the values of the
corresponding bulk material with the same
averaged composition. This can be explained by the
fact, that the magnetic moment strongly depends on
the local environment, e.g. the number of Fe nearest
neighbours which is not reflected by an averaged
composition in the case of the nanoparticles
examined here since the Fe atoms were found to be
located in Fe-rich environments as summarised in
the introduction.

Conclusion — By the analysis of absorption spectra
in the EXAFS regime and XMCD measured in the
XANES regime, oxide-free FePt nanoparticles were
structurally and magnetically characterised. By the
combination of the different x-ray absorption
techniques, the reduced magnetic moments
obtained at the Fe sites can be explained by an
inhomogeneous composition within the particles.
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Ammonium sulfate, (NH4)>SOs, is a dielectric crystal with a first-order ferroelectric phase
transition (PT) at the temperature 7¢c =223 K [1]. The crystal exhibits unusually large relative
change in the dielectric constant at 7¢ [1], a very low value (=15 K) of the Curie-Weiss constant
[2, 3] and a very large spontaneous strain [1]. The main aim of the study was the experimental
investigation of the dielectric functions of a (NH4)>SOj4 crystal in the photon energy range of
electronic excitations, 4 — 9.5 eV, and its temperature changes in the range of 170 — 295 K. The
experimental results obtained in this study could be useful for better understanding of peculiari-
ties related to the chemical bonding and phase transition in the crystal.

Measurements of the pseudo-dielectric functions <g;>(E) and <e,>(E) (e =g +igy) of
(NH4)2SOy4 crystals were performed by spectroscopic ellipsometry [4, 5] using synchrotron radia-
tion of the Berlin Electron Storage ring for Synchrotron radiation BESSY II in the range of 4.0 —
9.5 eV with a resolution of £ < 0.1 eV. The angle of incidence was ~68°, while the polarization
of the incident beam was chosen ~20° tilted with respect to the plane of incidence during the
measurements. A MgF, polarizer and rotating analyzer ensured more than 99.998% degree of
polarization. The ellipsometric measurements were conducted for mechanically polished
(NH4)2SOq4 crystals of three cuts perpendicular to a-, b-, and c- orthogonal axes of the unit cell
and the corresponding dielectric functions <g(£)> and <ey(E)> were subsequently calculated
with an isotropic two layer model.

The susceptibility <y,>(E) [ =1 + ix2 = (€1 — 1) + ie;] shows an increasing quasi mono-
tonously behavior with a maximum at 9.37 eV (for the temperature 25 °C) and at 9.50 eV (for the
temperature -98 °C) (Fig. 1). This looks very similar to the corresponding theoretical depen-
dences of RbNH4SO4 crystals obtained from the first principles calculations using the CASTEP
code [6]. An analysis of the density of electronic states of RbNH4SO, crystals indicates that the
big maximum of <y,>(E) at 9.37 eV in case of (NH4),SO4 mainly corresponds to the excitation
of oxygen p-electrons.

Distinct and big anomalies of the temperature dependences of pseudo-susceptibilities
<y1>(T) and <y,>(7T), and reflectance intensity /z(7) have been obtained at the temperature of
discontinuous ferroelectric phase transition for the c-cut of (NH4)>SO4 for the superior light pola-
rization El|a studied (Fig. 2, 3). Much smaller anomalies were seen for the samples of a- and b-
cuts. One can distinguish here two types of anomalies: (1) broad band with broad and small ex-
tremum in <y ;>(7) and <y>>(T) near T¢, and (2) narrow peak-like dependences of <y;>(7) and
<x>>(T) with extremum position 5 °C lower than the corresponding position of the broad extre-
mum. The maximum of the broad anomaly in <y ;>(7) corresponds to the minimum of the narrow
and big anomaly in <y ;>(7), and vice versa, the minimum of the broad anomaly in <y,>(7) cor-
responds to the maximum of the narrow and big anomaly in <y>>(7) (Fig. 2, 3).
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Fig. 1. Spectra of the real and imaginary parts of the Fig. 2. Temperature dependences of the real (<y;>),
susceptibility <y, >(E) and <y,>(E) of c-cut of imaginary (<y,>) part and modulus (|<y>|) of the sus-
(NHy),SO, crystal for the superior light polarization ceptibility <y> of (NH,4),SOy crystal during heating at
E||a at the temperatures 25 °C and -98 °C. E =18.5¢eV. The insertion shows the temperature depen-

dence of the modulus of the susceptibility [<y>|(T) in a
larger temperature range.

Therefore, two different temperature dependent processes can be suggested for (NHy4),SO4
crystals. The first process is a discontinuous phase transition at 7" taking place in the narrow
temperature range of approximately 1 —2 °C. The sharp maximum of <y»> and the minimum of
<y:> is associated with this process (Fig. 2). The second, continuous process is associated with
the slower variation in <y ;>(7) and <y»>(7) which creates a maximum in <y;> and a minimum in
<y2> at the temperature T'?, approximately 5 °C higher than 7" (Fig. 3).

The presence of these two processes agrees with results of dielectric constant measure-
ments on (NH4),SOy4 for frequences 10 — 10> kHz [7]. In this study, a small anomaly in the dielec-
tric constant € was found between 6 and 12 K below the well-known ferroelectric transition at -
49.5 °C. It is proposed that this new anomaly is due to the appearance of a spontaneous polariza-
tion, which is produced by the secondary order parameter and is in an anti-parallel direction to
the spontaneous polarization due to the primary order parameter, which produces the well-known
ferroelectric transition. According to this model, ammonium sulfate is ferroelectric just below the
transition at -49.5 °C, but it gradually changes into a weak ferrielectric material below this new
anomaly temperature.

An interesting result has been obtained when analyzing the temperature dependence of the
light intensity Ig(7) reflected from the sample and the temperature dependence of the normal in-
cidence reflection coefficient R(7) (Fig. 4). The normal incidence reflection coefficient R has
been calculated according to the known relationship [8],

R:(n—1)2+k2 n:\/(g,2+g22)”2+g, k:\/(gf+522)”2—g1 0
(n+1)?*+k* 2 ’ 2
Taking into account the great spontaneous deformations in the crystal and the pie-
zo(elasto)optical effect mentioned, the big and abrupt decrease of the reflectance intensity /x(7)
observed for c-cut (Fig. 4) can be explained as a result of light scattering on a domain-like struc-
ture grid. This structure is generated by the non homogeneity of refractive index caused by the
abrupt increase of spontaneous deformation.
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and imaginary <x,>(T) part of the susceptibility of reflected light Jz(T) and normal incidence reflectance
(NH,),S0, crystal during heating at £'= 8.5 eV in more R(T) calculated from the dielectric functions <g,;>(7)
fine vertical scale than in Fig. 2. The insertion shows and <e,>(T) of (NH,),SOy for the superior light polari-

the temperature dependences of the standard ellipsome-

) zation E|ja measured at £ = 8.5 ¢V during heating.
tric parameters tg'¥'(7) and cosA(7).

Taking into account that the photon energy £ = 8.5 eV corresponds to the excitation of p-
electrons of oxygen in (NH4),SO4 crystal the temperature changes described above can be attri-
buted mainly to the SO4 group. Finally, one can state that the module of complex susceptibility
[<x>| of (NH4)2SOy4 crystal in the range of oxygen p-electrons excitation display maximum at the
temperature 7 =223 K of ferroelectric phase transition. For the narrow temperature range
AT =~ 1 -2 K near the main maximum of |[<y>|(7), the big relative increase Ay»/y2~ 1.8 of the
imaginary part of the susceptibility <x,> takes place together with simultaneous relative decrease
Ay1/x1 = -0.25 of the real part of the susceptibility <y;> (see Fig. 2). This result agrees qualita-
tively with conclusion of [9] that a considerable part of spontaneous polarization of (NH4)>SO4
crystal arises from the SO4 groups. According to [9] the main driving interaction of the phase
transition has its origin in S-O bonds of SO,* ion which triggers the transition by getting more
distorted structure of lower symmetry; the NH," ions simply follow an appropriate change. This
is probably the reason that the studies related only with NH," ions indicate that the phase transi-
tion has the characteristics of second order [10, 11].

Taking into account the sharp spontaneous deformations at phase transition of (NH4),SO4,
which even destroy the crystal, it would be interesting to perform first principal calculations of
the complex susceptibility for different unit cell dimensions and arrangements of constituent
atoms and to compare results obtained with present experiment.
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Residual Stress Profiles in Friction Stir Welds of 2024Al Alloy and
2124Al1-25v0l%SiC Composite

Ferreira-Barragans S.1, Gesto D.[?, Rey P!, Fernandez R.1, Gonzélez-Doncel G.M!

[1] Dept. of Physical Metallurgy, National Centre for Metallurgical Research, CENIM-CSIC,
Av. Gregorio del Amo 8, 28040 Madrid, SPAIN
[2] AIMEN Technology Centre, Relva 27A-Torneiros, Porrifio, 36410 Pontevedra, SPAIN

1. Introduction

Metal Matrix Composites (MMCs) are known to have better mechanical properties than the
corresponding unreinforced metallic alloys. However, their wide application as structural
materials needs proper development of suitable joining processes. The application of the solid
state welding technique known as Friction Stir Welding (FSW) to MMCs seems very
attractive. On the other hand, the presence of a residual stress (RS) in welded components
may have a significant influence of components performance. Thereby, knowing its
magnitude and distribution is very important [1].

In this work, the sub-surface RS profile across the butt weld in a 2124Al-25vol%SiC
composite plate obtained by FSW, has been studied from measurements conducted by
synchrotron radiation diffraction. For comparative purposes, the RS has been also calculated
on a butt weld of 2024Al alloy obtained under similar joining conditions.

2. Experimental details
2.1 Welded samples

The welds were performed on 15 mm thick plates of 2024Al and 2124Al-25vol%SiC, in T6
condition. Welding process in two passes and butt joint configuration without edge
preparation was carried out. A fix pin tool with threaded pin with three grind flats at 120° was
used. This pin was fabricated from H13 Steel (Q&T, 49 HRc). The materials investigated
were welded at AIMEN Technology Centre (Pontevedra, Spain). The joints parameters are
reported in Table 1.

Material Rotation rate Welding Force (kN)
(rpm) Speed (mm/min)
2024Al-T6 400 100 Position Control
Counter- clockwise (23 kN)
2124 Al-25v0l%SiC-T6 300 75 Position Control
Counter-clockwise (8-9 kN)

Table 1: Joints parameters.

2.2 Residual stress measurements
The residual stress distribution across the weld has been measured by energy dispersive

diffraction using X-ray synchrotron radiation on the beam line EDDI at BESSY, Berlin,
Germany, which operate in the range 10-150 keV. The experimental set up is shown in Figure
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1(a). The measurements were carried out in reflection mode. The use of energy dispersive
allows detecting many diffraction peaks. At present only the Al-(311) and SiC-(311)
reflections have been analyzed. This is a very suitable peak since it shows low plastic
anisotropy and has a fairly linear relationship between stress and lattice strain. An angle 26 =
8° was used. The incoming beam was defined by slits of 1 mm height and 1 mm width, while
the diffracted beam size was adjusted by slit of 30 um. (gauge volume: 1 mm x 1 mm x 0.03
mm). Both the longitudinal (along the weld) and transverse (across the weld) RS components
were calculated. The biaxial sen? y method was used [2].

The strain state was calculated using the conventional relationship

1)

where d is the lattice spacing measured at different locations of the weld, and do is the
unstrained lattice spacing measured at equivalent points in a stress-free “comb” sample,
Figure 1(b). In the welded sample, it is very important to measure the point to point variation
of do, since this value can vary due to changes in chemical or structural composition resulting
from the welding process [3]. The stress state was calculated from the two measured strain
components under the assumption that there is not an out of plane component in the stress
tensor (on = 0), i.e., a biaxial stress state is assumed [2]. Hence;

E 1%
o =—|é +t—¢ 2
- 1+v( “o1-2v Tj @)

where g and & are the values in the weld longitudinal and transverse directions, E is the
Young’s Modulus and o Poisson’s ratio. ot is obtained by exchanging the two strain

parameter in Eq. (2).

= [

(@) (b)

Figure 1: (a) Experimental set up and welded plate, and (b) comb sample.

3. Results and Conclusions

Figure 2 shows the variation of lattice parameter across the stress-free comb samples in both
alloy and composite. It can be seen that the distribution reveals structural changes as a
consequence of the FSW process. The RS in the materials, Figure 3, presents the typical “M”
distribution across the welds [4]. The RS state is more isotropic than in the alloy. In the latter
one, the longitudinal component is clearly higher that the transverse one. On the other hand,
the RS in the composite is higher than in the alloy. This should be attributed to the additional
contribution of the micro-RS associated to the presence of the reinforcement in the composite
material.
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in Fe19Nis1/Cu/Co trilayer microstructures

J. Kurde?, J. Miguel! , D. Bayer?, J. Sanchez-Barriga3, A. Rzhevskiy3, F. Kronast3,
M. Aeschlimann?, H. A. Dirr3, W. Kuch!

Institut fur Experimentalphysik, Freie Universitat Berlin, Arnimallee 14, D-14195 Berlin, Germany
2Technische Universitat Kaiserslautern, Erwin Schrédinger Str. 46, D-67663 Kaiserslautern, Germany
3BESSY GmbH, Albert Einstein Str. 15, D-12489 Berlin, Germany

(BMBF Nr. 05 KS7 KE2)

Modern recording devices contain a stack of two thin magnetic layers separated by a non-
magnetic spacer layer. Their fastest operation can be achieved by applying a magnetic pulse,
which may induce the magnetization reversal of one of the layers by precession. With the aim
of studying this magnetization reversal process we have imaged FesiNiig/Cu/Co trilayer mi-
crostructures with sizes in the range of 5x5 to 10x20 pm2. We have investigated the influence
of i) the thickness of the Co layer, ii) a static, external field, and iii) a magnetic field pulse in
the ps time scale. In the following we will refer to FesiNiio as permalloy (Py).

The magnetic structures were magnetron-sputtered in Art atmosphere at MAGSSY. Sizes
range from 5x5 to 10x20 pym?2 and film thicknesses are Py (4 nm) / Cu (tcu) / Co (15 nm), with
tcu = 1.5, 2.0, 2.5 and 3.0 nm. During growth a static magnetic field of ~100 mT is applied to
induce a uniaxial anisotropy. To image the magnetic domains, photoelectron emission mi-
croscopy (PEEM) is used combined with x-ray magnetic circular dichroism (XMCD). These two
techniques together provide lateral resolution and element-sensitive magnetic contrast. The
latter is essential for studies of systems consisting of different materials. The static images
were acquired at the UE49-PGMa, a microfocus beamline with an Elmitec SPPEEM (resolution
~50 nm). A static magnetic field was applied with a special sample holder equipped with mag-
netic coils. The time-resolved images were acquired at the UE56/2-PGM1 beamline with a Fo-
cus PEEM (resolution ~400 nm). To apply a magnetic field pulse, the structures were deposited
onto a Au stripline, which is connected to a photoconductive switch. By focusing a fs laser onto
the switch, a current pulse through the stripline is generated and thereby a magnetic pulse in
the vicinity of the structures [1]. Synchronization of the magnetic pulse (pump) with the x-ray

Fig. 1 a) Domain patterns in Py/Cu/Co trilayer microstructures with different Cu thicknesses. b) Line profile of a do-
main wall in a structure with tcu = 2.0 nm.

180



pulses of the BESSY single bunch operation mode (probe) realizes a stroboscopic pump probe
experiment.

To gain detailed knowledge about the coupling behavior of the two magnetic layers through
the non-magnetic spacer, the domain patterns in Py/Cu/Co trilayer microstructures with differ-
ent Cu thicknesses were imaged (Fig. 1a). The magnetic domains of the two ferromagnetic lay-
ers are coupled parallel, via exchange interaction and orange-peel coupling for all measured Cu
thicknesses. For increasing Cu thicknesses, an antiparallel alignment in the domain walls (DW)
of the two magnetic layers becomes favorable due to stray fields: At the DWs the dipolar cou-
pling competes with exchange and orange-peel coupling. Similar behavior had been found pre-
viously in 180° and head-on walls [2]. Here this effect is also observed at 90° walls: The mag-
netization inside a wall in the Py layer first turns opposite to the Co layer before it turns back.
Detailed statistics of the DW widths at different Cu thicknesses in the two magnetic layers as
shown in Fig. 1b will reveal more information about the coupling behavior. Stray fields originat-
ing from ripples in the Co layer also lead to strong irregularities in the magnetization of the Py
layer for tcy > 2.0 nm.

Fig. 2 Influence of an external field on a 5x15 ym Py/Cu/Co structure with tcu = 2.5 nm.

The strength of the antiparallel coupling inside the walls can be investigated with an exter-
nal field. A trilayer structure with tcu = 2.5 nm and uniaxial anisotropy parallel to the long side
(tilted by about 15°) was imaged after applying an external magnetic field along the hard axis
(Fig. 2). When reversing the field, domains are switched (domain pattern changed slightly).
While switching, the walls in the Py layer keep their antiparallel alignment to the Co layer,
hence they are also aligned antiparallel to the applied field. In an external field of ~7.5 mT the
walls start to turn partly along the field. Finally, at ~15 mT they are almost completely
switched. Even higher fields are necessary to saturate the magnetization along the hard axis of
the structure.

Another important aspect is the dynamics of the magnetization in the ps time range. Conse-
quently, a trilayer structure with tcu = 2.0 nm was imaged while applying a magnetic field
pulse of ~3 mT amplitude and ~200 ps FWHM perpendicular to the long edge of the structure.
Pump-probe delay times with respect to the magnetic field pulse from -100 to 2000 ps in steps
of 50 ps where imaged (Fig. 3a). To analyze the magnetization dynamics, the XMCD contrast

Fig. 3 Time dependence of a 5x15 pym Py/Cu/Co structure with tcu = 2.0 nm. a) Magnetic domains at different delay
times. b) Magnetic field pulse (line) and XMCD contrast integrated over two areas on the structure as a function
of delay time (squares).
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of two areas on the structure has been integrated and displayed as a function of delay time
(Fig. 3b). The magnetization is mainly following the external magnetic field. In addition a long-
term change in the Py magnetization is visible due to domain wall motion in the magnetically
harder Co layer. These preliminary results are being contrasted with micromagnetic calcu-
lations (OOMMF).

In summary, the following facts have been observed: An antiparallel coupling in the domain
walls of the magnetic layers for spacer thicknesses tcy > 1.5 nm is found, which can be ex-
plained by a dipolar interaction. The switching behavior of a trilayer structure with tcy = 2.5
nm is studied in detail, revealing a coupling field of ~15 mT across the walls. First time-re-
solved measurements of a 5x15 um2 trilayer structure show a repeatable reaction of the Py
layer on the magnetic field pulse. For future time-resolved measurements the setup of a new
laser system at the UE49-PGMa beamline is in progress. This will combine the high lateral
resolution of the Elmitec SP-PEEM with time-resolved pump probe experiments in the ps
regime.
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1. Introduction

Fluorination is a promising method for expanding the use of carbon nanotubes (CNTSs) to
several areas where the tailoring of properties such as wettability, adhesion, chemical
stability, permeation, electrical conductivity, and biocompatibility are important’. Due to
fluorine’s high electronegativity, fluorination drastically modifies the nanotube surface
chemistry, changing the electronic properties depending on the degree of fluorination and the
specific addition pattern of the fluorine atoms on the nanotube surface®*.

Fluorination in fluorine gas generally results in a high reaction ratio and a deep penetration
into carbon-related materials which prevents a good control of sidewall fluorination®. In this
context, plasma fluorination has the potential to limit the fluorination area to the external
surface of the nanotubes if performed at room temperature; in addition it requires a reaction
time orders of magnitude shorter than other fluorination methods.*>

In this work, CF, plasma functionalization of multiwall carbon nanotubes are investigated
using high-resolution x-ray photoelectron spectroscopy.

2. Method

Samples were prepared using commercial MWCNT powder synthesized via catalytic
chemical vapour deposition (CCVD)®. The functionalization was performed in a homemade
chamber using inductive coupled plasma at the RF frequency of 13.56 MHz.* A controlled
flow of CF4 was introduced inside the chamber; the treatment was performed at gas pressure
of 0.1 Torr, using 10 W.

The changes induced in the CNT electronic states due to the grafting of fluorine atoms by
the rf-plasma treatment were investigated by XPS. X-ray photoemission experiments were
performed at UE56 beam line BESSY Il (Berlin) using the Mustang end-station.” Photon
energies were selected so that all spectra were recorded at similar kinetic energies
corresponding to high surface sensitivity, namely 400 eV for recording C 1s, 800 eV for F 1s,
and 110 eV for valence bands. The selected photon energy for valence band studies, together
with a favourable cross-section ratio®, will lead to a higher contribution of the fluorine states
on the valence band spectra. The Au 4f;, peak at 84.0 eV binding energy, recorded on a
reference sample, was used for calibration of the binding energy scale.

Results

Table 1 presents the parameters used for the plasma treatment and the resulting F/C ratio
evaluated by XPS analysis. As mentioned before, the photon excitation energy was chosen to
generate photoelectrons with kinetic energy of the order of 100 eV, for which the inelastic
electron mean free path was reported to be ~ 5 A °. Therefore, considering the distance
between the CNT walls (~ 3.45 A); the outer wall contributes 50% of the intensity of the
carbon peak. Thus the F/C ratio as determined by XPS includes contribution of photoelectrons
belonging to the two outer walls, meaning that the actual fluorine/carbon ratio of the surface
will be twice the measured F/C ratio.
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FIC

F/C ratio coverage of

Sample Treatment time (S) (XPS) the outer wall
1 2 0.25 0.50
2 5 0.22 0.44
3 15 0.19 0.38
4 30 0.16 0.32
5 45 0.17 0.34
6 60 0.16 0.32
7 300 0.12 0.24

Table 1 Parameters used for the plasma treatment of MWCNTS, together with the F/C ratio evaluated by XPS and the actual
surface coverage on the outer wall. The F/C ratio as determined by XPS includes contribution of photoelectrons belonging to
the two outer walls, so the quoted fluorine/carbon ratio of the surface is twice the measured F/C ratio.

Chemical modification by the plasma treatment is revealed by the appearance of new
structures contributing to the C 1s line shape at higher binding energies. These structures are
generated by photoelectrons emitted from carbon atoms participating in C-F bonding or from
carbon atoms neighbour to a carbon atom bound to a fluorine atom: Due to its high
electronegativity, fluorine has a very strong effect on the electronic screening of the element
to which it is bound. In addition, when a C atom not bound to fluorine is first neighbour of
another carbon atom bound to one or several fluorine atoms, an inductive effect arises.'® The
main peak in the C 1s spectrum of the plasma functionalized samples is generated by
photoelectrons emitted from the carbon atoms that do not interact directly with fluorine
atoms. From the reported results', we can suggest the following attribution for the peaks
observed in Figure 1: C,F at 286.4 eV, CsF at 287.5 eV, C4F at 288.8 eV, CF at 291.0 eV, and
CF,at 293.0 eV.

The maximum F/C ratio of 0.25 |a) ﬁ
(equivalent to C,F surface coverage) is
obtained after 2s of functionalization; for
increasing functionalization time this
ratio decreases (table 1). Figure 1
shows that for increasing
functionalization time the relative
intensity of the different components
varies. This trend suggests that certain
bond configurations are more stable
and/or are less influenced by the
interaction with the CF, plasma. We p== . . .
believe that the reduction in the F/C = = 2 22 26

. . . . . . Binding energy (eV)
ratio for increasing functionalization
time is mainly due to the chemical
interaction between the CF4 plasma and
the less stable bond configuration — fluorine plasmas are characterized by high-rate chemical
interaction.* As the ions in the plasma interacts with carbon atoms in the graphite layer of
MWCNTS, fluorine atoms can either bond to carbon atoms or cut C-C bonds.

Because valence electrons are involved in bond formation, subtle differences in surface
chemistry may be observed by studying the valence band region. The valence band structure
of the pristine CNTs is characterized by features appearing close to 3.5 eV associated with
photoelectrons emitted from the 2p-n band, extending from 5.5 to 8.0 eV associated with 2p-c
states and the mixed 2s-2p hybridized states at 13.6 eV. The o-n hybridization resulting from
the formation of the CNTs gives rise to the intensity at 11.5 eV.'? The CNT spectrum is
dominated by an intense C 2s region around 18 eV and a broad C 2p region in the range 9-15
eV.
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Figure 1: C 1s XPS spectrum recorded using hv = 400 eV on
CF, plasma functionalized for a) 60 s and b) 300 s.
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The impact of the CF, plasma treatment on the CNT
electronic valence states can be seen in the spectrum e)
recorded on the sample treated for 2 seconds (Figure
3). Notably the MWCNT electronic states are
significantly attenuated. Photoelectrons emitted from

Intensity (arb. units)
o
~—

the valence states of the plasma treated samples )
generate new structures in the binding energy range

of 5 to 16 eV. The broad feature appearing close to - b)
83 eV was reported to be generated by a)

photoelectrons emitted from anti-bonding orbitals of
the C-F bonds with contribution of F 2p states at high A
binding energy. ** The main contribution of the 0B S Do 0
photoelectrons emitted from the F 2p-like states _ rinng Enerey (€4 .
igure 2: Valence band spectra recorded using
appears at 10 eV. The structure close to 15 €V py = 110 eV on (a) pristine MWCNTs

originates from bonding orbitals of C 2s-F bonds. compared with those CF,-plasma treated for (b)
2, (c) 30, (d) 60 and (e) 300 s.

Summary

CF, rf-plasma treatment of CNTs effectively grafts fluorine at the CNT surface, inducing
changes in the CNT valence electronic states due to the formation of C-F bonds.

For increasing treatment time the relative intensity in the UPS spectra close to the Fermi
energy level decreases suggesting that the functionalization of the CNT-surface can be
tailored. The fluorine atomic concentration depends on the plasma exposure time.
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1 Introduction

Nanosized metal particles embedded in surfaces of glasses are of great interest because
of their potential application as nonlinear optical materials for photonic devices. Here,
Ag/Au nanoparticles (NPs) were prepared in soda-lime-silica glasses by double ion im-
plantation. By using different ion implantation parameters it is possible to adjust the
surface plasmon resonance (SPR) in an extended range of wavelengths. This is possible
because for bimetallic nanoparticles the SPR depends on the content of silver and gold.
Additionally, core-shell nanoparticles can result in a shift of the SPR to higher values.

With ASAXS, an element specific investigation allows to validate and to quantify the
core-shell structure or a bimetallic composition of the Ag/Au nanoparticles. Therefore,
we measured at X-ray energies slightly below the Au L;;-edge to understand the effects
of different implantation sequences on the configuration of the nanoparticles.

2 Experimental

Soda-lime glasses containing (in mol%) 72.4% SiOq, 14.4% Nay0, 6.4% CaO, 6.0% MgO,
0.5% Al,03, 0.20% K50, 0.3% SOz, and 0.04% Fe,O3 were exposed to Ag™ (200 keV)
and/or Au™ (300 keV) ion implantation at room temperature. On glass sheets of 1mm
thickness areas of 20x20 mm? have been subjected to implantation for each type of ions at
doses ranging from 2x10'¢ to 4x10' ions/cm?. The beam current density was 1 pA/cm?.
Charge buildup reduction at the glass surface during implantation was achieved by elec-
tron beam irradiation onto the surface. Two samples with different implantation sequence
were produced: 4x10'% Aut + 4x10'® Ag™ (sample name: 4AudAg), 2x101¢ Ag* + 4x101°
Au™ (sample name: 2Ag4Au).

For the ASAXS measurements, the samples were mechanicaly grinded and polished
to a thickness of 150pm to achieve an acceptable transmission. The experiment was
performed at the 7T MPW SAXS beamline at Bessy, Berlin, near bellow the Au L;;;-
edge (11919 eV). To characterize the SPR due to the metal nanoparticles formed in the
implanted areas the optical density of the samples was recorded by means of a Perkin-
Elmer spectrometer in the wavelength range of 250-900 nm.

3 Results and discussion

The coherent intensity of a SAXS experiment can be described by
do
0@ = [ SRy (R?F@ R R

where An; is the scattering contrast, N;(R) the size distribution, V(R) the volume and
F(Q, R) the form factor of NPs of type i. To investigate the chemical composition of
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Figure 1: ASAXS measurements of the samples 4AudAg (left) and 2Ag4Au (right) at three

energies below the Au Ljrr-edge.

the NPs, contrast variation was used by utilise the anomalous dispersion at the Au Lj;;-
edge. Therefore, measurements at three energies near below the edge were performed. In
this case, the atomic scattering factor for Au atoms vary with the energy E., fa.(FE)
foaut fau(E)+ifa,(E), and the scattering contrast is defined as An(E) = Apayfau(E)+
> j2au Ap; fj where Anj; is the difference of the atomic density of element j between matrix
and NP and f; its scattering length.

In Fig. 1 the ASAXS measurements at three energies below the Au L;;;-edge for the
two samples are shown. A clear anomalous effect was observed for both samples and the
scattering curves indicate the presence of core-shell nanoparticles. From TEM/HRTEM
(see Fig. 2) it is known, that the NPs consist of core-shell-particles and additional small
homogeneous particles. Therefore, a model with core-shell particles and spherical particles
was used for the simultanious fit of the three energy dependent scattering curves.

By using the ratio of the scattering contrast An(FE) between the three energies and
fitting the ASAXS curves simultaneously with the model, it is possible to compare the
results with the calculated contrast values and too get the composition of the sphere and
the shell of the NPs (see Fig. 3). For the sample 4AudAg the composition is 50%Au and
50% Ag whereas for 2Ag4Au it is 90%Au and 10%Ag.

With this values for the composition,
the scattering contrast An for the shell
and sphere can be calculated and used in
the next fit step. Now, the size distribu-
tion, volume concentration and number of
particles for all nanoparticles results from
the fitting procedure as well as the scatter-
ing contrast An for the core (see Tab. 1).
Then, the An values from the core can be
used to determine the composition of the
core. This calculations show that for sam-
ple 4Au4Ag the core is completely hollow.
For 2Ag4Au, An indicates that the core
is not hollow but contains a phase with a
density lower than that of Ag.

4 nm

Figure 2: TEM/HRTEM images of Ag/Au
nanoparticles with core-shell structure and small
spherical particles (4AudAg).
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Sphere Shell Core
4Aud4Ag Comp. 50%Au/50%Ag 50%Au/50%Ag hollow
N 1.02x10'6 2.51x10"3
fr 0.0082% 0.0035%
S 0.43 0.297
R 1.14 6.10 2.81
An 75.55%1010 75.55%1010 -19.27x101°
2Ag4Au  Comp. 90%Au/10%Ag 90%Au/10%Ag unknown
N 5.96x101° 3.72x10"3
fp 0.0113% 0.0045%
s 0.434 0.297
R 1.25 5.80 2.94
An 90.72x 1010 90.72x 1010 2.27x1010

Table 1: Values from the simultaneous fit of the three ASAXS curves: composition, number of
particles N, volume fraction fp, variance s, mean particle radius R, scattering contrast An

4 Conclusion

With the ASAXS measurements it was possible to get information about the size, size
distribution, shape and structure of the Ag/Au NPs. Also, the composition of the core-
shell NPs can be investigated with this method. The NPs in the sample 4AudAg with
a composition of 50%Au and 50%Ag results in a SPR between that of pure Ag or Au
because of the composition of the shell and the small spherical particles (see Fig. 4). The
hollow core did not contribute to the SPR.. For the other sample, 2Ag4Au, the composition
from the shell and the small spherical NPs of 90%Au and 10%Ag must result in a shift of
the SPR near to the SPR of Au. But in this sample the core is not hollow and therefore
the SPR is shifted to wavelength values higher than that of pure Au.

These investigations show that it is possible to adjust the SPR between that of pure
Ag and Au for hollow NPs by using different ion doses to vary the composition. With
different ion implantation sequences it is possible to produce core-shell NPs wich are not
hollow and therefore a shift of the SPR to values higher than that of pure Au is possible.
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1- Introduction
Low dimensional TiOx- based nanostuctures, such as nanowires, nanotubes, and nanorods
bring to reality the possibility to fine-tune chemical reactivity as the system structure and the
occupation of the outermost energy levels can be tuned by changing preparation parameters.
Several structures have been proposed for these structures, including scrolling of anatase
sheets, trititanate H,Ti;O; exfoliated sheets, (Na,H),Ti,O4(OH), based layers, and
lepidocrocite titanate-like sheets. Based on x-ray diffraction and transmission electron
microscopy experiments, it is currently believed that the structure is closely related to the
family of layered titanate H,Ti,O2,+1 materials, where n = 3,4,5 or even oo for the end-member
composed of flat layers of octahedra The exact structure is still a matter of debate.
In this work, electronic properties of individual TiOx-pristine nanoribbons (NR) prepared by
hydrothermal treatment of anatase TiO, micro-particles were studied using the BESSY TXM-
NEXAFS end-station at beamline U41l. NEXAFS is ideally suited to study TiO,-based
materials because both the O K-edge and Ti L-edge features are very sensitive to the local
bonding environment, providing diagnostic information about the crystal structures and
oxidation states of various forms of titanium oxides and sub-oxides. TXM-NEXAFS
combines microscopy with spectroscopy allowing the study of the electronic structure of
individual nanostuctures with spatial resolution better than 25 nm [A. Felten et al., Nano Lett.,
7, (2007), 2435]. In addition, the directional electric field vector (E) of the x-rays can be used
as a “search tool” for the direction of chemical bonds of the atom selected by its absorption
edge [J. Stohr in NEXAFS Spectroscopy, Springer Series in Surface Science, vol. 25]. The
electronic structure of these nanoribbons is discussed in terms of the crystal field splitting.
Reference anatase and rutile samples are used as template for the interpretation of the
spectroscopic signatures of the nanoribbon.

2- Results

NEXAFS spectra are clear fingerprint of titanium oxides. They show significant differences
depending on the crystallographic phase as well as on the Ti reduction. TiO; single crystal
spectra show well-resolved peaks in the range between 455 and 470 eV corresponding to the
various Ti 2p — 3d transitions [U. Diebold, Surf. Sci. Rep. 48, 53 (2003)]. The Ti L-edge
shows two groups of peaks arising from the spin-orbit splitting of Ti 2p core level into 2psp
and 2py, levels with ~6 eV energy separation. These levels are further split due to crystal-
field effects. The Ti L, s.edges recorded on rutile TiO, micro-particles (figure 1a), anatase
TiO, micro-particles (figure 2a), and the ribbon have similar form (figure 3a): the Lz and L,
edges are separated by the 2p core hole spin orbit coupling around 5 eV. The L3 and L, edges
are both split by the strong crystal field splitting arising from the surrounding oxygen atoms.
The experimental splitting of the L, line for anatase and the nanoribbon are of comparable
magnitude (~ 2 eV), splitting for rutile being somewhat larger (~ 2.6 eV). The separation
between the t,4 and eq orbitals is about 1.8 eV for anatase and 2 eV for rutile in accordance
with reported results [J. P. Crocombette and F. Jollet, J. Phys.: Condens. Matter 6, 10811
(1994)].
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The O K-edges for the rutile (figurelb), anatase (figure2b), and ribbon (figure 3b) is
characterized by two main features. For anatase these are split by 2.5 eV whereas for rutile it
IS 2.75 eV. For the ribbon the splitting is around 2.5 eV, closer to anatase. This confirms that

the crystal field splitting of the titanate ribbons is close to that of the anatase phase.
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Figure 1: TXM-NEXAFS spectra recorded on TiO, rutile powder: a) Ti L-edge b) O K-edge
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Figure 2: TXM-NEXAFS spectra recorded on TiO, anatase powder: a) Ti L-edge b) O K-edge
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Figure 3 : TXM-NEXAFS spectra recorded on a single TiO4-nanoribbon: a) Ti L-edge b) O K-edge c) TXM
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Figure 3 illustrates the oxygen 1s (K-edge) and titanium 2p (Ls-edge) absorption edges
recorded on the nanoribbon in two experimental geometries: E parallel and perpendicular to
the principal axis of the nanostructure. The Ti 2p spectra are similar to those reported for the
TiO, anatase phase [M.B. Casu et al., Surf. Sci. 602, 1599 (2008)], with the main discrepancy
in the single structure at 460 eV that appears split in the TiO,. This structure results from
transitions to the final state (2ps)'d(3eg)'p®, the e, states are formed by d(z?) and d(x*-y?)
orbitals, which are directed towards ligand anions and are sensitive to deviations from Ti Oy
symmetry. Consequently, the absence of splitting of ey states into d(z?) and d(x*-y?) suggests
that for TiOx-nanoribbon Ti occupies sites with high O, symmetry in contrast to sites with
distorted Oy, symmetry in TiO,-anatase.

The normal incidence NEXAFS spectra were measured with E parallel and perpendicular to
the principal axis of the nanostructure. No strong evidence for anisotropic distribution of Ti
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sites can be observed. Conversely, the O 1s spectra suggest anisotropic distribution of O sites.
The O 1s transitions identified as t,q and ey in the spectra result from transitions to final states,
3d(2t)"(15)"p® and 3d(3ey)'(1s)"p°. The energy separation between t,y and e, (crystal field
splitting) is 2.5 eV, in close agreement with the value measured in the Ti 2p spectrum.

This work shows the high potential for the TXM-NEXAFS for study isolate low-dimensional
nanostrutures.

Acknowledgment: This work is financially supported by the Belgian Program on
Interuniversity Attraction Pole (PAI 6/08), ARC-UMH and by BESSY and the European
Commission under contract RI13-CT 2004-506008 (IASFS).
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Electronic structure and bonding in tetrakis-pyridyl porphyrins
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Organic molecular films of porphyrins have attracted attention over the past years in view
of potential applications in electronic devices. One of the most exciting properties of compounds
is the ability to control electronic properties and spin states of porphyrins by optical excitation
and introducing charge carriers which is important for molecular electronics. For understanding
and tailoring their properties knowledge of electronic structure and bonding in these compounds
is required. As shown in [1-3] in a wide class of porphyrins one can vary electronic state by
ligands and metal doping. The occupied and empty states of porphyrins which are involved in
chemical bonding are essentially responsible for promising properties and should be studied.

In present project electronic structure and chemical bonding in tetrakis- (tetrakis-3 and -4-
pyridyl) porphyrins were studied by UPS and XPS photoemission spectroscopy and XAS
spectroscopy. To obtain this information high resolution of N1s, Cls, valence band and
absorption spectra were measured at Russian-German beamline at BESSY ( MUSTANG
Phoibos 150 electron analyzer) in the photon energy range 100-1000 eV. The base pressure in
the UHV chamber for measurements was about 5x10*° mbar. The angle of the incident photons
was kept fixed at 67° relative to the sample surface normal. We measured normal emission
valence band and core level spectra. Total resolution (electron plus photons) was about 120
meV.

Chemically (drop coating chloroform solution of the compounds and UHV in situ organic
molecular beam deposited films (from oven with temperature at 590K onto Si/Au, In, layered
Bi,Tes and SnS surfaces at room temperature) of porphyrins were studied The chemically
deposited samples were additionally cleaned in situ by resistive heating up to ~ 400 K.
Preliminary experiments on possible interaction of porphyrins with Pt under direct UHV
deposition also were performed.

We have examined the electronic structure of valence band and core levels of pristine
tetrapyridyl-3,4-porphyrins using synchrotron radiation PES.

XPS spectra of N1s levels for TPy4P are shown in Fig.1. Similar results were obtained
for TPy3P porphyrin. In TPy-porphyrins XPS spectra three peaks structure of N1s states with
binding energies 400.1, 399.2 and 398 eV were assigned to pyrrol, pyridyl, and aza nitrogen
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respectively ( similar to [3]). Different peaks observed in the C1s spectra are related to the
unequivalent C atoms in the porphyrin molecules (aromatic and C-N-C groups) as well as shake-
up HOMO-LUMO satellite.
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Fig.l XPS spectra of TPy4porphyrin/in: top
panels — N1s (hv=600eV) and valence band
(hv=120eV) spectra, bottom panel — XPS Pt4f level
spectra (hv=400eV)

UPS studies of VB (performed at photon energy 120 eV) of TPy-porphyrins show that
the valence band is mainly formed by peaks corresponding to = (2- 10 eV) and o states (8-16 eV)
of porphyrin macrocycles. Peak of C2s states in lied at about 18 eV in VB spectra.

The C K-edge spectra of NEXAFS spectra of multilayer films (UHV sublimation in situ)
of pyridyl-porphyrins exhibit resonances at 284 eV and 287 eV which could be attributed to
excitation into unoccupied orbitals located on the porphyrin ring aromatic system. Similar the N
three parts K-edge spectra connected with the three different nitrogen atom types were observed in
NEXAFS spectra of these compounds.

UHYV deposition of a small excess of Pt atoms on this 2HTPyP monolayer results in the
complex signal of Pt shown in Fig. 1 and changes in N1s spectra. The simplest possible approach
to interpreting the complicated Pt signal assumes that it arises from a mixture of the product of
metalation Pt in TPyP (with base and pyridyl group), and unreacted Pt. Further evidence for the
existence of this species is provided by the Pt 4f XPS spectra in Figure 1, in which intermediate
states of Pt are observed. The respective signal components (Figure 1, magenta line) are located
at 72.1 eV), i.e., between the signal of unreacted Pt clusters 71.8 eV, (brown line) and PtTPy4P
(72.7 eV, green line).
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Preliminary photoemission studies have apparently demonstrated the interaction of
monolayered film of TPy4-porphyrin with Pt on the surface after deposition in situ in UHV and
changing of Pt4f states and N1s spectra.
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head groups
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Self-assembled monolayers (SAMs) of thiols on gold are unique systems to tailor
surface structures and their chemical nature. For this reason they were investigated
intensively over the past decades.! Especially for high-throughput diagnostic
applications thiolate based SAMs on gold can be used as platform to immobilize
different biological structures (e.g. peptides, proteins, DNA, carbohydrates).
Therefore adequate functional head groups and the knowledge of the basic surface

chemistry are a prerequisite.

Within a program to improve microarray performance we studied different aminated
surfaces.**l Herein we report on the analysis of SAMs on gold based on
w-aminoterphenyl substituted alkanethiols. These monolayers were analyzed by XPS
(X-ray Photoelectron Spectroscopy) and NEXAFS (Near Edge X-ray Absorption Fine
Structure) spectroscopy at BESSY to gain deeper insight into their structural and

chemical nature.

The surface chemistry and reactivity of the amino groups was tested in a qualitative
manner by chemical derivatization using the amine-reactive isothiocyanate reagent

ITC.

CF3
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Scheme 1: Derivatization of 2-(4"-amino-1,1':4',1"-terphenyl-4-yl)ethane thiol (1)
with 1-isothiocyanato-3,5-bis(trifluoromethyl)-benzene (1TC).
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In Figure 1 high-resolution Cl1s XP spectrum of thiolate 1-F after reaction with ITC

on gold is shown exemplarily.
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Figure 1: High-resolution C 1s XP spectrum of a derivatized 1-F SAM.

After chemical derivatization the most distinct peak in the C 1s region of 1-F is the
signal at 292.6 eV originating from newly incorporated CFz; groups after successful
reaction with ITC. This interpretation is supported by signals at 287.7 eV in the C 1s
and at 399.8 eV in the N 1s (not shown) caused by carbon and nitrogen atoms of the

thiourea moiety.

NEXAFS analysis provides both chemical and structural information and can be used
orientation of the molecular moieties within the
this purpose NEXAFS

to determine a preferential

monolayer with respect to the surface normal. For

measurements were done at BESSY’'s HE-SGM beam line at different angles (20°,

55°, 90°) of the incidence synchrotron light.
Figure 2 illustrates the C K-edge NEXAFS of the terphenyl SAMs 1 and 1-F. The
most intense resonance of both spectra at 285 eV is associated with transitions to

ﬁZC:CVC:N) orbitals of the aromatic backbone. The spectra show further contributions
due to ¢~ resonances at 288 eV (C-H) and 292 eV (C-C, C-N).

After chemical derivatization the C K-edge NEXAFS of the fluorinated SAM 1-F

changes noticeably compared to 1. The peak at 295 eV can be assigned to

excitations into the o _r, orbitals of the CF; groups whereas 7. ¢ vy, 7 . and

ﬁ;ng resonances are found at 286.4 eV, 287.8 eV and 289.0 eV.
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Figure 2: C K-edge NEXAFS at three different angles of incidence of linear polarized
synchrotron light (90°, 55°, 20°) and the difference spectrum (90°-20°) of 1 (left)
and its fluorinated analog 1-F (right).

The intensity of the 7 resonance at 285 eV depends on the incident angle of the

synchrotron beam!®. This phenomenon is known as linear dichroism effect.

Using this relation an average tilt angle of o =62° for the 7 orbitals of the aromatic
ring system in monolayer 1 was determined. And after reaction with the
isothiocyanate I1TC the average tilt angle was slightly increased to 66°. These results
indicating that the preferred orientation within the monolayer 1-F remains

unaffected by the chemical derivatization reaction.

These studies will be extended to other SAMs based on aromatic thiols with amino
groups in order to quantify the amount of reactive sites on the surface by chemical

derivatization XPS.
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Electronic structure of LaFeAsO,..F, from Photoemission Spectroscopy
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The recent discovery of the superconducting oxypnictides has sparked immediate and intense
scientific effort. Superconducting transition temperatures up to T, = 43 K have been reached
for LaFeAsO1.4Fx [1, 2]. LaO1.xFxFeAs crystals consist of alternating LaO1.xFx and FeAs lay-
ers. It is assumed that the LaO1.xFx layers serve as ionic charge reservoirs for the covalently
bound metallic FeAs layers where the superconductivity appears. According to band structure
calculations the density of states in the vicinity of the Fermi energy is dominated by iron
character [3].

Here we report on angle integrated photoemission measurements of LaFeAsO;.xFx (x =0, 0.1,
0.2). We have measured the photointensity of polycrystalline material for various excitation
energies ranging from hv = 15 eV to hv = 200 eV at T = 30 K. Polycrystalline samples of La-
FeAsO,.xFx were prepared by using a two-step solid state reaction method, similar to that de-
scribed by Zhu et al. [4]. The crystal structure and the composition was investigated by pow-
der X-ray diffraction (XRD) and wavelength dispersive X-ray spectroscopy (WDX). Critical
temperatures of T, ~ 23 K and T, ~ 10 K for x = 0.1 and x = 0.2, respectively, have been ex-
tracted from magnitization and resistivity measurements. The undoped sample shows a transi-
tion to a commensurate spin density wave below Ty = 138 K [5]. The data were measured us-
ing synchrotron radiation at the “1*” ARPES station with a Scienta R4000 spectrometer at
BESSY. The samples have been scraped in situ before measurements at a pressure of p =1 -
10" mbar. The base pressure in the measurement chamber was p = 1 - 10°° mbar.

Figure 1 presents the valence band of undoped LaFeAsO taken with different photon energies.
The spectra have been normalized to the high energy shoulder of the broad peak centered at
about E = -5 eV (marked by the arrow). We compare the experimental data to LDA based or-
bital resolved density of states (DOS) calculations in panel (b). The main features of the va-
lence band for all photon energies are a peak near the Fermi energy at E ~ -0.25 eV and the
broad peak around E = -5 eV. The inset of panel (a) shows a zoom of the vicinity of Ef for hv
= 15 eV. The Fermi edge appears as a small slope change at the low energy tail of the spectral
weight. In between the near Er peak and the broad peak a plateau-like region is observed with
a small peak at E = 1.7 eV. The broad peak has a complex structure and consists at least of
two separate features. The low energy peak and the broad peak, have a significant dependence
on the photon energy. The center of gravity of the broad peak shifts towards lower energies
due to the intensity increase of the low energy shoulder, which becomes more intense than the
high energy shoulder at hv = 95 eV. The presented spectra are taken at T = 30 K, but no major
changes are observed when crossing the magnetic ordering temperature Ty = 138 K.

The reason for the hv dependent intensity variations lies in the hv dependence of the photo-
emission cross section. The opposite behavior of the high energy shoulder of the broad peak
and the low energy peak suggests that they arise from different atomic orbitals. We show the
energy dependence of the cross section of the potentially important valence orbitals, namely
Fe 3d, As 4p, and O 2p as a function of photon energy in Fig 1c. As 4p is important for low
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energies (< 25 eV) only. For energies above ~ 25 eV the spectra will be governed by Fe 3d
and O 2p emission. For increasing photon energy Fe 3d dominates. Fig 1d shows the ratio of
the cross sections Fe 3d/O 2p (blue line). It increases monotonically in the measured range
and reaches a value of 6.5 for hv = 200 eV. Motivated by the increase of the low energy peak
and the decrease of the high energy shoulder with increasing hv we assume, that the former is
due to Fe 3d and the latter is mainly due to O 2p. We evaluate the intensity of the low energy
peak by taking the integral from zero to E = -1 eV without any background treatment (red
box). Since we normalized the spectra to the high energy shoulder this integral value corre-
sponds automatically to the experimental intensity ratio. Those values are plotted in Fig. 1d as
red points. We find satisfactory agreement and conclude a posteriori the correctness of our
assumptions.

To conclude we have investigate the electronic structure of the iron arsenide superconductor
of LaFeAsO1.xFx and find gross agreement to band structure calculations. In particular the Fe
character of the states near the chemical potential is confirmed.
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Figure 1: (a) hv dependent photoemission valence band spectra of LaFeAsO. The arrow
marks the point of normalization. The red rectangle is the integration window for the low en-
ergy weight shown in panel (d); the inset shows the near Er region for hy = 15 eV. Note the
small change at E = 0 which indicates the Fermi edge. (b) LDA derived orbital resolved. (c)
Atomic photoemission crosss section for the relevant orbitals [6]. (d) Ratio of the Fe 3d and
O 2p cross section from (c) (blue line) compared to experimental values obtained by integrat-
ing the low energy peak.
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Temperature dependence of sublattice magnetization in Heusler alloys

M. Kallmayer, P. Pérsch, T. Eichhorn, H. Schneider, C.A. Jenkins, G. Jakob, H. J.EImers
Institut fur Physik, Johannes Gutenberg-Universitit Mainz, D-55128 Mainz, Germany

Introduction

NiMn-based Heusler-type intermetallic compounds have recently attracted much attention because
Ni;MnGa has shown huge magnetic shape memory effects [1]. In Ni,MnGa based Heusler compounds a
martensitic transformation from a L2; parent phase to a martensite phase of lower symmetry occurs at a
specific temperature [2]. The martensitic transformation temperature (T,,) of Ni,MnGa based compounds,
being below room temperature for the stoichiometric Ni;MnGa compound (202 K), is very sensitive to the
composition and increases up to 410 K for slightly off-stoichiometric compounds Niy gsMn;,Gagg,. The
addition of further constituents, i.e. Fe and Co [3] can remarkably change T, and further magnetic
properties, too. Theoretical investigations [4,] revealed the importance of the electron to atom ratio e/a for
the martensitic transformation.

A recent X-ray absorption spectroscopy (XAS) study [5] uncovered the characteristic change of the
density-of-states (DOS) function in Ni,MnGa at T, as predicted in Ref. [6]. Here, we apply circular
dichroism in XAS (XMCD) to investigate changes with temperature and composition of element-specific
magnetic moments and of the DOS in order to test theoretical predictions [6,7]

Experimental

Single crystalline Ni,MnGa based films were prepared as described in Ref. [5].The Ni;MnGa and
NipgsMny»Gagg, films were sputtered from targets with the denoted composition. The
(Ni,MnGa);—(Co,FeSi), films were prepared by sequential sputtering of thin layers with subsequent
annealing. XAS revealed an intermixing of the latter samples.

Results reported here were derived from transmission measurements unless stated otherwise [8]. The
magnetization of the sample was switched at each energy step by applying a magnetic field of 1.6 T
perpendicular to the sample. The absorption constant is calculated by pd = In(l/l.es), where d is the
thickness of the sample, p the absorption coefficient and I, the reference luminescence signal linearly
extrapolated from energies below the respective L absorption edges.

Results for Ni;MnGa

Ni;MnGa/Al,05(11-20) films show a martensitic phase transition at T,, = 275 K [5] as determined by X-
ray diffraction. A satellite peak observed at 3.8 eV above the absorption edge for the austenitic phase is
nearly suppressed in the martensitic state (see bottom panel of Fig. 1).To first order absorption intensity at

Figure 1. Difference of the Ni XAS spectra
(black line) measured at the indicated
temperature and at low temperature (115 K)
indicated by a color code (blue means negative
values, yellow means positive values. Ni XAS
spectra for 115 K (blue line) and 293 K (red
line) and the corresponding difference spectrum
(black line) is shown below.
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the Lz absorption edge is proportional to the DOS of unoccupied states above the Fermi edge. The same
holds for the L,-edge which is, however, broadened compared to the spectra at the L; edge. Accordingly,
the observed change of the spectra can be explained by a change of the electronic structure. The
suppression of the satellite peak in the martenistic state is due to the lift of degeneracies in the Ni 3d
related unoccupied electronic states as predicted by ab initio calculations [6] .

For a detailed study of the spectral change we measured XAS for a series of temperatures covering the
phase transition region around T, with data acquisition at 3 K steps. Fig. 1 emphasizes the temperature
dependence of the electronic structure in the region of T,. The Fermi edge is located near the initial
increase at the L; edge. The difference of the high and low temperature XAS signal reveals a minimum
close to Er and an additional maximum above the Lz absorption maximum in addition to the appearance of
the 3.8 eV satellite discussed before. The initial minimum of the difference indicates a decrease of the
local DOS at Er when the system enters the high temperature cubic phase. This is also in agreement with
the theoretical prediction [6]. In order to follow the temperature dependence we plot the difference as a
color map with minima indicated in blue and maxima indicated in red. The prominent feature is the rise of
the 3.8 eV satellite close to T, = 275 K. In the same temperature region the minimum at Er reveals a
subtle shift of 250 meV to higher energy. The shift of the minimum indicates a shift of electronic states
across the Fermi edge which might be the origin of the martensitic phase transition.

Result for NillgeMnl_zz Gagg

Due to the increased Mn content the martensitic phase transition in NiygsMn; 2,Gagg, films, increases to
Tm = 410 K. The magnetic moment of both Ni and Mn is smaller for the non-stoichiometric compound.
The sum rule analysis results in a total reduction of of the magnetic moment of 40 % at 300 K and 10 % at
115 K, also indicating a stronger temperature dependence for Nij gsMn; 2,Gag g, (See Table 1). The ratio of
the Ni and Mn spin moments of 0.12 remains the same for Ni;MnGa and Nij gsMn; 22,Gagg2. A
reduction of magnetic moments for non-stoichiometric Ni,MnGa compounds was predicted by
theory [9]. According to this model the magnetization should decrease linearly with the deviation

NiQI\-[l]G'EL Nil_gﬁh[ﬂl_g?(}ﬂ@_b‘? B .

115 K 203 K 115 K 203 K Table 1. Magnetic moments (in uB
fapin Mn 2.50(7) 2.33(7) 2.00(7) 1.44(7) &ngatGom) foorl l\ﬁr) all\r;ld N(“: In
Ni 0.31(2) 0.27(2) 0.24(2) 0.17(2) NI2vintsa: —an 11.961VIN1 22580.82
films as derived from a sum rule
ot Mn 0.06(5) 0.03(5) 0.01(4) 0.03(3) analysis. The summarized magnetic
Ni 0.05(1) 0.04(1) 0.02(1) 0.01(1) moment per formula unit pgm is
compared to the magnetic moment
o 3.28(11) 2.00(11) 3.08(11) 2.15(11) per formula unit py,, measured by

[rmag 3.3(3) at 10K 3.0(3) at 10K SQUID(VSM) magnetometry.

from the average number of valence electrons per atom, e/a, starting from a maximum value of 4
UB per atom at e/a = 7.5 for Ni,MnGa. For Ni; gsMn;2,Gag g, one accordingly expects a value of
3.5 uB per atom [9]. The relative decrease, 3.5/4, is in rough agreement with our result for films,
3/3.3, however, absolute values are considerably smaller for both compounds.

Result (Ni;MnGa);—x(Co,FeSi)y

A composition of (Ni,MnGa);.4(Co,FeSi), represents a mixture of two Heusler compounds with an equal
number of valence electrons per atom, e/a = 7.5. For a (Ni;MnGa),x(Co,FeSi)y film Ty, = 250 K is reduced
compared to the Ni;MnGa film. We attribute this reduction to the influence of the Co,FeSi content
favoring the cubic structure. The temperature dependence of magnetic moments shown in Fig. 2 reveals a
similar behavior as in the case of Ni,MnGa films (see Ref. [5]). The step-like increase of the Ni spin
moment and the peak-like maximum of the Ni orbital moment is well reproduced although the latter
appears strongly suppressed. Contrarily the spin moment shows a pronounced maximum and the orbital
moment a minimum near T, This behavior might be induced by the lowest atomic symmetry present just
at the phase transition. The Co and Fe spin moments are smaller compared to moments measured for
CozFeSi films (Mspin(Fe) = 2.5 pg, Hspin(C0) = 1.3 pg), while the orbital moments are increased. Smaller
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spin moments could be intuitively expected for Co and Fe since they are interdiffused into the Ni,MnGa

host with smaller average magnetization.

Figure 2.(a) Effective spin moments per d-hole, Ny, for Mn
(red squares), Co (blue circles) and Ni (cyan triangles) and
(b) orbital to spin momentum ratio for Mn (red squares), Co
(blue circles) and Ni (cyan triangles) for a 100 nm
(Ni;MnGa)g.975(Co2FeSi)g025 (110) film on Al,05(11-20). (c)
The increase of the peak area (after linear background
subtraction) of the satellite peak A observed 3.8 eV above
the Ni L3 (cyan triangles) and Co L; (blue circles) absorption
edge indicates the martensitic phase transition. The
temperature range of increasing peak area is marked in gray.

In summary we find an almost temperature-independent ratio of sublattice magnetization in Ni,MnGa
based compounds. An increase of the Mn concentration reduces the Mn and Ni moments. An increase of
the Co,FeSi content leads to an increase in the Mn and Ni moment, and to a decrease in Ty,
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Residual stress measurements on PVD-multilayers with various designs

H.-A. Crostack, U. Selvadurai-Lafl, G. Fischer

Lehrstuhl fiir Qualititswesen; Universitdit Dortmund, Joseph-von-Fraunhofer Str. 20, 44227
Dortmund, Germany

1. Introduction

PVD multilayer systems are used as hard coatings of cuttings tools [1]. Due to the coating
process and the mismatch of thermo-elastic properties between the metallic and ceramic
layers of multilayer system and the substrate (Young’s modulus, Poisson ratio, thermal
expansion coefficient) high residual stresses and residual stress gradients are induced. These
stresses and stress gradients can result in microcracks and the delamination of the coatings. In
consequence, the life time of concerned cutting tools will be shortened. A better knowledge
about the correlation between the process parameters and the residual stresses is a key factor
to prevent this life time reduction. For that reason, PVD-multilayer systems were
manufactured with various designs [2] and the residual stresses were analyzed in the layer
materials and the substrate using Energy Dispersive Diffraction method available at beamline
EDDI of BESSY II.

2. Materials and Methods
The residual stress measurements were performed on the ceramic/metal multilayer system
TiAIN/Ti manufactured with the four designs schematically shown in Fig. 1

A: 500nm-10nm-5x B: 100nm-10nm-25x C: graded-10nm-5x D: graded-200nm-5x

Fig. 1: Designs A - D of analysed PVD-multilayer systems CrAIN/Cr and TiAIN/Cr, ceramic
layers -red, metal layer - white, steel substrate - gray, the thickness ratio of layer types
is drawn realistically

In case of design A (5 ceramic and metal layers), the metal layer thickness was varied in the
range from 10 to 60 nm at a fixed thickness of ceramic layers (500 nm). The multilayer design
B (25 ceramic and metal layers) were only studied with the thicknesses of 100 and 10 nm of
ceramic and metal layer, respectively. Design C is a multilayer system with graded thickness
of ceramic layers and a fixed metal layer thickness (10 nm). In contrast to design C, the metal
or amorphous ceramic layer was 200 nm thick. The surface of most substrates were uniform
mechanical treated before depositing the multilayer system. To study the effect of mechanical

N
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treatment on the residual stress, the treatment was finished after various grinding and
polishing steps for selected. TiAIN/Ti samples with design A.

For X-ray diffraction stress analysis on these multilayers, the materials science beamline
EDDI was chosen, which provides X-rays in an energy range between about 10 and 120 keV
[3]. The measurements were performed in the energy-dispersive mode which yields
diffraction spectra with a multitude of reflections for fixed positions of ® (6°) and 20 (12°).
The residual stresses were analysed by means of the sin2\|/ -method [4] using X-ray elastic
constants calculated from the single crystal constants. Each reflection E(hkl) in the spectrum
yield another average information depth and allowed for a depth-resolved analysis of the near
surface residual stress fields by extending methods like the multi-wavelength method [5] to
the energy-dispersive case of diffraction. By means of these methods, information on the
phase-specific in-plane residual-stress state within both layer materials became available.
Furthermore, the depth-depending stress states in the subsurface regions of substrate was
obtained, too. The subsurface region belongs to the critical failure zones of PVD-coated tools.

3. Results

The diffractograms (Intensity/E) reveal that the crystalline portion of the studied
nanocrystalline ceramic and metallic layers is high. Even reflections of 10 nm thin metal
layers can be detected. In all samples, the reflections (111) and (200) of TiAIN exist.

In all multilayer systems high compressive residual stresses were found in the ceramic layers
(-1.5 and to -5 GPa). The residual stresses in metal layers are also compressive but much
lower than in the ceramic layers (-50 and -200 MPa). This effect is due to the stress relaxation
by plastic deformation.

A reduction of surface roughness of substrate surface by stepwise finer grinding and polishing
before the deposition of the TiAIN/Ti multilayer system increases the compressive residual
stress in the TiAIN layers and decreases the compressive residual stress in the substrate region
near the coating (Fig. 2). But here the stresses evaluated for TiAIN (111)-reflection are lower
than for the TiAIN (200) reflection.

Since in the steel substrate various Fe-
reflections could be evaluated, the depth
profile of residual stress were analysed
near the substrate-multilayer interface.
Near the interface similar compressive
stresses of about 260+ 13 MPa exist in
substrate after both preparations. The plot
shows that the compressive stresses
diminish with increasing distance to the
interface (Fig.2). In the sample grinded
with 1200 mesh hard particles (open
symbols) the stress gradient is steeper.
The compressive stress diminishes down
to — 60 = 8 MPa (grinding) and 99 + 10
MPa (grinding and polishing),
respectively.

Fig. 2: Effect of substrate preparation on the
residual stresses in the TiAIN layer of the
multilayer system TiAIN/Ti and the steel
substrate, (500 nm ceramic — 10nm metal)

Correlation between stresses of coating and substrate yields to an influence of substrate
preparation on the complete sample. Polishing leads to a decrease of stress values of the
ceramic layers, but to an increase of stress values in deeper substrate regions. Further
investigations on substrate without any preparation are needed to interpret this effect.
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The influence of designs A, B and C was analysed on samples with various TiAIN layer
thicknesses (Tab. 1). In thick coating layers with the same thickness (A) the residual stress of
ceramic layers are lower than of thin layers (B). But in graded layers (C) the highest value
was found. The stress values of metal layer and subsurface substrate behave contrary. Thus in
metal and substrate of graded layers the smallest stress values exist. In thin layers the crystal
growing process is interrupted in an early stadium and this inhomogeneous state increase
residual stresses.

Tab. 1: Residual stresses of TiAIN/Ti multilayers with different design A, B and C.

Design | Layer Thickness of Coating Gl Gl o1l
ceramic / metal thickness Fe TIAIN (111) | Ti (002)
[nm)]
A 500nm / 10nm-5x 500 256+11 | -1528+122 | -191+43
B 100nm / 10nm-25x 2500 152+12 | -3890+117 | -144435
C Gradiert / 10nm-5x 1500 11013 | -5012+100 | -74+27

Multilayer systems with various ceramic and partially amorphous ceramic layer thickness
exhibit higher RS (Tab. 2) than systems with thick (500 nm) ceramic and thin metal layers
(see design B of Tab. 1).

Tab. 2: Residual stresses of TiAIN/amorph TiAIN multilayers with different design B and D.

Design thickness thickness TiAIN o1 [MPa] o11
TiAIN [nm] amorph [nm] Ferrit TiAIN 111
B 25x100 nm 25x10 nm -275+26 -4475+64
D X 1500 5x200 nm -300%12 -40224+46
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Direct measurement of the electric field in semiconductor junctions using

high energy, high resolution x-ray photoemission (HIKE).
Allsop, N.A.; Lauermann, |.; Moénig, H.; Gorgoi, M.; Fischer, Ch.-H.; Grimm, A.; Johnson, B.; Kropp, T.;
Lux-Steiner, M. Ch.;

Helmholtz Zentrum Berlin fiir Materialien und Energie.

One of the key parameters in semiconductor devices is the built-in electric field or band
bending which results from the formation of an electronic junction. Band bending is often
characterised by capacitance-based methods, however as the defects become more
complicated (e.g in thin film solar cells) the interpretation becomes ambiguous.

Traditional PES spectroscopy can only indirectly monitor the band bending in
incomplete semiconductor junctions. We have used high kinetic energy PES (HIKE) to
directly determine the band bending in completed model semiconductor junctions, including
measurements under in-situ applied bias to control the band bending.

High kinetic energy photoemission measurements allow material inspection down to
20 nm depth with high resolution. When measuring semiconductors the emission can change
by several 100meV through this depth due to the electric field/band bending. Band bending
measurements are not new to the PES community. The shift of the peaks with different
doping concentrations [1] or the shift of peaks upon deposition of thin overlayer [2] is often
used to follow the band bending. However, these methods involve comparing measurements
taken in the presence of unknown surface charges and work function, which are usually
presumed to remain constant. Due to the limited depth of conventional PES the normal
measurements are rarely able to look at completed semiconductor junctions and therefore
the defect occupation can also be substantially different.

Sensitive measurements of the peak shifts are also complicated by changes in the
work function or shifts due to realignment of the beam between samples. Therefore we also
measured the broadening by fitting the shape of the photoemission peaks, a method which
previous studies have argued is not realisable for conventional PES [3].
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Figure 1. The theoretical broadening and peak shift associated with the electric field in Volts per Inelastic Mean Free
Path. A 1eV starting FWHM has been assumed but the field can be normalized to any FWHM.

The samples used were GaAs:Au Schottky contacts (Fig.2). Gold is known to pin the Fermi
level at the surface of n-type GaAs to induce a built in voltage of approx. 0.9V. In order to
measure the Ga2p and As2p in the completed junction, a very thin 5nm layer of gold was
used. In conventional PES this would completely absorb the photoelectrons emitted from the
GaAs, however with HIKE we can use an excitation energy of 6keV. The 5nm gold layer is
also thick enough to allow a voltage to be applied in-situ.
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Figure 2. GaAs-Au Schottky contacts

The peak fitting procedure was performed by using the measured peak from the intrinsic
GaAs, where no significant field is present, and convoluting this peak with an exponential

Experimental Intrinsic GaAs - smoothed
Experimental data 7E17 GaAs
— Fit

Gazp

Intensity a.u.

4907 4908 4909 4910

Kinetic Energy (eV)

4906

measurements is shown in Fig 4.

Figure 3. Example of a fitted curve

For the highly doped sample with a strong
electric field the agreement is excellent but for
the agreement
between the value extracted from the Ga2p and
As2p peak is not as good. However, it should
not be forgotten that even determining the field
strength to within a factor of 2 is often very

the lower doped sample

useful for electronic devices.

In order to further investigate the sensitivity of
the technique the peaks were measured under

decay function. The decay function represents
the shift in the peak position as the depth
increases. An example of the fitting procedure is
shown in Fig. 3.

In addition to the intrinsic sample, three n-type
GaAs wafers were measured with varying
doping concentrations. The doping
concentration was independently measured
using a capacitance method (Mott-Schottky plot)
and the theoretical electric field at the interface
calculated using textbook semiconductor
eguations. The agreement between the field as
measured using the peak broadening and the
theoretical values based on the capacitance
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w °
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GaAs doping (cm™)

an in-situ applied bias, in order to directly manipulate the electric field at the junction. This

time both the shift in the peak position and the
broadening was used to estimate the electric

field. The results are displayed in Fig 5.

Figure 4. Fitted and theoretical parameters for
different GaAs doping levels.
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Figure 5. Fitted and theoretical parameters for sample with an in-situ applied voltage. Note that for the peak shift values
the slope is most important parameter, a y-axis offset between samples can occur as result of work function changes.

The trends within the plots are clear to see and validate the method as a way of measuring
the electric field. However, the number of points which deviate from the trend show that
extreme care needs to be taken when making the measurements. We used the 3™ order
excitation of the 111 Si crystal on the KMC-1 beamline, with a Be window to reduce the
thermal load on the crystal monochromator. This gave the excellent stability which allows
shifts of only 10-20meV to be measured under an excitation energy of 6030eV! Any
realignment of the system must then be followed by remeasurement of a gold reference
peak.

In conclusion we have demonstrated that the measurement of the electric field in a
completed semiconductor junction is possible using HIKE. This should provide a new tool to
investigate structures such as thin film solar cells and other electronic devices. The
technique places a high requirement on the stability of the beam, which the KMC-1 beamline
at BESSY is able to provide. Additionally it is clear that when interpreting high kinetic energy
PES data of semiconductors and insulators, the effects of band bending and electric field
need to be taken into account.
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Relative Sub-shell Photoionization Cross-sections of Nickel Determined by
Hard X-ray High Kinetic Energy Photoelectron Spectroscopy

M. Gorgoi, F. Schaefers, W. Braun, W. Eberhardt
Helmholtz Zentrum Berlin, BESSY II, Albert-Einsteinstr. 15, 12489 Berlin, Deutschland

Recently, high kinetic energy photoelectron spectroscopy has lead to a break-through due

to its non destructive way of investigating the bulk electronic properties of materials. However,
due to the relatively new development of this technique there is a lack of information concerning
the photoionization cross section at high energies. Currently, only calculated atomic cross section
data are available [1-4] which have not yet been verified experimentally.
In photoemission, the sub-shell photoionization cross-section is one of the factors that determine
the intensity of particular spectral lines and their satellites. In the hard x-ray regime the core level
cross-sections are decreasing rapidly, a fact which hinders the experiment considerably. This is
now compensated by the photon intensity provided by third generation synchrotron sources. In
most of the photoemission experiments ratios of signal intensities or energy shifts in the core
levels are followed. For the analysis of these data absolute cross section values are not essential.
However, whenever compound materials are investigated or when estimating signal levels and
the feasibility of an electron spectroscopy experiment the knowledge of cross sections is essential.
Thus the present study concentrates on describing the sub-shell photoionization cross sections of
the nickel metal.

Intensity [arb. units]

I I I I I I I I I I I I I I
92 90 88 86 84 82 8 78 76 74 72 70 68 66 64 62

Binding energy [eV]

Figure 1. The Ni 3p and Au 4f core level spectra recorded at energies ranging
from 2 keV to 9 keV. The normalized spectra were shifted manually on the
intensity scale for a better viewing.

Thin layers of Ni were investigated using excitations energies ranging from 2 keV to 9
keV. The measurements were performed at the KMC-1 beamline employing the HIKE end-
station. Spectra were recorded in normal emission geometry. The samples were prepared by
evaporation in ultra high vacuum (UHV). Ni with a guaranteed purity of 99.999% was purchased
from Goodfellow. The thickness of the films was controlled by means of a quartz crystal
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microbalance. The final layer thickness was 4 nm. A thick gold film was employed as a substrate.
Based on previous experimental studies of Kunz et al. [5] describing the sub-shell cross section
for gold, a gold crystal Au(111) sample was also used as reference. In the Ni case the core levels
characteristic to the gold substrate were still visible and thus the Au 4f core level was chosen as a
reference. The 2s, 2p, 3s, 3p core levels of Ni were recorded in a stepwise like manner. A step of
1 keV in the excitation energy was employed. Moreover, for a thorough intensity calibration of
the spectra the flux given by the double crystal monochromator was recorded using the available
ionization chamber as well as a GaAs diode that was introduced in the beam for every
measurement point.
The following example shows the core level spectra of Ni 3p recorded altogether with the
Au 4f core levels corresponding to the gold substrate (Figure 1). As a first evaluation step a
normalization procedure to the intensity of the incoming flux was employed. Further on, the level
of background on the low binding energy side was subtracted and then for a better viewing of the
core level intensity evolution, the spectra were normalized to the high binding energy background
side. The intensity evaluation was performed after a thorough fitting of the spectra and after the
subtraction of a Shriley background. The peak areas were used in the signal evaluation.
. In the description of the
photoemission signal [6] the
: angular anisotropy factors were
100000 E neglected and electron effective
- ] attenuation lengths were
considered the same for Au and
Ni. A preliminary evaluation of
the sub-shell photoionization
cross sections taking into account
the already published values of
Au 4f cross sections [5] and the
I densities of gold and nickel was
100 £ . performed. The result is shown in
e B . Figure 2.
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NEXAFS investigation of graphite-carbon nanotube hybrid system

A.V. Okotrub®, M.A. Kanygin® A.G. Kurenya®, A.G. Kudashov?, Yu.V. Lavskaya®, L.G.
Bulusheva®, S.L. Molodtsov”
®Nikolaev Institute of Inorganic Chemistry, SB RAS, Novosibirsk, Russia
®Institute of Solid State Physics, Dresden University of Technology, Germany

Angle-resolved near-edge x-ray absorption fine structure (NEXAFS) method has been
applied for revealing graphitic layers distribution in the samples of graphene multi-layers and
aligned multi-walled carbon nanotubes (CNTs) synthesized by aerosol-assistant catalytic
chemical vapor deposition (CCVD) technique.

Arrays of multi-walled CNTs have been grown on the oxidized silicon substrates using
an aerosol-assistant CCVD method. A mixture of heptane and ferrocene (2 wt.%) was
dispersed into reactor volume with a rate 2 g/h using an injector. The pyrolysis was performed
at 800°C and atmospheric pressure in argon flow (150 cm®min). The duration of synthesis
was 5 min for the sample 1 and 40 min for the sample 2. Short time of the CCVD synthesis
resulted in small thickness of the film (Fig. 1(a)). CNTs constituted the sample 1 have length
~1 um and poor alignment. The thickness of the sample 2 is ~ 12 um and CNTs have
predominantly vertical orientation to the substrate surface (Fig. 1(b)). Bright lines on the
image perpendicularly to the direction of CNT growth indicate non-uniform formation of the
array. It could be suggested that thin horizontal layer consists of graphenes and iron carbide
FesC as it was indicated in [1].

C K-edge NEXAFS spectra were measured at the Berliner Elektronenspeicherring fur
Synchrotronstrahlung (BESSY) using radiation from the Russian-German beamline. A
vertical axis of sample rotation was oriented perpendicular to the electric field vector, which
was in the horizontal plane of spectrometer. The spectra were taken for various incidence
angles ®. The NEXAFS data were acquired in a total electron yield mode and normalized to
the primary photon current from a gold-covered grid, which was recorded simultaneously.
The monochromatization of the incident radiation was better than 80 meV. Before the
measurements the sample was heated in the vacuum chamber at ~150°C to remove the
adsorbed molecules. The working pressure in the chamber was ~10"° mbar.

NEXAFS spectra measured at the C K-edge of the samples 1, 2 for different incidence
angles are compared in Fig. 2 (a). The spectra have been normalized to their intensity at 330
eV. The resonances around 285 eV have the m*-like character, while the features arisen within
291.5-293.0-eV interval correspond to the 1s—o* transitions mainly. The change in the
relative intensity of m*-resonance
characterizes orientation of
graphitic layers in the samples
produced. The inserts in the Fig.
2(a) show the wvariation in m*-
resonance obtained for different
angular positions of sample relative
to the incidence beam. One can see
that the samples 1 and 2 have
opposite angular dependence of
mx-resonance. Increase of the
_ d  incidence angle ® causes decrease
Fig. 1. SEM images of the cleavages of sample 1 grown  of the m*-resonance intensity in the
at 800°C for 5 min (a) and sample 2 grown at 800°C for ~ NEXAFS spectrum of the sample 1

40 min (b). Thin horizontal layers in the image (b) and enhancement of that in the
carresnnnd tn aranhene lavers spectrum of the sample 2.
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Fig. 2. a— Angular dependence of NEXAFS spectra of the sample 1 (S1 lines) and sample 2 (S2
lines). b — Theoretical dependencies of n*/c™* intensity ratio calculated for different angular
distribution of carbon nanotubes and graphite layers in a sample and experimental points derived
from the NEXAFS data for the sample 1 (S! line) and sample 2 (S2 line).

To determine the average misalignment of graphitic layers in the samples 1, 2 we used
the approaches developed in [2, 3], which consider that graphite consists of crystallites and
CNT array is a set of graphitic cylinders. Within these approaches the deviation of crystallites
from the basal graphite plane and CNTs from the normal to the substrate surface is described
by the Gaussian distributions. The angular dependences of the wn*/c*- intensity ratio
calculated for different widths of orientation distribution of graphite crystallites and CNTs are
presented in Fig 2 (b). Comparison of the theoretical curves with the experimental data allows
making the numerous evaluation of misorientation of graphitic layers in the samples. The
angular dependence of the relative intensity of n*-resonance derived from the NEXAFS data
of the sample 1 has behavior similar to that of strongly disordered graphite. The width of the
angular distribution of graphitic layers equal to ~62° corresponds to the deviation of graphene
planes from the silicon surface +31° in average. The experimental points obtained for the
sample 2 follow the dependence expected for aligned CNTs with ~55°-distribution of
nanotubes in array (+22.5° deviation from the vertical to the silicon substrate). This
dependence is actually characteristic of array of multi-walled CNTSs, having a lot of defects
and intrinsic texture of the graphitic shells composing a CNT. The angular dependence of
n*/c*- intensity found for the sample 1 was surprised and it undoubtedly indicates formation
of graphene layers in the result of CCVD synthesis of CNTSs.

In summary, using the angle-resolved NEXAFS method we detected formation of
graphitic layers in process of CNT array production. The thickness and perfectness of
graphenes could be controlled with changing the parameters (time, temperature, etc.) of the
CCVD method.
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Local atomic and electronic structure of ferromagnetic AIN_Cu nanorods.
authors: A.V.Soldatov, A.Guda, M.Soldatov
institute: Southern Federal University, Rostov-on-Don, Russia.

Nanostructured AIN — is promising material for nanoelectronics. Its unique properties are
well known and can be found somewhere [1]. One can control semiconductor properties of this
material and create new ferromagnetic properties by means of doping with transition metal atoms
[2,3]. There are already reports about room-temperature ferromagnetic properties of AIN, doped
by Fe, Cr and Mn. But there still no realistic theory that can describe ferromagnetism in all kinds
of diluted magnetic semiconductors. The main problem is that it is very hard to obtain exact
position of dopping atoms in a host lattice. X-ray absorption spectroscopy is unique tool for
solving of such problem.

Figure 1. AIN nanorods on Si substrate (a)

and Cu doped AIN nanorods on Si ] ) .
substrate (b) Figure 2. HRTEM image of single AIN

nanorod (a) and Cu doped AIN nanorod (b)

AIN:Cu nanorods were prepaired in tube furnace on Si (100) substrate in the presence of
CuCl, during reaction of heating as copper source [5]. The typical diameter and length of the
nanorods, as follows from Figurel, is around 20-50 nm and 1 um respectively. The concentration
of the Cu atoms is about 3-5%. The spontaneous magnetization and the coercivity of the AIN:Cu
are about 0.38 emu-cm™ and 100 Oe respectively. It is important to note that AIN:Cu material is
highly resistive at room temperature (>10°> 2 cm). AIN:Cu nanorod is a single wurtzite AIN
crystal with growth direction (0001). HRTEM images of a single nanorod (Figure2) reveal lattice
distortions after incorporation of copper atoms.

Cu L2,3 XANES spectra were recorded in a UHV chamber attached to Russian-German
beam line (RGBL) of the third generation synchrotron BESSY in Berlin. We used total electron
yield (TEY) for absorption signal measurements. Complementary to Cu L2,3 edge also Cu K-
edge spectrum from the same sample was measured in NSRL, Hefei, China.

X-ray absorption spectra were simulated, using self-consistent full multiple scattering
theory (program package Feff 8.4). It was found that time-dependent LDA works well with Cu
L2,3 edges. Magnetic properties of point Cu defects in AIN host lattice using LAPW
approximation implemented in Wien2k package were also calculated. Theoretical calculations on
Figure3 show that the Cu L2,3 spectrum of AIN_Cu nanorods can not be explained by only Cu
point defects, that are embedded into host lattice of AIN. We supposed that small copper clusters
can grow during AIN nanorods growing in the presence of CuCl, in a tube furnace. Theoretical
simulations of spectra from clusters in AIN still not finished, but meanwhile we decided to
obtain complementary information about atomic structure around Cu atoms from the Cu K-edge.
Spectrum for small free Cu clusters was taken from ref [6]. As can be seen from Figure 4 in
AIN_Cu nanorods there is a strong probability for cluster creation, but they can have different
sizes — from several atoms to several hundred atoms, which resemble bulk copper. A theory of
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multidimensional interpolation of spectrum [7] is to be applied for this problem to answer the
question about average size of copper clusters inside AIN lattice.

B b: AIN_Cu
AIN_Cu 1,2 Aj 1 experiment
experiment ; small clusters
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08 Figure 4. Experimental XANES spectra for Cu K-edge
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932 936 940 944 948
Energy, eV

Figure 3. Experimental XANES spectra for
Cu L2,3 edges for metallic Cu and AIN_Cu
nanorods vs theoretical simulations

Finally, spin-polarized band-structure calculations predict, that among all point Cu defects,
that are possible in AIN lattice — Cu in N site, Cu in Al site, Cu interstitial — only Cu in Al site is
responsible for magnetic moment. We continue our calculations for Cu clusters, embedded in
AIN, and first results also predict that they will be magnetized, due to p-d hybridization of Cu
atoms and neighboring nitrogen atoms around cluster.

References.

1. A.Siegel, K. Parlinski, and U. D. Wdowik, // Phys. Rev. B — 2006, 74, 104116.

2. Y. Yang, Q. Zhao, X. Z. Zhang, Z. G. Liu, C. X. Zou, B. Shen, and D. P. Yu, // Applied
physics letters 90, 092118. - 2007.

3. M.B. Kanoun, S. Goumri-Said, // Physica B 403. — 2008, 2847-2850.

4. Z G Huang, R. Wu and L J Chen // J. Phys.: Condens. Matter 19, - 2007, 056209 — Cu
substitutional

5. X.HJi, S.P.Lau, S.F.Yu, H.Y.Yang, T.S.Herng and J.S.Chen, 2007. Nanotechnology 18,
105601

6. Sumedha Jayanetti, Robert A. Mayanovic et.al. Journal of Chemical Physics V.115 Ne2,
2001

7. G. Smolentsev, A.V. Soldatov, Computational Materials Science, 39, p.569, 2007

This work has been supported by the Ministry of Education and Science of Russia (project
RNP 2.1.1.5932).

Authors would like to thank Maria Brzhezinskaya, S.L.Molodtsov and S.I.Fedoseenko for
help in organizing of XAS experiments and BESSY for partial financial support.

214



Synchrotron radiation prevents train crash.
authors: A.V.Soldatov, V.I.Kovesnikov, A.Guda, M.Soldatov
institute: Southern Federal University, Rostov-on-Don, Russia.

Train is the most safety transport. A big work was made to minimize the possibility of
crash. But there still some problems that make a lot of harm to railwaymen. One of them is
connected with brake blocks. Initially, brake blocks were made from the same material as wheels.
This led to fast wear and tear of wheel and to big costs on its repair and replacement. Nowadays
soft materials for brake blocks are preferable, such as composites. Last ones usually consist of
graphite, synthetic rubber, aluminum oxide and sulfur compounds. Such contents significantly
increase the lifetime of wheel but lead to unexpected consequences. During exploitation specific
defects arise, because composite materials are aggressive for steel. These defects arise from
redistribution of temperature fields on the wheel rim under friction. So, radial cracks, metal
dislocations appear and wheel can derail.

In order to investigate, what chemical reactions take place during the process of friction,
the x-ray absorption spectra of corresponding materials were measured. This methodic was
already successfully applied to exploration of complex chemical interactions between additives
in engine oil and metallic surfaces [1]. We focus our attention on definite object — train wheel
from crash from railway museum. We took pure steel from the wheel far from its surface —
samplel on Figurel. As can be seen from Figurel, sample3 — damaged steel during friction — has
a scaled structure like mica. Millimeter-sized scales were taken from damaged wheel surface,
which was in contact with brake block. We also studied a material that adhered to the material of
brake block — sample2.

Figure 1. Samplel — initial state of steel, Sample2 — scaled structure formed on the wheel
surface during friction, Sample3 — part of wheel that adhered to the brake block

Spectra were recorded at Russian-German beamline RGBL in high vacuum chamber. All
samples were maintained on copper sample holder and a good conducting contact was provided
between sample and sample holder. We used total electron yield signal from sample. Size of x-
ray beam in experiment was about 50x100mkm?. Energy resolution was E/AE~5000. We studied
different points on a sample to find out does it sensitive to heterogeneity of the surface. We also
made element analysis to see the distribution of such elements as Cr, Ni, Cu and Mn. Amount of
these elements tells us how steel state is changed during its exploitation. This information is
additional to the information about Fe atoms chemical state, analyzed with x-ray absorption
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spectroscopy. Quantitative analysis of Cr, Ni, Cu and Mn distribution was made in BAM
institute by means of laser induced breakdown spectroscopy [2] and results of this analysis are
presented in Tablel.

12] B Fe L23 edges
10
0,8
0,6

0,4

0,2

g

004 Sample-2

Absorption, [rel.un.]

-0,2 1

04 Sample-1

-0,6

T T T T T T T T T T T T T T T T
705 708 711 714 717 720 723 726 729
Energy, eV

Figure 2. XANES spectra Fe L2,3 edge form initial state of wheel steel (samplel), scale
from wheel surface after long time friction (sample2 and sample3).

Figure2 represents the Fe L2,3 XANES spectra for initial state of steel (from a railway
wheel) and steel after the exploitation. We can clearly identify the changes that took place during
the reactions. Sample-2 and Sample-3 have identical spectra with small changes in relative
intensities of features C and D. Intensities of peaks A and B shows chemical state of Fe atoms [3]
within thin layer near surface. One can say that during a friction of the wheel with the brake
blocks due to high temperatures and high pressure a chemical reaction between wheel steel and
composite material takes place. Scaled structure is formed and only then follows mechanical
separation of the scales. Part of them forms a layer on a wheel and other part adheres to brake
block. We suppose that certain fraction of Fe atoms react with sulfur atoms of composite
material, that diffuse due to high temperature from volume of brake block. Having high
temperature steel surface has a contact with the air, so part of Fe atoms oxidizes, that can be seen
from the features A and B in Figurel. Principle component analysis within multidimensional
expansion [4] of these spectra can be applied to identify the phases that present in samples. Now
we continue calculations of Fe L2,3 edges within multiplet theory [5].

Table 1. Fractions of Cr, Ni, Cu and Mn atoms in samples. Sample3 was extremely
inhomogeneous, which can be seen from intervals for fractions.

Cr(%) Ni(%) Cu(%) Mn (%)
Samplel 0.25 0.2 0.17 1.2
Sample2 0.1 0.38 0.17 3
Sample3 0.03-0.25 0.02-0.5 0.03-0.13 0.6-2.8
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Scanning SAXS/WAXS measurements of dentine and bone sections

P. Zaslansky, A. Maerten, C. Lange, C. Li, S. Siegel, P. Fratzl, O. Paris
Max Planck Institute of Colloids and Interfaces, Research Campus Golm, 14424 Potsdam

The structure of mineral crystals in human teeth and murine bone was studied using the scanning SAXS/WAXS
and XRF setup at the p-spot beamline [1].

SAXS measurements of human-tooth dentine sections

Dentine in human teeth, is known to have a graded structure, that varies by depth, as one moves away from the
enamel and into the tooth bulk (closer to the pulp) [2,3]. Composed of mineralized collagen fibrils, dentine
exhibits a highly anisotropic structure, with micron-sized tubules running outward from the pulp, radiating in all
directions through the tissue towards enamel. Dentine is tough, withstands many years of service in the mouth,
yet much remains unknown about how the variation in the structure contributes to the excellent performance.

We have used a micron-sized beam on the p-Spot beamline to look closer at the structural variations. We
prepared and scanned thin (100 micron thick) slices from different sides of teeth, to study how the microstructure
at the lengthscale of the mineral crystals (carbonated hydroxyl-apatite crystals sized 30~50 nm) varies spatially.
Variation in dentine seems to follow the outer curvature of enamel, with gradual transitions between particle
orientations. The degree of particle co-alignment (Rho parameter, Fig 1, left) also varies spatially: crystals are
not well aligned. The thickness T parameter, which gives a good indication about the thin dimension of the
mineral platelets also varies spatially and systematically (Fig 1, right): particles become smaller at greater
distances from the dentin-enamel junction.

Such systematic evaluations of the particle arrangement in representative tooth samples will help to better
understand the microstructure and how it is adapted to the loading forces in teeth.

Fig. 1: (Left) Rho parameter values (color coded) where 1 indicates perfect crystal co-aligning and 0 indicates
complete randomness of particle orientations. The orientation is indicated by small bars. (Right) T parameter
indicating the particle thickness in it's thinnest dimension. Enamel is not shown but is located on the upper right
side of the sample.

Mineral deposition and growth during embryonal bone development in mice

The knowledge how mineral crystals in bone nucleate, grow and organise themselves from the “birth of
bone” (embryonal) is still poor. Therefore the aim of this study is to understand the development of the
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mineral properties, the mineral deposition and organisation in growing bones (tibia, femur) from
embryonal to mature stages using mouse as a model system (strain C57 BL6). This work is carried out
in cooperation with the group of Prof. Stefan Mundlos (Charité and MPI for Molecular Genetics). We
used a multi-method approach including optical microscopy and environmental scanning electron
microscopy (ESEM) to get an overview of the mineralized sample areas. Especially, scanning small-
angle X-ray scattering (SSAXS) that provides quantitative information about the crystal size, shape and
orientation was used for detecting local structural changes in bone material. For very small samples like
embryonal bone the SAXS facility at the p-Spot beamline at BESSY Il (Berlin) with a beam size of
25 um is very well suited. To detect the very low amounts of mineral it is possible to measure the X-ray
fluorescence (XRF) signal of calcium and to create a calcium distribution map of the sample. SAXS
and WAXS maps or scans from selected regions give information on orientation and thickness of the
mineral particles. Longitudinal sections of embedded bones of embryonal mice at day 16.5 as well as
bone of a 6 week old mouse were measured.

Fig. 2: Light microscopy image (right) and Ca X-ray fluorescence map (left) for a typical sample. SAXS/WAXS
data were collected at the spots of high Ca content, where bone mineral can be expected (dotted lines).

The embryonal bone at day 16.5 displays the first stage of mineralization revealed by the ESEM- and
the X-ray images whereas the bone of the 6 week old mouse displays mature bone. The analysis of the
data is in progress.

Fig. 3: Typical SAXS/WAXS patterns for an early mineralization site (left) and mature bone (right).
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In — situ studies of deformation in byssus fibers
H. S. Gupta', M. Harrington?, S. Siegel*, C. Li* and P. Fratzl*
1Biomaterials Department, Max Planck Institute of Colloids and Interfaces, MPIKGF Golm, D-14424 Potsdam, Germany

2 Department of Biology, University of California at Santa Barbara, Santa Barbara CA, USA

Biocomposite tissues like bone (mineralized collagen) and tendon (collagen/proteoglycan
composites) consist of stiff and ductile components at the nanoscale, whose functioning is essential
for understanding the mechanics of the whole system. Such systems exhibit phenomena like
molecular scale self — healing due to as yet incompletely understood processes. We investigated the
molecular origins of the stress healing phenomena in the byssus fiber, which attached mussel shells
to the rocks on wave swept shores. They exhibit elastic behaviour followed by a long inelastic
plateau region, and more remarkably have the ability to self — heal mechanically after being
stretched into the inelastic zone.

We applied in — situ tensile testing combined with time — resolved synchrotron small angle X — ray
scattering (SAXS) to byssus fibers kept in a wet state and under applied tensile strain. Molecular
strain was measured by shifts of the collagen diffraction peaks.

Figure: (A) 2D wide angle X-ray diffraction pattern of the byssus fiber: white arrow indicates
collagen molecular peak (B) small angle X-ray scattering diffraction pattern (arrows) (C) integrated
profile of the equatorial pattern (dashed sector in B).

Plotting molecular strain against stress shows that the collagen domain is elastic with a Young’s
modulus of 2.97£0.19 GPa (mean * s.e.m.), consistent with previously measured moduli of
collagen from tendon. Cyclic loading shows an elastic response at the molecular level indicating
that no damage is occurring in the collagen helical domains. It is suggested that in the yield region
unfolding and breakage of crosslinks in domains flanking the collagen domain in the byssal fiber
occurs. A deeper understanding of selfhealing in such systems may make it possible to modify
inelastic proceeses in engineered fibers.
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Microbeam SAXS/WAXS studies on biogenic and biomimetic
calcite single crystals

C. Gilow, A. Schenk, B. Aichmayer, C. Li, S. Siegel, O. Paris and P. Fratzl

Department of Biomaterials, Max Planck Institute of Colloids and Interfaces,
Research Campus Golm, D-14424 Potsdam

Due to their complex structure, biogenic minerals have fascinating properties. Molluscs, as
an example, produce seemingly effortless high-quality minerals with an astounding degree of
control. This is achieved via an organic matrix which directs and regulates the mineral
deposition.

We investigated calcitic prisms from the shell of Pinna nobilis in co-operation with
Professor Emil Zolotoyabko (Technion, Haifa, Israel). These prisms diffract like single
crystals. Additionally, a strong small angle X-ray scattering (SAXS) signal reveals a
pronounced nanostructure, presumably due to intracrystalline proteins, that were previously
isolated and characterized by (Marin et al. 2005). These interesting properties act as a source
of inspiration for materials science and nanotechnology. In co-operation with Dr. Helmut
Colfen (MPI of Colloids and Interfaces, Potsdam, Germany) we additionally produced bio-
inspired calcite crystals grown in the presence of a negatively charged polyelectrolyte (PSS,
Aldrich) via a gas diffusion technique (Wang et al. 2006). In this process the macromolecules
are incorporated into the crystals and create inner surfaces between the mineral and the
polymer phase. SAXS as a non-destructive technique probing a comparatively large sample
volume is an ideal tool to explore the nano-structure of biogenic and biomimetic minerals. By
recording the wide-angle X-ray scattering simultaneously with the SAXS-signal, it is possible
to determine the orientation relation of the nanostructures of the crystals with respect to the
crystalline lattice.

The p-Spot beamline is equipped to perform simultaneous SAXS and WAXD
measurements (Paris et al. 2007). We have extended this setup, which now can be used for
single crystal diffractometry. To accomplish this, the sample is placed in the axis of rotation
of a goniometer with the help of a long-distance microscope. A sequence of diffraction
patterns are then recorded for different rotation angles. The wavelength of the beam is chosen
by a 111-Si monochromator. To calibrate the distance between the sample and the detector, a
silicon-oxide powder standard (NIST-SRM 1878a) is used.

¢

Pinholes
Beamstop

Marmosaic, 2D-Detector

Fig. 1: Schematic experimental setLjp at the p-Spot beamline for SAXS/WAXS on single crystals
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Figures 2a and 2b each show typical frames from a sequence for biogenic and biomimetic
calcite, respectively (100 s acquisition time). The diffraction peaks correspond to a single-
crystalline pattern of calcite. The inset shows a higher magnification of the anisotropic SAXS
signal which is oriented in the direction of the indicated (104) peak. The corresponding
WAXD peak is excited at a different angle of sample rotation. Taking into account
geometrical corrections necessary to compare the SAXS and WAXD orientation
(Lichtenegger et al. 1998), we could show that the nanostructure, which presumably arises
from the organic inclusions, is preferentially oriented along both the (104) and the (006)
plane. Furthermore the spherically averaged SAXS signals of the biogenic and the biomimetic
calcite particles do not follow Porod’s law (decay with Q™), but instead decay slower, which
is characteristic for rough inner surfaces.

In summary this setup is a versatile tool to probe the nanostructure of crystals. Especially
the orientations of inner structures with respect to the crystal lattice can be probed in an
effective manner. Our study of biogenic and biomimetic single-crystal calcite particles with
organic inclusions serves as a proof of principle but also revealed interesting similarities
between both systems, which will help to deepen the understanding of the processes involved
in biomineralization. Future work will also include a three-dimensional reconstruction of the
reciprocal space of both the SAXS and the WAXD signal.

Fig. 2: Typical diffraction images from a calcitic prism of the pinna nobilis (a) and the biomimetic
calcite particles (b). The insets show the anisotropic SAXS signals which point towards the indicated
peaks.
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Microstructure and Chitin/Calcite Orientation Relationship in the
Lobster Cuticle Using Microbeam Synchrotron X-ray Diffraction
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Oskar Paris
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14424 Potsdam, Germany
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The exoskeleton of the lobster Homarus americanus is a chitin—protein-based nano-composite,
reinforced with calcite crystallites™ and amorphous CaCO5 (ACC) 3. Earlier studies identified
that two components of chitin/protein fibers networks exist in the cuticle: in-plane fibers (i)
which exhibit the well known twisted plywood structurel®, and out-of-plane fibers (0) which run
vertically toward the surface through the pores of the former.”! We employed microbeam X-ray
diffraction to investigate the local microstructure, the orientation relationship between the
organic (a-chitin) and the inorganic (calcite) components, and their corresponding spatial
distribution.’ Our synchrotron measurements were performed at the p-Spot beamlinel”? of the
BESSY synchrotron facility in Berlin.

We found that calcite exhibits a simple fiber texture (preferred orientation) with the c-axis
perpendicular to the cuticle surface, as well as parallel to the chitin c-axis. Fig. 1a shows a
microbeam diffraction pattern from the lobster exocuticle recorded with the X-ray beam parallel
to the cuticle surface. In Fig. 1b, the azimuthal coincidence of the calcite 00.6 reflection and the
chitin 013 pair indicates that the calcite c-axis and the chitin c-axis of the vertical fiber
component are collinear. Detailed analysis of the microdiffraction patterns reveals that calcite is
associated with the out-of-plane chitin/protein fibers, rather than the in-plane fibers.®

The spatial distributions of the two major mineral phases, calcite and amorphous calcium
carbonate (ACC), as well as chitin were determined by performing line scans across the cuticle
cross-section covering exocuticle and endocuticle. Calcite was only found in the distal layers of
the exocuticle in a region extending about 20-50 um from the cuticle surface. However, the
whole cuticle is fully mineralized with ACC in the non calcified regions, which can be uniquely
concluded from the occurrence of an amorphous halo in the recorded X-ray profiles of the area
of interest, Fig. 3.F

For a better understanding of the functional role of amorphous calcium carbonate and its stability
in the cuticle, the temperature induced transformation of ACC into calcite was studied. We
employed in-situ heat treatment of the cuticle cross section using a custom made lamp-furnace
8" Figure 3 shows diffraction profiles for three different temperatures from the same
representative region within the endocuticle. The crystalline chitin decomposed completely at
temperatures between 250-300 °C, and only a broad hump from ACC remained in the diffraction
profile at 325 °C. At about 425 °C, the amorphous halo from ACC started to vanish, and calcite
reflections appeared. The whole cuticle was fully calcified at 450 °C indicating that ACC has
fully transformed into calcite (see Fig. 3). The details of the transformation behavior, in
particular the changes of the cuticle nanostructure and the formed crystalline phases at even
higher temperatures allow drawing conclusions about the mechanisms of ACC stabilization in
the lobster cuticlel®.
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Widening the fullerene band gap in fluorination
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Abstract. Study of valence band structure of highly fluorinated fullerenes CgoF45 in comparison with that of
ordinary fullerenes Cqo Was performed at the conditions of negligible static charging of samples. It was shown
that the band gap of carbon clusters becomes wider in fluorination due to disappearance of molecular levels
starting from the highest ones which takes place due to participation of n-electrons in creation of C-F bonds.
The project was supported by the bilateral program “Russian-German Laboratory at BESSY” and by the by the
Russian Academy of Sciences (Program “Quantum physics of condensed matter”).

Introduction

Fluorinated fullerenes CgoFx have been extensively studied last fifteen years in many
laboratories by different techniques, as these objects make possible investigating the influ-
ence of fluorination on the electronic structure and basic properties of well defined carbon
clusters [1-9]. In the comprehensive research of several groups [5] the following important
conclusion was made that the highest occupied electron levels (HOMO) on highly fluorinated
fullerenes, such as CgoFs6, are shifted compared to the levels of ordinary fullerene Cgp to
higher binding energies due to inductive effect of electronegative fluorine atoms, which
makes the band gap wider. Shifts of HOMO levels of less fluorinated fullerenes were ob-
served also in our former research [8-10]. But these shifts were of different origins. One of
them was directed to lower binding energies and was shown to be connected with fragmenta-
tion of fluorofullerenes induced by radiation. Another one was directed to higher binding en-
ergies analogous to the result of Ref. [5], but contrary to it, the shift was explained by sys-
tematic fault, namely, by static charging of films under irradiation due to photoemission. The
main objective of this research was to study the HOMO and valence band electronic structure
of highly fluorinated fullerenes CgoF4s in conditions of negligible radiation degradation and
charging, to compare it with the electronic structure of ordinary fullerenes Cg and to attempt
answering the question whether HOMO levels shift or not. Conductive organic thing films
were used as a solid solvent of fluorinated fullerenes CgoF4s to prevent charging of these wide
band gap dielectric molecules. We have found signs that electron levels do not shift, and that
the band gap becomes broader in fluorination due to depletion of n-electron system and dis-
appearance of the upper n-electron derived HOMO levels.

Experimental details

Films of CgoF4s Were grown on the surfaces of conductive n-Si(100) wafer and Au. Sili-
con substrate was annealed in high vacuum before the deposition of the film to remove thick
layer of native oxide and to create ultra-thin SiC layer which was expected to prevent chemi-
cal interaction of CgoFsg molecules with Si substrate. Powder consisting of molecules with
certain and known number of fluorine atoms was used in the experiment. This material was
synthesized at Chemistry department of Moscow State University by the technology de-
scribed in [1]. Thin composite films were grown by co-evaporation of CgFs4g molecules to-
gether with molecules of phthalocyanine PcCu in ratio 1:2 which was controlled by C1s
photoemission lines. PcCu semiconductor matrix was expected to provide charge outflow
and to prevent static charging of the sample surface under irradiation. Thickness of the films
was estimated by the weakening of SiLVV Auger- and Au4f photoemission lines and did not
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2200 , . , . , . exceed 2-3 monolayers. Photoemission
spectra of the films were measured using
monochromatic synchrotron radiation of
the German-Russian beamline equipped
with the plane-grating monochromator
(PGM) and the photoelectron spectrometer
with hemispherical analyzer VG CLAM-4
whose total energy resolution was better
than 300 meV [11].
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Fig.1. F1s photoelectron spectra of CgoFag
1400 s : s : s : measured after 3, 15 and 60 min of irradiation
160 162 164 E,.ev 166 by diagnostic x-ray beam (hv ~ 850 eV).

Experiment duration was short enough to prevent essential degradation of studied films re-
sulting in shift of photoemission lines towards to the Fermi-level. The photon energy scale of
the monochromator was calibrated using the photoemission Au 4f;, line of gold (E, = 84.0
eV).

Results and discussion

X-ray photoemission spectra of core-electrons C1s and F1s were measured and the cor-
responding binding energies of CgoF4s molecules in the organic matrix were obtained relative
to the Fermi level: E, (Cls, C-F) = 288.5 eV and E;, (F1s) = 687.1 eV. These values proved
to be very close to the values obtained by us earlier for pure thing film of CgoF3s [10]. The
value of the binding energy E, (Cls, C-F) = 288.5 eV corresponding to carbon atoms bound
with fluorine practically coincides with that (288.4 eV) obtained in Ref. [5]. This fact evi-
dences absence of static charging in experiments with thing (~10 nm) pure films of highly
fluorinated fullerenes in photoemission experiments [5,10]. Though, the compensation of
static charging effect by the effect of degradation of fluorofullerenes under irradiation also
can result to the agreement of the experiments. The scale of the degradation effect is illus-
trated by Fig.1 presenting the radiation induced shift of F1s line of CgoF4s observed in this
work. Fig.1 demonstrates low radiation stability of highly fluorinated fullerenes CegoFss as
compared to CgoF1g [8]. Visible shift of about 0.1-0.2 eV is observed after irradiation of the
sample by diagnostic x-ray beam during several minutes. After one hour the shift exceeds 0.4
eV. The shift must be large by the value of static charging the sample surface, if there is a
case, because of increasing conductivity of the material in the course of its degradation [10].
Therefore measurements of photoemission spectra of highly fluorinated fullerenes need care-
ful analysis of static charging and degradation effects.

0.3 y T T T

Fig.2. Valence band photoelectron spectra
of gold, of Pc on Si substrate and composite
PcCu+CgoF4g thing film grown on Si sub-
strate. Photon energy is hv = 120.6 eV.
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Fig.2 shows the photoemission
spectra of valence band of the studied
composite film and the film of organic
matrix of smaller but comparable thick-
ness. Contribution of the spectrum of the
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Fig.3. Valence band photoelectron spectrum
of CgoF4g Without contribution of substrate.
Photon energy is hv = 120.6 eV.

Position of the Fermi-level corresponds to
the valence band edge of Au. Unfortu-
nately the fine structure of the spectrum is
not seen because of the residual contribu-
tion of the matrix. Comparison of this
spectrum with the corresponding spectrum
of ordinary fullerite Ceo (Fig.4) shows the
grate difference of the electronic structure
of these molecules.

Fig.4. Valence band photoelectron spectra of
Ceo film. Photon energy is hv = 120.6 eV.

One can see that lines of the upper mo-
lecular states of fullerene HOMO-1,
HOMO-2 and HOMO-3 completely dis-
appear and the line HOMO-4 radically de-
creases when 48 fluorine atoms attach to
fullerene Cgo and form CgoF4g . As a result,
the band gap of CgFss becomes wider
than that of ordinary fullerite Cgo by ~5

eV. Fig. 3 does not show any shifts of molecular lines: the line HOMO-4 saves its position.
Therefore we came to the conclusion that the reason of widening of the band gap of carbon
clusters in fluorination is disappearance of the upper n-electron states due to participation of
n-electrons in creation of C-F bonds. These former zn-electrons contribute to the “F2p+C2p”
peak in the photoemission spectrum of CgoF4s .
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The possible applications of the regular
bacterial surface layers (S layers), which are the
self-assembly biomolecular structures with well-
defined structural and physico-chemical surface
properties [1], for the organization of inorganic
material at the nanometer scale have stimulated
the spectroscopic researches of the surface
protein layer of the bacteria B. sphaericus NCTC
9602 in previous years. The S layer protein is
known to be absorbed in a regular, two-
dimensional structure onto solid surfaces which
is formed via sdf-assembly [2, 3]. At that,
surface coverage of up to 90% is routinely
achieved as had been demonstrated by scanning
electron microscopy. The S layer shows a p4
symmetry and reveals a lattice constant of 12.5
nm, and a complex pattern of pores and gaps that
are 2-3 nm wide. The thickness of such protein
layer amounts to approximately 5 nm. According
to its presently known primary structure a single
S layer protein molecule is composed of 1228
amino acids, including 1517 nitrogen atoms and
has a molecular weight of ~130 kDa [4]. With
the exception of Cysteine all 20 standard amino
acids are present. The protein contains 3.91
carbon, 1.22 oxygen, 7.7 hydrogen and the
neglectable amount of 0.0027 sulfur atoms per
one atom of nitrogen. The 83.1% of the nitrogen,
21.4% of the carbon and 64.8% of the oxygen
atoms are bounded in the peptide backbone of
the protein. Details of the sample preparation are
described elsewhere [5].

Recently, we have performed photoemission
(PE) and near edge x-ray absorption fine
structure (NEXAFS) experiments in order to
characterize eectronic properties of the regular
two dimensional S layer of Bacillus sphaericus
NCTC 9602 [5-7]. Both PE and NEXAFS at the
C 1s N 1s, and O 1s core levels showed similar
chemical states for each oxygen atom and also
for each nitrogen atom, while carbon atoms
exhibited a range of chemical environments in
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backbone and different functional groups of the
amino acids. A series of characteristic NEXAFS
peaks was assigned to particular molecular
orbitals of the amino acids by applying a
phenomenological building-block mode.
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Fig. 1. Spectral dependence of the TEY signal of
S layer after normalization to the incident
photon flux (black). Comparing with tabulated
atomic cross sections [12] we found the best
agreement for a chemical composition
NC4,001,53S1,24 (dOttaj Iine). The additional
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In the issue of the researches had shown that the
radiation induced damage of the protein samples
can substantially change the line shape of the
data also resulting in appearance of new intense
spectral  feature [8]. Therefore the valid
irradiation doses data are of severe importance
for researches allowing feasible adjustment of
experimental conditions and provide
perspectives of measurements of biological
samples with spectroscopic methods applying
soft x-ray radiation.

The goal of the project is to carry out the
study of the radiation-induced decomposition of
the S-layer by the analysis of the oscillator
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strength distributions in the Cl1s, N1s and Ols
NEXAFS-spectra as a function of the gained
skin dose. An irradiation doses gained by the
surface area of the samples that is much thinner
than the light penetration depth (skin doses, D)
were calculated:

D:;js N [Edt = [s N [EdE (1)
E

where o is absorption cross section of the single
S layer protein molecule, N denotes the photon-
flux density of the monochromatic synchrotron
radiation, S is the light spot size at the sample
position, E is the photon energy, t is the
exposure time, Ve is the energy scanning
velocity and M is weight of a single S layer
protein molecule (~130 kDa). The absolute
absorption cross sections were measured by
Total electron Yield (TEY) method with using
Ti-filter for suppressed nonmonochromatic
background [9].
All presented data were obtained at the BESSY -
Il using radiation from the Russian-German
beamline (RGBL) [5, 6]. The light spot size at
the sample position was 200x87 pm?[10] which
alowed to study homogeneous parts of the S
layer. All spectrawere acquired in TEY mode by
recording the sample drain current. The spectral
dependence of the photon flux was determined
using a clean Au photocathode. The flux curve
exhibits huge dips in the region of the O 1s
absorption threshold (530-570 eV) due to
extensive oxygen contamination of the optical
eements. Hence, we decided to repeat
measurements in the O 1s range at the beamline
D1011 of the MAX Il storage ring at MAXlab
(Lund University, Sweden).

Fig. 1 shows the TEY signal obtained from
the surface-adsorbed protein layer after
normalization to the incident photon flux. The
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normalized at the beam current.

curve features distinct jumps when passing the
C, N and O 1s edge. More precisely, at each
absorption edge it exhibits a near-edge fine
structure followed by a monotonically
descending tail. While the NEXAFS reflects
transitions into free molecular states, the
structurdess tail is due to transitions into
continuum states far beyond the vacuum level
[11]. However, beside the strong evidence in the
aready mentioned previous studies, our data
itsdf indicates direct proportionality between the
curve in Fig. 1 and the total X-ray absorption
cross section of the sample. In fact, using atomic
calculations of absorption cross-sections, we
were able to reproduce the full measured
spectrum. The best agreement was found
assuming an average atomic composition of
NC,0015Si124. The corresponding curve is
included in Fig. 1 as a blue line. It should be
noted that the close similarity in the regions of
continuum transition where atomic calculations
hold validity from the energies of the
synchrotron radiation. The values of the atomic
absorption cross section were sdected from
tabulated data [12]. Fig. 2 shows the absorption
cross section of S layer which had measured as
difference between the curves (1) and (2) in
figl. The photon-flux density of the
monochromatic ~ synchrotron radiation was
measured by TEY clean Au-photocathode with
using the front-surface total quantum yield data
of Au [13] which show in fig.3. The exposure
doses gained by the Slayer samples were
calculated by formula (1) for the any certain
time and energy position. The dose was obtained
for monochromatic radiation only, because Ti-
filter full suppressed higher order radiation. The
researches had shown that higher order radiation
induced strong damage of the protein samples.
X-ray damage effects were studied at C 1sand N



1s thresholds of excitation upon scan-by-scan
irradiation of the S-layer proteins and in the
extreme case of irradiation by outmost high flux-
density nonmonochromatized (“zero-order”)
synchrotron radiation. Only the S-layer signal
was used to describe the radiation damage. In the
fingers 4 and 5 showed the irradiation-induced
changes of NEXAFS C1s and N1s spectra of S
layer. Fig.4-5 are shown that the oscillator
Strength of the Cls - TICONH and N1s - TICONH
transitions decrease with increased the exposure
doses gained by the S-layer sample. At that sum
oscillator strength for C1s spectrum is unvaried
(unshow), but for N1s spectrum iS obvious
decrease. The two structures (a, b) developed in
the N1s edge with increasing irradiation doses.
The analysis of the NEXAFS 1s spectra and the
chemical structure of S layer have shown that
90% from area A resonance in N1s spectra fit
from the nitrogen atoms of peptic group and
82% in from area A resonance C1ls spectra fit
from the carbon atoms of peptic group. This
observation indicates that, while the peptic
bonds get damaged by the applied radiation, N
atoms partially leave from the sample surface,
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C atoms - in contrast to nitrogen — remain at the
sample surface, and interact presumably with N
atoms likewise rel eased from the peptide units or
resided by cracking at the surface of the Si
wafer. We suspect that also in the case of
radiation-damaged proteins some of the
dispensed N atoms may interact with C atoms
forming carbon-nitride compounds.
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1. Introduction

Comprehension of micro deformation and micro damaging processes running before the
macroscopic failure of metal materials is essential in order to predict the material behavior
and to tailor materials with respect to desired mechanical properties. To gain this
understanding one has to analyze these processes in the course of loading and to study the
impact of microstructure. In case of multiphased materials for example the effect of volume
fraction, shape, orientation and arrangement of the phase dispersed in the matrix on these
processes has to be considered. Micro deformation which precedes the micro damaging is
often accompanied by strain localisation. This phenomenon affects tremendously the locus
and the type of the successive failure, the behavior during machining the material, the
roughness of the surface and the fracture strain.

2. Materials and Methods

For this reason, in this work strain localisation is analysed non-destructively by mapping 3D
microstructure of multiphased materials in different stages of deformation with synchrotron
radiation based micro-tomography. The 3D tomograms are evaluated by digital image
correlation to get strain tensor and displacement vector fields: Exploiting gray value
gradients (i.e. contrast between the phases), an affine and radiometric transform between a
less deformed and a more deformed state are iteratively optimized for a set of corresponding
tomogram subvolumes. From the final affine transform of each subvolume pair the
Lagrangian strain tensor y is calculated. After a principal axis transformation of this tensor
the scalar equivalent strain €y can be gained. In order to guarantee a sufficient number of
sites with a high gray value gradient for the digital image correlation algorithm the size of
the subvolumes has to be adapted to the characteristic microstructural length which is given
by the mean distance between vicinal microstructural objects. A detailed description of this
approach can be found in [1].

Figure 1: (a) 2D-image of microstructure from the bulk of a plain tensile specimen made of the
multiphased material AlySn,, tin segregations (white) at the grain boundaries; (b) 3D-
representation of the segregated tin.

230



In the scope of the experiments tiny plain dog-bone shaped tensile specimens with a cross-
sectional area 4 = 2 x 1 mm® made of the alloy AliSn, were investigated which were manu-
factured by spark cutting. The experiments were performed at BAMline at BESSY 1I |2, 3].
Monochromatic photons of F = 35 keV were selected by a double multilayer mono-
chromator. After each deformation step the gauge length of the tensile specimen was imaged
by microtomography in the unloaded state. During image acquisition the specimen was
turned on its longitudinal axis 2000 times through an angle increment of 0.09 ° yielding the
semi circle. Due to parallel beam geometry the reconstruction was done slice-by-slice. The
3D tomogram was formed by the stack of 2D slices.

3. Results

From the 2D-image (zy-slice) in fig. 1(a) extracted from the 3D-tomogram of the
undeformed specimen it is obvious that tin segregates at the grain boundaries. For this
reason, tin serves as a marker for the 3D image correlation algorithm. Thus, in this case the
characteristic microstructural length is given by the mean grain size. The spatial
distribution of the segregated tin can be grasped in fig. 1(b).

Since the characteristic microstructural length in the investigated material approximately
amounts to 100 pm a cubic tomogram subvolume with an edge length of about 250 nm was

chosen for the correlation analysis.

(a) first deformation step (b) second deformation step

Eequ
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(c) third deformation step (d)  third deformation step (€¢qy and 7i;)
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=] N

Figure 2: (a)-(c) 3D representation of the color-coded equivalent strain in the course of loading, (d)
3D representation of the field of Lagrangian strain tensors y with cuboids; cuboids are
color-coded according to the scalar equivalent strain geqy; only the tensor cuboids of the
planes visible in subfigure (c) are shown.

In the subfigures 2(a)-(c) the development of equivalent strain ey in the first, second and
third deformation step are visualized. In order to achieve the smooth representation of
equivalent strain the distribution of the discretely sampled scalar field was tesselated. From
the comparison of these subfigures it can be deduced that bands of elevated equivalent
strain which emerge already in the first deformation step retain their position but the strain
values increase. In subfigure 2(d) the 3D field of Lagrangian strain tensors y in the third
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deformation step is depicted by cuboids. For the sake of clearness only the tensor cuboids of
the planes visible in subfigure 2(c) are shown. The bricks which are color-coded according to
the scalar equivalent strain are oriented and scaled according to the Lagrangian strain
tensor. The comparison of subfigures 2(c) and 2(d) reveals that in the band of elevated
strain which can be seen in the facing zzplane the largest edge of the cuboids (maximum
principal strain) is preferentially aligned with the direction of global load indicated by the
red line with arrows at both ends. Up to now the effect of microstructure on the initiation
and growth of bands has not been studied but will be analyzed in future work.
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Different ruthenium-polypyridyl complexes are extensively investigated today due to their
potential use in photoconversion, e.g. in dye-sensitized solar cells. Some ruthenium-
polypyridine complexes such as Ru(dcbpy).(NCS), have resulted in solar cell systems having
very high photon to current conversion efficiency in the visible region. In most of the
ruthenium based dyes, the dominant absorption process is traditionally considered as a metal
to ligand electron transfer, induced by absorption of the incoming photon. In for example the
dye-sensitized solar cell, the electron is thereafter transferred from the ligand to the oxide
nanoparticle. The efficiency of the photoconversion process is largely dependent on the
properties of the interfacial region and specifically the molecular properties of the dye
molecule. Insight into the detailed electronic structure of the dye molecule will thus facilitate
the understanding of the mechanisms determining observed functions and efficiencies.
Photoelectron spectroscopy (PES) is a technique that can be used to obtain element specific
information on the electronic and molecular surface structure at the interfaces in the dye-
sensitized solar cell. In the present report we use photoelectron spectroscopy at high kinetic
energy (HIKE) using hard X-ray as an experimental tool to understand the bulk valence
electronic structure of such metal-centered complexes. We report a series of ruthenium
polypyridine complexes with CN’, or CI" or NCS™ ligands. The different ligands are exchanged
stepwise to follow how the metal-ligand interactions develop. Such experimental information
is of general interest in the design of such inorganic coordination complexes. The
experimental results are modeled well by DFT calculations in a crystalline environment
whereas the gas phase models show distinct differences in the mixing of ruthenium and ligand
orbitals.

The bulk sensitivity using HIKE is particularly useful for measurements of valence
structures on molecular films that are difficult to prepare in-situ (in a UHV environment) due
to difficulties in evaporation of the material without decomposition. For such ex-situ samples
the valence electron spectra may contain contributions from a contamination layer making,
for example, the interpretation of traditional ultraviolet photoelectron spectroscopy (UPS)
measurements difficult. However, at a kinetic energy of 2800 eV, as used in this study, the
mean free path is in the range of 5 nm, that is, about 5 molecular layers. This means that about
40 percent of the signal originates from layers buried deeper than 5 nm and that the
contribution from the surface contamination in the interpretations therefore is substantially
diminished.

Another important feature when using hard X-rays compared to UPS or PES based on
soft X-rays, is the general influence of the cross section of the different energy levels.
Specifically, in the ruthenium based dyes, the cross section of Ru 4d relative C 2p, N 2p, O
2p, Cl 3p or S 3p will increase considerably when using hard X-rays. Photoelectron
spectroscopy with HIKE in the valence region will therefore mainly probe the Ru 4d partial
density of states (PDOS) and can be used as an experimental tool to delineate the molecular
orbital character for the highest occupied orbitals in the complexes. The figure shows the
experimental valence spectra of the different Ru-polypyridyl complexes. The frontier orbital
structures of these kinds of ruthenium complexes are often interpreted within an octahedral
symmetry in which the highest occupied molecular orbital contains three degenerate orbitals
mainly localized at the Ru center
(The ty set).
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However, experiments on Ru(dcbpy),(NCS), (N719 in the figure), Ru(tcterpy)(NCS); (BD in
the figure) indicate that the t,y Ru 4d levels split substantially due to the symmetry and the
interaction with the different ligands and accordingly that other orbitals than those from the
metal center have to be mixed into the density of states (DOS) between 0-5 eV.

Comparing the experimental spectra of the different dye molecules, we observe that
the highest occupied electronic structure differs substantially. At high photon energies, the
ruthenium contribution is high as explained above and the interaction between the Ru 4d and
the X-ligands can thus be followed directly for the different dyes. The splitting between the
two peaks with lowest binding energy are very similar for dye 1 (BD) and dye 2 (N719),
about 1.5 eV, and the intensity ratio in both cases is also similar and slightly below 2:1. For
the dye with CN ligands and the dye with CI ligands, there is no clear large peak close to the
peak at lowest binding energy, instead a broad feature at 3-4 eV from the first peak is
observed, which suggests that the mixing of the ligand molecular orbitals with the Ru 4d
levels is different for these dyes.

Calculations of the electronic structure of single molecules showed that the Ru 4d
level splits up. However, the intensity relations for the ruthenium contribution in the highest
occupied electronic structure do not agree with experiment. Calculations of the dye molecules
in crystal structures were also performed and the agreement with experimental data for these
calculations is found to be much better. This showed that the intermolecular interactions in
the solid state are important and largely influence the orbital composition in the frontier
electronic structure. The precise electronic structure is a key parameter for photoconversion
involving charge transfer processes and the result emphasises the importance of
intermolecular interaction for modeling the initial conversion process in the dye-sensitized
solar cell.

Figure 1: Valence spectra of the ruthenium complexes together with the calculated
ruthenium contribution in a gas phase calculation CPMD(g) and in the calculation on
a crystal of molecules CPMD(s)
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A charge transfer (CT) complex is defined as an electron donor — electron acceptor complex,
characterized by electronic transitions to an excited state. In this excited state, there is a partial
transfer of charge from the donor to the acceptor. Almost all CT complexes have unique and
intense absorption bands in the UV and visible range. They are good candidates as photovoltaic
cells, transistors and superconductors. Hard X-ray photoelectron spectroscopy (HAXPES) is a
powerfull tool to investigate the bulk electronic structure of solids. It allows to study the
density of occupied states and to estimate the position of HOMO. We started our theoretical
and experimental investigations of CTs from HBC-C14 which is a strong polyaromatic donor.

The structure of HBC-C14 is shown in Figure 1. Thin films of HBC-C14 were prepared
by spin coating. The concentration of the solution was 3 mg/ml in chloroform as solvent. To
reach this concentration, the solvent was heated to 55° C. The optimal rotation speed for the
films preparation was 1500 rpm. Lower rotation speeds leads to thicker films but we can see
precipitates on the surface of the films, whereas higher rotation speeds results in thinner non-
continuous films. The process for cleaning of the Si/SiO, substrate was acetone ultrasonication
for 30 minutes at 35° C followed by rinsing with isopropanol and finally drying with Ns. The
thickness of the film measured by using a tencor profiler was estimated to be 30 nm.

AFM images and thickness profile (TP) line of the film chosen for the photoemission studies
are shown in Figure 2a, b, respectively. The TP was taken along the line AB drawn through a
defect on in the film which most likely is a hole to the substrate. Its depth is 25 nm and can be
used as a measure for the film thickness. Generally, the TP line excibits the oscillations with an
amplitude of 10 nm. This means that the film consist of two layers: 15 nm thick 2D continious
layer and 10 nm thick 3D layer on the top.

Thin film was investigated at KMC-1 beamline of BESSY with different excitation energies
between 2.2 keV and 8 keV. Prior to synchrotron measurements, the film was investigated using
laboratory XPS (Al Ko with an excitation energy of 1.486 keV). Figure 3 shows survey XPS
spectrum. No trace of Si from the substrate and negligible oxygen signal was observed in this
measurement. The resolution of the non-monochromatised laboratory X-Ray sources is not
enough for valence band studies, therefore HAXPES measurements using tunable synchrotron

radiation were done.
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FIG. 1: Structure of HBC-C14. FIG. 2: (a) AFM images of the HBC-C14 film;
(b) thickness profile line taken along line AB
shown in (a) and a schematic drawing of the

structure of the film.
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FIG. 3: XPS spectrum of thin film of HBC-C14
FIG. 4: Valence band spectra of HBC-C14 at

on Si/SiO, substrate. The energy position of
Ecze=3 KeV.

Si and O core levels are marked with arrows.

Still at excitation energy of 2.2 keV, the survey spectrum shows mainly C 1s core level emis-
sion and Si is not visible. With increasing photon energy the inelastic electron mean free path
increases from 5 nm at 2.2 keV to 15 nm at 7 keV and photoemission signal from the Si/SiO,
substrate becomes visible at 7 keV (not shown here). We can conclude that HAXPES measure-

ments at intermediate energies (about 4 keV) are better suited than at high energies (7 keV), in
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particular for uncapped thin films with a thickness of several tens of nanometers. Intermediate
excitation energies already ensure good bulk sensitivity with a probing depth slightly less than
the film thickness. In the case of very high excitation energies the inelastic electron mean free
path becomes comparable with the film thickness. This results in the experimental probing
depth much larger than the film thickness. The signal from the substrate superimpose with the
spectrum from the thin film what makes the data processing much more complicated. Moreover,
at very high excitation energies the intensity from p states is moderately low, as their absorption
cross section drops down at high kinetic energies much faster than the one of the s states.

The best resolution at high signal to noise ratio was achieved at E¢;.=3 keV (Figure 4). The
valence band onset is at about -2 eV. This result is in a good agreement with the calculations
predicting the HOMO-LUMO gap of 2.6 eV. Additional inversed photoemission studies are

needed to investigate the density of states with positive energies where LUMO is situated.

® —o—E =3KeV
P e
I s ﬁ’\ —°o—  4KeV |
4% Tl 5KeV

=M~
Oo

g% 6KeV |

% —s—  TKeV

S

o

Intensity (arb. units)

-25

Binding energy (eV)

FIG. 5: Valence band spectra of HBC-C14 measured at different excitation energies.

Pronounced excitations are visible from -14 eV to -20 eV that are related to aliphatic chains
that exist in the HBC center [1]. The intensity of these excitations decreases with increasing the
photon energy. This is, indeed, a prove that those excitations belong clearly to the compound
and not to the substrate. At -6 eV to -10 eV excitations with lower intensity and an unresolved
structure are visible. The intensity of the excitations between -6 eV and the threshold are even
lower. The intensity in the latter two ranges does not change with increasing photon energy
(Figure 5).

The support of KMC-1 crew at BESSY is gratefully acknowledged. This work was funded
by SFB (Project B8 in TRR49) and BMBF 05KS7UMI.

[1] J. J. Pireaux and R. Caudano, Phys. Rev. B 15, 2242 (1977).
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Several phosphors were characterized using the KMC-2 beamline and a user-provided
Jeti Spectroradiometer 1201 linked to a standard PC via a USB cable. This
instrument records the luminance of the material over the wavelength range 380—
780nm. The measurements were taken at 1keV intervals in the range 6—12keV and
in some cases measurements were also taken at smaller energy intervals around the x-
ray absorption edges of the activator ions and the host lattice ions. Many samples
were investigated to ascertain which materials show the brightest luminance using
these excitation conditions. The samples that were studied were powders of: Y,03:Eu
1%, Y203ICG 1%, Y2032Dy 1%, Y203IEI' 1%, Y2032Gd 1%, Y203ZHO 1%, Y2031Nd
1%, Y203:Pr 1%, Y203:Sm 1%, Y,03:Tb 1%, Y203:Tm 1%, Y203:Yb 1%, Gd,0,S:Pr
1%, 2%, 3% and 5%, and the 1% dopant concentration with several deposition
thicknesses, Y,O3:Eu 2% Tb0.1% Gd0.1%, Yi1,Gd;3Als01,:Ce, Y,05:Eu 2% Tb
0.1%, Gd 0.1%, ZnO:Zn, several types of ZnS:Cu, ZnS:Cu,Pb, ZnO:Ga,
Tb3Als015:Ce LaPO4:Tb, Y,0,S:Tb and of some of these materials deposited as
photonic band gap materials comprising of face centred cubic lattices with a cell
parameter in the region of 300 nm. Hence around 55 sets of measurements were made.

A significant amount of time was spent optimising the measurements with the Jeti
spectroradiometer since this is a non-standard detector and has non-ideal resolution
and sensitivity. The spectrometer should have ideally been placed 6-20cm from the
sample but in this range of distances with the first samples measured it was found that
no visible light emission could be detected. After some experimentation it was found
that the optimised position for the Jeti was as close to the sample as possible without
interfering with the x-ray beam, which meant that it had to be around 30° to the
incident x-ray beam. A monochromator system would give better resolution, and
sensitivity would be greatly enhanced if the detection method was via a
photomultiplier tube. It was also found that the mounting of the samples for
measurement could be improved. The phosphor powders were mounted onto adhesive
tape which resulted in a thin uneven covering of powder and may have been one
factor that produced some of the poor emission spectra. By modifying the sample
holder it was possible to produce 2mm thick samples that gave improved emission
spectra.

It was surprising that most of the phosphors studied gave poor visible emission
spectra, <1Cdm™>. Most of the materials analysed are well known scintillator
materials and have already shown good photo and cathodo-luminescence; the
Gd,0,S:Pr phosphor had also previously been tested on the King’s laser plasma x-ray
source where it showed excellent emissive properties.(l) This is likely to be due to the
inability of the detector to measure small sample areas, since the x-ray beam spot was
smaller than the sampling area of the detector. The most intensely emitting samples
measured all contained Tb doping; LAP:Tb, (YGd),05:Tb, Y,0,S:Tb and Gd,0,S:Tb
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gave very strong, clean emission spectra with luminance values of 10-60Cdm™ (see
figure 1).

Figure 1. Typical emission spectrum of 1% terbium doped yttria obtained at BESSY in the energy
range 6—12keV.

The use of Tb>" is advantageous since it has many sharp emission bands spanning the
visible spectrum (380-780nm) which will enable the analysis of the effect of
photonic band gaps in the structured materials. Attenuation of a Tb>" emission band
was observed at 427 nm in the lattice of a small PBG crystal. This coincides with the
calculated stop band for this inverse opal phosphor lattice, and requires further
investigation since the observed emission was weak.

Hence, future investigations on photonic band gap materials will need to consider the
use of a better detector, improved sample mounting and the use of Tb doped
scintillator materials.
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The aim of the investigations is the production and analysis of nitrogen containing hydrogenated carbonaceous
nanoparticles. The incorporation of nitrogen into carbonaceous materials is interesting in a wide area of
applications - from technology to astrochemistry. A large variety of nitrogen containing carbonaceous materials
have attracted a great interest due to their mechanical and electrooptical properties. Nowadays many of these
materials already found applications in industry, e.g. as coatings for hard disks, microelectromechanical elements
(MEMs) or emitters. Furthermore nitrogen containing carbon compounds can also be found in astrophysical
environments. The existence of nitrogen both in gas and solid phase is clearly seen in observational IR spectra of
the interstellar medium and it is known that the prominent feature of Titan's atmosphere is a thick haze region
that acts as the end product of hydrocarbon and nitrile chemistry. Carbon-nitride materials miming the Titans
aerosols are named tholins and low temperature plasmas can be considered as one of the best sources for their
production.

One of the crucial questions for the application and production of plasma produced polymers concerns the
stability of these materials. An important point for the production of stable polymers is of course the material
temperature - during the production process and afterwards. It was found (see [1] and the references therein) that
plasma polymers can be stabilized by thermal annealing, since the thermal treatment enhances the mobility of
cross-linked polymer chains and therefore favors the recombination of trapped free radicals. Vice versa,
annealing experiments can deliver important information about the stability of the polymer, about the stability of
their bonding structure, and thus, indirectly about the conditions during the production process.

The nanoparticles we present in this contribution are produced in a low temperature, low pressure and low
power radio-frequency discharge, from nitrogen/methane gas mixture (10% methane). The capacitively coupled
discharge was driven by 13.56 MHz , input power 40W at 1mbar total gas pressure. The particle formation is
monitored by the analysis of electrical characteristics of the discharge (e.g. self-bias ) as well as by emission
spectroscopy and laser light scattering. This observation of the plasma allowed the in-situ identification of
different growth phases - that are related to specific particle sizes, and thus a controlled production of the
particles. Our further analysis was obtained on particles with diameter of about 100nm. The annealing
experiments have been obtained in high vacuum chamber at the HEGSM beam-line The effect of the annealing
on the polymer material was investigated (in situ i.e. during the annealing) by means of Near Edge X Ray
Absorption Fine Structure spectroscopy (NEXAFS). The NEXAFS measurements are obtained in the soft X-ray
spectral region where sharp core levels are found for C, N, and O elements contained in our samples.

Figure 1 shows the ex-situ IR spectrum of the particles produced in nitrogen/methane gas mixture. The broad
strong features with maximum at about 3300 cm™ can be identified as NH stretching vibrations (NH; and NHj,
overlapping with certain small amount of OH stretching bonds due to impurities present in the chamber). The
structured shoulder at 2930 cm-1 is identified as CH stretching feature (CH, and CH;, symmetric and
asymmetric). The dominant feature in the spectrum is a strong, broad absorption peak centered at about 1625 cm’

0.010 ; ; ; ; ; ! (6.15 um) which can be interpreted mostly by the

1 formation of CN double bonds, with possible C=C

presence as well as a superposition of vibrations with

different origins (e.g. C=0, CH deformation bands, see

[2]). The presence of triple bonds is observable from the

feature with maximum at about 2200cm™. The origin of

this feature is C=N (nitrile, isonitrile) and possibly C=C
stretching vibrations.
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NEXAFS measurements on the nanoparticles gave us better insight in the charachteristics of nanoparticles. From
normalized C K edge spectra, as in Figure 2, we can see almost negligable presence of C=C bonds at 285 eV
(signed within the Figure 2 as C1)). Therefore, and according to explanations proposed in the literature, we can
suppose that nitrogen intensified the C=C vibrations in the IR spectrum. This can partially explain the dominant
feature in the fingerprint area (1000-1800 cm™). Further resonance line can be observed at 286.6 eV (C2), in the
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literature correlated with Cls—n* (C=N), and with some zn* resonances from C=0 [3]. Some authors [4]
associate this peak also with some C=N bonds. This possibility can be in our case not excluded, for one reason
that we observe C=N in the FTIR spectrum. The other important reason why not to exclude several possibilities
is that nanoparticle formation in plasma processes results in complex polymers with large variety of bonding
situations. The resonances at 288eV (C3) can be correlated with C-H o*; although there is also a possible
correlation with C=0 originating from amide groups.. This peak has a shoulder at about 287.7 eV, correlated
with aliphatic and ketonic C-H groups. Around and above 292 eV (edge, C4) we can observe different Cls—c*
resonances, with shape and position, together with previously mentioned c*(C-H) states, typical for plasma
polymerized samples [5]. We observe also a shoulder around 301eV (C5), probably coming from ¢* C=C and
C=N resonances [5].
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Figure 2 NEXAFS spectrum: C K edge Figure 3 NEXAFS spectrum: N K edge

The dominant pre-edge peak is positioned at 399.7 eV(N2), with a shoulder at about 399 eV. The main peak can
present a variety of & nitrogen bonds; hence the unique identification is obviously very complicated. On the basis
of calculation data for carbon-nitride films some authors [6] show that such kind of low energy peak can be
related to constrained CN bonds, the presence of pyridine-like double bonds (-C=N-), or imines. Some authors
ascribe this peak to N=C bonds (nitriles, isonitriles)[3]. This kind of bonds is, actually, for most of polymer
materials in IR spectra (around 2100 cm™) either not observable or present as a weak feature. One explanation in
favor of nitrile presence in the material is: aliphatic nitriles absorb weakly in IR, so it is possible that there is a
more significant presence of these groups as assumed. On the other hand, NEXAFS is very sensitive to the
presence of these groups and could overemphasize the real picture.

Furthermore we can observe a change of the slope around 402 eV and the strong broad ¢* resonance around 407
eV. The presence of o bonds is observable through the strong broad resonance above 407 eV (N-C, N-H).

The annealing of the above analyzed nanoparticles was performed in several steps, with temperature increase
of about 20 K/min. The NEXAFS spectra from annealing experiment are presented without normalization in
order to stress losses we could observe from nanoparticle surface and bulk material. Although measurements
have been obtained after every 50K step, we present only certain steps, in order to present important changes
more clearly.

Figure 4 shows the C K edge at different temperatures. The changes in spectra start first above 550K. Above
this temperature we can observe the increase of C=C sites (peaks C1+C5), and a gradual loss of C=0 and C-H
correlated peaks (C3). After 700K spectra reveal changes in the C2 peak, correlated with nitrogen presence. The
changes observed above 550K can be correlated with the behavior of oxygen, i.e. oxygen removal. From the
NEXAFS spectra on the O K edge (Figure 5) we can observe the start of this oxygen removal at 550 K. The
oxygen presence is negligible above 650 K. Fig. 6 shows the changes of the NEXAFS spectra at certain
temperatures for the N K edge. Spectra were unperturbed until 650K (oxygen loss). Above 700K (Figure 7)
spectra reveal drastic changes in the peaks N1 and N2 (for identification see Fig 3). N1 increases, while N2
decreases, and new peaks arise, like the feature around 401-402eV. The whole preedge region becomes weaker
compared to the 407 eV region (c* resonances). In comparison with the previous reports on CN film annealing
(e. g [7]), where the nitrogen loss starts already around 450K, we observed losses around 800K. After 850 K the
material is rather stable.
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However, due to the complexity of the material and the complicated identification of spectral features, this
work requires further analysis like elemental analysis and especially theoretical calculations of NEXAFS spectra,
which are beyond the scope of this report.
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The electronic structure of solid metal fluorides, that present the most ionic crystals, is
usually considered in the framework of the simple ionic model. At the same time, the covalent
mixing (hybridization) between the fluorine 2p electrons and valence electrons of metal atoms
has a dramatic effect on the electronic structure of their compounds. Using x-ray absorption
spectroscopy at the F 1s edge, we have shown previously that even in the case of such
strongly ionic compounds of the 3d transition-metal (TM) fluorides, covalent bonding plays
an important role, causing a mixed TM 3d — F 2p character of the empty electronic states near
the bottom of the conduction band [1]. Recently we also have observed the strong effect of
the covalent bonding on electronic structure of multi-walled carbon nanotubes (MWCNTS)
upon their fluorination [2]. The main aim of the present study was to gain a deeper insight
into the nature of chemical bonding and electronic structure features for the titanium
trifluoride, TiFs, and the fluorinated multi-walled carbon nanotubes, FE-MWCNTSs, using high-
resolution measurements of resonant F KLL Auger spectra. Resonant Auger spectroscopy is
well known to provide a new and powerful method to study the core-electron excitations in
atoms and ionic crystals [3-5]. In principle, there is a close analogy between the core-excited
states of atoms and those in solids: in both cases the excited electron is bound to the inner
hole of the parent atom by electrostatic forces. At the same time, this electron can be localized
in solids only in the volume that is confined to neighboring atoms of the parent one for the
excited electron. These atoms are chemically bonded to the parent atom and therefore are
involved in a formation process of possible excited states for the core electron under
consideration. From this it is clear that the covalent bonding between the parent atom and its
neighbors can strongly influence the localization character of the excited electron and its
localization extent on the parent atom which define resonant spectator and participator Auger-
decay processes for the core-excited electron and spectral shape of resonant Auger spectra.

All measurements have been performed at the Russian-German beamline (RGBL)
using experimental station Mustang. Thin (20-25 nm) TiF; layers were prepared in situ in the
preparation chamber by thermal evaporation of thoroughly dehydrated TiF3; powder from a
effusion cell heated by an electron beam onto a polished stainless-steel plate in a vacuum of
~3%107 mbar. A sample of F-MWCNTSs (10 wt. % of fluorine) was prepared in air by rubbing
powder of it into the scratched surface of a clean stainless-steel plate. NEXAFS spectra at the
F 1s edges for these samples were obtained in the total electron yield mode by detecting a
sample current. The photon energy was calibrated using the known energy position of the first
narrow peak in the F 1s absorption spectrum of solid K;TiFs (F 1s — ty; 683.9 eV [6]) and
the photon-energy resolution was set to 200 meV at the F 1s edge (~685 eV). Photoelectron
and F KLL Auger spectra for TiF3 and F-MWCNTs were collected in the angle-integrated
mode with the total energy resolution of 400 meV using a Phoibos 150 electron analyzer. No
sample charging effects were observed during the absorption and photoelectron measurements
that were carried out at a pressure in the measuring chamber about 2-10™° mbar.

The F 1s absorption spectrum recorded for TiF3 is compared in Fig. 1 with the spectra
for other titanium fluorides, K;TiFs and TiF,, that were measured previously [1]. As is well
seen, the spectra for ionic compounds TiF, and TiFs as well as for a molecular anion TiFs> (in
solid K;TiFg) are strongly similar in their spectral shape. Taking into account the similar
octahedral fluorine environment of the titanium atom in these compounds and the quasi-
molecular analysis of the spectra for TiF, and TiFs> [1], the low-energy absorption band a —
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b’ in F 1s absorption spectrum of TiF; can be also associated with core-electron transitions to
the empty weakly antibonding MOs t,q and e4 of the octahedral TiFs quasi-molecule formed
by the Ti atom and the surrounding fluorine atoms. These MOs result from the covalent
mixing between the Ti 3d electron states, which are split into 3dtyy and 3dey components in
the field of the fluorine octahedron, and the
2p states of the fluorine atoms. It should be
noted that in the context of a simple ionic
model these MOs are essentially localized
at the central (Ti) atom and are primarily
determined by the 3dt,; and 3dey states,
which can be observed in the F 1s
absorption spectrum of the TiFs> anion due
to covalent bonding between the Ti and F
atoms. Finally, the variations of the low-
energy absorption structures, when going
from TiFs> to TiF, and TiFs,.result from a
680 690 700 710 720 730 considerable tetragonal and trigonal
Photon Energy, eV distortions of the TiFg octahedra in these

Fig.1. F 1s absorption spectra of TiFs, TiF,, and K,TiF. titanium fluorides.
The electron (valence-band, core-
levels and Auger) spectra for TiFz excited by photons of various energies in vicinity of the F
1s absorption edge (as marked by numbered arrows in the absorption spectrum, Fig.1) are
presented in Fig. 2. It is seen from Figure that contributions from the valence-band and core-
levels signals to Auger spectra are small. The nonresonant F KLL Auger spectrum excited by
photons with energy far above the F 1s edge (curve 10; hv = 719 eV) exhibits a spectral
shape that is typical of the normal Auger spectrum of the neon-like F" anion in alkali fluorides
[4]. It comprises three groups of lines (a
and b, cd and e, f) associated with KL, 3L, 3
(*D and 'S), KL;Lz 3 (3P and 'P), and KL;L;
(*S)  Auger transitions. Examining the
series of Auger spectra (curves 2 — 7), it is
clear that all the Auger signals change their
intensities and energy positions, when the
photon energy is scanned across of the
low-energy absorption band (resonance) a
—b’. All resonant spectra are characterized
by a high-energy shift with respect to the
normal one that decreases nonlinearly in its
magnitude from 55 eV to 0.3 eV with
increasing the photon energy in the range
between 682.5 eV (curve 2) and 689.0 eV
(curve 7). Note that the valence-band

a C ‘ F1s absorption spectra‘

Total EIeE:tron Yield .

Photoelectron Intensity

B L — - photoelectron signal VB therewith does not
600 620 640 660 680 substantially change. Evidently these
Kinetic Energy, eV findings are caused by characteristic

Fig.2. Resonant F KLL Auger spectra of TiF;.  features of decay processes for the core-
excited F atoms arising from transitions of

the F 1s electrons to low-energy unoccupied electron states of TiF; (MOs tyy and eg;
absorption band a - b"). Owing to the appreciable localization of the excited electron on the
fluorine atoms, it has effect on the Auger decay processes for 1s hole in the fluorine atoms.
Only slight modifications on the line shape and intensity of the VB signal upon the resonance
excitation are indicative of an absence of participator Auger transitions. In such a situation it
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is clear that the low-energy F 1s excitations in TiF3 decay predominantly via spectator Auger
transitions. In this deexcitation process the electron excited to the Ti 3d — F 2p hybridized
electron state (MOs tyq and eg) will remain as a screening electron both in the initial and final
states, thus causing an increase in the energy of the outgoing electron compared to the normal
Auger decay (with a fully delocalized excited electron).
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Fig. 3. Resonant F KLL Auger spectra

of F-MWCNTSs.

The observed decrease of this high-energy
shift for the resonance Auger transitions,
when the photon energy is scanned across of
the resonance a — b’, points to the fact that
the localization extent of the low-energy
core-excited states is rapidly reduced with
increasing the photon energy over the
absorption resonance.

Further inspection of the resonant F
KLL Auger spectra for F-MWCNTSs
containing 10 wt% of fluorine atoms (Fig. 3)
discloses similar regularities that also can be
explained by the spectator  Auger
deexcitation processes of the low-energy
core-excited states which have the
hybridized C 2p — F 2p character and are
responsible for the band B;* in the F 1s
absorption spectrum. Differences which are
observed in the resonant Auger spectra of F-
MWCNTSs as compared to those of TiF; (a
lower resolved spectral shape and a lower
energy shift of 4.2 eV) can be understood
taking into account the presence of two C-F
phases [7] and a weaker covalent bonding
between the fluorine and carbon atoms in F-
MWCNTSs.

In conclusion, the analysis of the
resonant F KLL Auger spectra measured with
a high energy resolution for TiF; and F-
MWCNTs has shown that these spectra
contain direct and otherwise inaccessible
information concerning a localization and

hybridization character for the low-energy unoccupied electronic states.
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Magnetic domain structure of Heusler/MgO /Heusler trilayer systems

A. Kaiser, C. Wiemann, S. Cramm, C.M. Schneider
Forschungszentrum Jiilich, Institut fiir Festkorperforschung IFF-9, 52425 Jilich, Germany

Heusler alloys [1] are considered as interesting ferromag-
netic electrode materials for magnetic tunnel junctions
(MTJ). Due to their high spin polarization at the Fermi
level they are expected to show extremely high tunnelling
magnetoresistance (TMR) values. MgO as a tunneling
barrier material has a comparable lattice constant and
thus provides the possibility of epitaxial growth of trilayer
systems [2]. Due to the reduction of defects and the on-
set of resonant tunnelling mechanisms an increase of the
TMR effect can be expected [3].

Many macroscopic studies of the magnetic, electronic and
structural properties of Heusler-based MTJs have been
carried out. From a fundamental point of view, but
also with respect to technical aspects, the micromag-
netic behaviour cannot be neglected. CogFeSi (CFS)
and CozMnSi (CMS) are two protagonists of the class of
half-metallic Heusler compounds. They have similar lat-
tice constants providing structural compatibility to MgO.
Both materials have very high Curie temperatures around
1000 K [4, 5] and magnetic moments per formula unit of
5.07 up (CMS) and 6 pp, respectively. Hysteresis mea-
surements reveal clearly distinguishable coercive fields of
2.8 mT (CMS) and 6.5 mT (CFS).

Single films and trilayer structures with asymmetric elec-
trode configurations have been prepared by magnetron
sputtering. The films have been subsequently microstruc-
tured by optical lithography and argon ion beam milling
into squares with areas ranging from 2x2 to 100 x 100 um?.
A more detailed description of the growth conditions and
the experimental results can be found elsewhere [6].

The micromagnetic structure of the films has been studied
by photoemission electron microscopy (PEEM). PEEM
exploiting the XMCD effect is a powerful technique for
the element-selective study of magnetic domain configura-
tions [7, 8]. The measurements have been conducted us-
ing an Elmitec PEEM III at the beamline UE56/1-SGM
at BESSY-II. All measurements shown in this report have
been generated by tuning the photon energy to the ap-
propriate L3 absorption edge and calculating the XMCD
asymmetry value A = (I, — I,_)/(I,+ + I,_) for each
pixel with I,+ being the intensity values for right and left
circularly polarized light.

Fig. 1 shows the magnetic domain patterns from single
CMS and CFS films. Under the influence of the shape-
induced demagnetizing field, the magnetization configura-
tion of elements of comparable size is distinctly different.
The CMS film develops a so-called concertina or buckling
pattern (shown in fig. 1(c)) also known from Permalloy
elements in a similar thickness range [9]. It is formed
by alternating low-angle walls with the local magnetiza-
tion direction varying around the average magnetization.
With decreasing element size the effect of the demagnetiz-
ing field becomes stronger and successively simpler flux-

(a) CMS 10x10 pum? (b) Sketch of domain pat-

tern in CMS 10x10 pm?

5 5um

(c) CMS 20x20 pm? (d) CFS 20x20 pm?
Figure 1: Magnetic domain structures in patterned CMS and

CFS elements. The magnetic contrast has been obtained at
the Co L3 edge.

closure patterns reminiscent of Landau states start to form
(Fig. 1(a) and 1(b)), which are still accompanied by buck-
ling structures. The latter disappear for elements in the
micrometer regime. However, the occurrence of the buck-
ling state is not necessarily the magnetic ground state con-
figuration, but may arise due to a local energetic minimum
caused by neighbouring domains blocking each other. A
completely different response is observed in the CFS films.
Even under the influence of the demagnetizing field in
small 10 x 10 um? elements (Fig. 1(d)) the polycrystalline
nature of the film is dominating the magnetization pattern
and the fine-grained domain structure remains essentially
unchanged from that observed in the extended film (not
shown). This result shows that the intrinsic anisotropy
of the CFS-film is much stronger than the demagnetizing
field of the square element.

In a second step the single Heusler films have been com-
bined into trilayer structures with a MgO interlayer of
3 nm thickness. In order to separate the magnetic response
of the individual layers in this stack, the full versatility of
soft x-ray PEEM is needed. By tuning the photon energy
of the incident beam to the Ls-absorption edges of Fe and
Mn the magnetization of both ferromagnetic layers can be
investigated independently. Resulting domain images for
a square element of CMS(20 nm)/MgO(3 nm)/CFS(2 nm)
with an edge length of 10 pm are compiled in fig. 2. Due
to the limited escape depth of the photoelectrons, the Mn
signal is rather weak and had to be upscaled by a factor
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(a) Fe-L3 (b) Mn-Ls3
Figure 2: Element-selective domain imaging in the layer sys-

tem CMS/MgO/CFS, revealing a parallel magnetic coupling
of the CFS and CMS films.

of five. Comparing the domain patterns of the Fe and Mn
data reveals identical structures consisting of Landau flux-
closure pattern superposed by concertina features in both
films. The reasons for this coupling can be a roughness-
induced Néel/orange-peel mechanism [10] or pinholes in
the MgO layers, which favour a ferromagnetic contact be-
tween the CFS and CMS layer through a direct exchange
interaction. The domain patterns of the trilayer film re-
semble the situation of the single CMS film (fig. 1a). Due
to the difference in thickness in both films the micromag-
netic structure is strongly dominated by the CMS bottom
layer. For larger 20 x 20 um? elements (fig. 3a) the mag-
netic structure is no longer determined by the flux-closure.
Instead the competition between local anisotropy fluctua-
tions and demagnetizing field is won by the anisotropy and
a magnetization ripple due to the polycrystalline structure
of the films is formed.

In the inverse trilayer system the magnetic microstructures
changes drastically. Instead of the anisotropy-dominated
ripple pattern we find a different behaviour with higher av-
erage domain size and the formation of a low-remanence
magnetization pattern consisting of two antiparallel Lan-
dau domains, as shown in fig. 3b. Some of the 90°-walls
have been replaced by an additional domain with two low-
angle walls. This configuration is known as “Tulip” state
[11]. The 180°-walls between neighbouring antiparallel do-
mains are modified by a high density of cross-tie struc-
tures. By the formation of cross-ties the magnetostatic
energy is reduced, since 180°-walls are replaced by ener-
getically more favorable 90°-walls [12].

In this trilayer structure we do not find a magnetic con-
trast at the Mn edge. This fact is surprising since the CMS
film is the top layer and is expected to yield a higher in-
tensity than in the reversed stack. Thus we must conclude
that the CMS film is nonmagnetic at room temperature.
This behaviour may be attributed to a strong thickness
dependence of the CMS magnetic moment in thin films
below 8 nm thickness supporting the results of previous
XAS and FMR measurements [13, 14, 15]. The strongly
reduced Curie temperature in the 2 nm CMS film may
be explained by interdiffusion at the interface leading to
a higher atomic disorder. Furthermore, this result seems
to indicate that the MgO barrier in this layer has only a
negligible density of pinholes, because a direct exchange
coupling to the bottom CFS layer should also result in a
common Curie temperature for both layers.

(a) CMS (20 nm)/ MgO (b) CFS (20 nm)/ MgO
(3 nm)/ CFS (2 nm) (3 nm)/ CMS(2 nm)

Figure 3: Comparison of magnetic domain patterns acquired
at the Co L3 edge of 20 x 20 pum? square elements of both
trilayers.

In conclusion our element-selective domain imaging exper-
iments reveal the complexity of the magnetic microstruc-
ture in Heusler-based thin film systems. The results also
show that the micromagnetic structure depends on fine de-
tails of the formation process of the Heusler phases. Anal-
ysis of the domain configurations shows that the ferromag-
netic coupling observed in the dual-Heusler trilayers can be
attributed to roughness-induced Néel coupling. This can
be overcome by an improvement of the preparation condi-
tions. The surprising difference of the magnetic behaviour
between the CMS/MgO/CFS and CFS/MgO/CMS tri-
layer structures is due to a strong thickness dependence
of the magnetic ordering in CMS and must be taken into
account for the construction of magnetic tunnelling junc-
tions.
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Effect of the partly filled HOMO in CoPc on formation and decay processes
of Co 2p3, excitations from a comparison with NiPc.
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The 3d-metal phthalocyanines (3d-MPc’s) are very stable planar complexes that show
various interesting properties and have extensive applications in the areas of catalysis,
pigments, semiconductors and sensors [1]. The central part of the 3d-MPc’s (including the 3d-
atom and its nearest surroundings) is believed to be their most reactive part and to determine
the most important applications of these compounds. The occupied and empty 3d electron
states of the metal atom, which are located near the Fermi level, are essentially responsible for
the wunique properties of the 3d-MPc’s. Since the practical application of these
phthalocyanines is based on the understanding their electronic structure, its investigation
remains a subject of intense research over several decades. In particular, the occupied
electronic states of 3d-MPc’s were investigated by photoemission (PE) spectroscopy [2,3],
while x-ray absorption (XA) and inverse photoemission spectroscopy were used for studying
the unoccupied states [4-6]. The similar studies are usually performed for the whole series of
MPc’s (M = Fe, Co, Ni, Cu and Zn) since their electronic structure is mainly characterized by
a gradual increase of the 3d electron number for the metal atoms along this series. Further, the
metal 3d derived electronic states of MPc’s are usually regarded, up to now, as the nearly pure
atomic 3d components split by a square-planar (D4,) molecular field of the complex into the
€g (Axzyz), P2g (dxy), Q19 (dzr2), and big (dxra-yn2) cOmponents [7]. As a result, in going from FePc
to ZnPc the metal atom 3d electron configuration varies from ey'a;,?bs°b1y” t0 €4 a147024°b14”.
The similar electron configurations are known to be best probed in an x-ray absorption
experiment by excitation of metal 2p core electrons to the unfilled 3d derived electronic states
[8]. In such the probing, a gradual filling of emty b, and big states must be observed in the
metal atom 2p absorption spectra of MPc’s. A most interesting situation is expected in the
case of Co 2p excitations of CoPc since the 2p
|[NiPc| | Ni2pg,spectrum | electron excited to the unfilled 3dby, will interact

° additionally with the 3d electron in the partly
filled by HOMO. At the same time this HOMO
is fully occupied for the NiPc complex and the
LUMO is the empty 3db,q state. The main aim of
the present study was to gain a detailed
information on formation and decay processes
e for Co 2p excitations from the high-resolution
848 852 8% 860 84 gpsorption and resonant PE (Res PE) spectra
A o1 Af 11 Co 2pgy, spectrum measured at the Co 2p edges and to analyze

*[\iop A effects of the partly filled HOMO and 3d-3d
electron interaction on decay processes of the Co
2p excitations on the basis of comparison
between corresponding spectra for CoPc and
NiPc. Below are presented the first results of our
I measurements performed last December.

All measurements were performed at the
Russian-German beamline (RGBL) using
experimental station Mustang. The NiPc and
CoPc chemicals were purchased from Aldrich
Inc.. The samples were thin (30-50 nm)
polycrystalline NiPc and CoPc films prepared in situ in the preparation chamber by thermal

Photoabsorption (Total Electron Yield)

T T T T T T T T
772 776 780 784 788
Photon Energy, eV
Fig. 1. Metal atom 2p,, absorption spectra

for NiPc and CoPc.
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evaporation of powders from a Knudsen cell onto a polished stainless-steel plate in a vacuum
of ~3x107 mbar The NEXAFS spectra of these samples were obtained in the total electron
yield mode by detecting a sample current. The photon-energy resolution was set to 550 meV
at the Ni 2ps, edge (~850 eV) and 480 meV at the Co 2ps, edge (~780 eV). The photon
energy was calibrated using the known energy position of the first narrow peak in the Ne 1s
absorption spectrum (Ne 1s — 3p; 867.13 eV [5]) and in the F 1s absorption spectrum of solid
KaTiFs (F 1s — tyg; 683.9 eV [6]). Valence-band and core-level photoelectron (PE) spectra
for NiPc and CoPc were collected in the angle-integrated mode with a Phoibos 150 electron
analyzer. The total energy resolution was about 580 meV and 520 meV for the Res PE spectra
at the Ni 2ps, and Co 2ps/, edges, respectively. The energy scale was aligned by measuring
the 4f;;, PE lines of the reference gold or platinum foils. All spectra were normalized to the
incident photon flux, which was monitored by recording the photocurrent from a gold mesh
placed at the outlet of the beamline. No sample charging effects were observed during the
absorption and photoelectron measurements that were carried out at a pressure in the
measuring chamber about 2:10™° mbar. The long x-ray irradiation of the CoPc sample was
found to result in its minor deterioration which was only manifested in small changes of
relative intensities of absorption structures in Co 2ps, spectrum. Nevertheless, the position of
the light spot on the sample was varied every 2 h in order to ensure insignificance of this
photochemical effect.
hv,eV Ni 2p5,3d3d NiPc The metal
gs07 X3 o q ba atom 2ps, absorption
ge7 7 3 ) ¢ 13 spectra recorded for
e g x2 : 12 CoPc and NiPc are
' 11 compared in Fig. 1.

855.6 x2 . As is well seen, the
: Co  spectrum s
significantly different
from the Ni one and
shows two additional
low-energy
absorption structures
A* and A;. The more
complicated structure
of Co 2ps, absorption
spectrum can  be
understood taking
into account a
presence of the partly
filled HOMO 3dbyg in
the cobalt complex.
Compared to the
spectrum of NiPc, the
additional low-energy
band A* is attributed

Photoelectron Intensity

Binding Energy, eV to a Co 2paj2 -> 3dbyg
Fig. 2. Res PE spectra of NiPc at the Ni 2p3/2 edge.  transition while the
main absorption

transition of Co 2ps, electrons to a 3dbyq state (band A in the Ni2ps; spectrum) should be
regarded to be split into two triplet and singlet components (A; and A;) due to an 3d-3d
exchange interaction between the electron excited to the 3db,q state and the 3db.g electron.
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PE spectra of NiPc and CoPc excited by photons of various energies in vicinity of the

Ni 2ps;, and Co 2ps, absorption edges (as marked by numbered arrows in the absorption
spectra, Fig.1) are shown in Figs. 2 and 3, respectively. The bottom curves in both figures
correspond to photon energies below the Ni 2ps, and Co 2ps, excitations. Structures a” - f in
these spectra are superpositions of the valence MO PE signals originating from the nitrogen
and carbon 2p and 2s atomic states as well as from Ni or Co 3d states. Examining the series of

Photoelectron intensity

PE spectra in Fig.2
and 3, it is clear that
some of valence-
band PE signals are

significantly
enhanced when the
photon energy is
scanned across the 2p
— 3d absorption
resonances (band A
in Ni spectrum and
A* A; and A; in Co
spectrum). It is of
interest  that  the
enhancement effects
are different for Res
PE spectra of NiPc
and CoPc. Evidently
these findings are
caused by the
presence of the partly
filled b,y HOMO in

7774 x1.
771, 5| CoPc. More detailed
Mw analysis  of these

7 x2 e d c b X gxperimental data is
a In progress.
30 25 20 15 10 5 0
Binding Energy, eV
Fig. 3. Res PE spectra of CoPc at the Co 2p3/2 edge.
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Charge order in La, g ,EUg 251, CuOy, studied by resonant soft X-Ray
diffraction

V. Soltwisch', E. Schierlé, E. Weschké, J. GecK, D. Hawthorn®, H. Wadati®, H.-H.
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(X = 0125 - ok In high-Tc superconductors at low doping con-

Cu-L, 20K centrations x the doped holes tend to order withen

ook CuQp planes. This ordering is determined by a

28& complex interplay between charge, spin and lattice
70K degrees of freedom and results in stripe-like or
100K checkerboard phases. The charge stripes constitute
antiphase domain walls between antiferromagnetic

e domains and their role for the occurrence of

Normalized intensity (arb. units)

zgﬁ ] superconductivity is not yet understood. Stripeeord
40K observed near x = 1/8, is fluctuating in many hole-
o doped cuprates, but can be stabilized by corrugatio
70K the Cu® planes as in LayBaxCuOs (LBCO),

100 K |

Lag 6-xNdp 4SrCuOy (LNSCO) as well as in the
compound La g-xEug 2SiKCuOy (LESCO). LESCO

in particular has a strong corrugation due to thalk
Eu ions and exhibits static stripes in a large eamigx,
Fig. 1. (¢ 0 1) superstructure peaks the superconducting range between 0.08<x<0.2 is
recorded for various temperatures almost completely replaced by a stripe-ordered @has
with photon energies corresponding [1].
to Cu-l3 (I=1.6) and _the Oo-K Charge order in regular stripes can be studied by
(1=0.75) resonance. The intensity is jjtfraction techniques, such as neutron and x-ray
shown as a function of h in units of igration [2,3]. These techniques are sensitive t
the reciprocal lattice parameter a*. . : : . :
accompanying spin order and lattice distortion,
respectively. A more direct method to address the
charge ordering is resonant x-ray diffraction a txygen K resonance, which exploits the
increase of the scattering factor of the holes tueesonant dipole transitions from the 1s
shell into unoccupied states near the Fermi engthyFig. 1 displays two series of data
recorded from LESCO for x = 1/8 at the Cg-dnd the O-K edge for various temperatures.
Scans are shown as a function of h parallel toGh&, planes and exhibit clear peaks at
h = 0.23 that disappear below 100 K. The valuenefrhodulation period fits nicely into a
series of neutron scattering results that demaestrtadoping dependence of the modulation
wave vector [5]. Analogous results were also olet@ifor other doping levels between x = 0.1
and x = 0.15.

Figure 2 displays the integrated intensity of thsarge-order diffraction peak as a function
of photon energy across the O-K resonance (redegurv comparison to the absorption
spectrum measured by the fluorescence yield (blatk¢ intensity of the charge scattering
peaks at the energy position corresponding to itrans into the unoccupied hole states. The
appearence of this so-called mobile charge caomeak (MCP) at a photon energy of 528 eV
demonstrates that resonant diffraction at this gnelirectly measures the ordering of the
doped holes [4]. The blue curve of this figure whgined from a Kramers-Kronig transform

0.30
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B 7. =~ B S B s

-o- measured
seattering

of absorption data, assuming a linear
dependence of the spectral weight of the
MCP from the doping concentration,

; paf imtemsity which is valid for low doping levels. In

5 ) i this calculation (blue), the spectral
< o _:3;333@:; weight at a photon energy of 529.5 eV is
; 94_*X;T; substantially overestimated compared to

the data (red). At this photon energy,
transitions into electronic states of the
A o upper Hubbard band (UHB) are
= T Enﬂ_ojf‘:\___) =0 = observed. The fact that the experimental
_ _ spectral weight is much smaller
superstructure reflection as a function of photon doping dependence of the spectral
energy across the O-K resonance (red). ForWeight that occurs for doping levels

comparison, the x-ray absorption measured by thex>0.2 [6]. A large doping concentration

total fluorescence yield (black) and calculated o .
intensity obtained from a Kramers-Kronig P€r CU site in the charge stripes was also
concluded in [4].

transform of absorption data (blue) are shown. ) ]
The data of Fig. 1 can be fitted by

Lorentzian line shapes (solid lines), the resultingegrated intensities as a function of
temperature for doping concentrations ranging from 0.1 to x = 0.15 are shown in Fig. 3.
Evidently, the intensities tend to vanish at terapges between 40 K (x = 0.1) and 80 K
(x = 1/8). These temperatures are significantlylnghan the transition temperature of the
low-temperature tetragonal phase of approximat2ly K [1], indicating that charge order is
not driven by this structural transition. More sigrantly, the charge ordering temperature is
substantially larger than the spin ordering temfoeea[1]. This means that while the charge
stripes occur as a periodic arrangement of donvalis between antiferromagnetic antiphase
domains, they do no depend on long-range magneter.o
Financial support by the DFG is appreciated byiftw¢ based researchers (Forschergruppe
FOR 538) and by J.G.. The UBC based researchermatidge financial support from the
Canadian granting organizations NSERC,

02
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Charge order in doped RTiO;
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Inducing a metal insulator transition by doping into a Mott insulator is intensively studied
at the moment due to its relevance for the phase-diagram of the cuprate high temperature
superconductors [1]. The titanates RTiOs are particularly interesting since they posses a single
electron in the 3d-shell compared to the cuprates with a single hole. But in contrast to the
cuprates, the orbital degree of freedom plays an important role in the titanates [2] and they
exhibit a 3-dimensional crystal structure.

Doping Sr and Ca into RTiOs allows to render the titanates metallic; concomitantly the
magnetic order is suppressed. However, while a small amount of Sr is sufficient to render
RTiOs; with larger rare earth ionic radius (like R=La) metallic, R;..Ca,TiO; samples with small-
er rare earth ionic radius stay insulating up to much higher doping levels of about 40% of Ca
and beyond. This surprising difference has remained unexplained so far. There are several
phase diagrams known, where doping into a Mott-insulator does not yield metallic behavior
even at high amounts of doping. In such systems charges sometimes order, forming checker-

Fig. 1 (a) Temperature dependence of the (011) superstructure reflection from a
sample of Y..Ca,TiOs with x = 0.36. (b) Energy scans of the (011) superstructure
and the (022) fundamental reflections together with the fluorescence signal (x =
0.36). (c) polarization analysis: w-scans of the (011) reflection for the rotated and
unrotated channels (x = 0.36).
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Fig. 2 Energy scans of the (011) superstructure reflection for (a) Y67Cao33TiO3
and (b) YTiOs at different azimuthal angles.

board or stripe arrangements, like for example in Pr;..Ca,MnOs or in La,,SrNiOs [3,4]. In the
titanates, however, so far no evidence for charge ordering has been reported.

We have recently found evidence for charge ordering in R,Ca,TiOs; samples with R=Y, Er,
Lu in different single crystal neutron diffraction measurements as well as in single crystal X-
ray diffraction measurements using synchrotron radiation. Charge ordering in these systems
leads to a symmetry reduction from an orthorhombic to a monoclinic symmetry: Pbnm —
P2y/n. In the monoclinic phase, two distinct Ti-sites appear. This symmetry reduction was al-
ready observed in synchrotron radiation powder X-ray diffraction measurements by K. Kato et
al. [5] and has been verified in similar synchrotron measurements on our own samples. The
structural refinement of various single crystal neutron and X-ray diffraction measurements re-
veals two different oxygen environments of the two distinct Ti-sites with one TiOs octahedron
being enlarged. Using these structural data the nominal valence of the two Ti-sites can be cal-
culated by the bond valence sum (BVS) formalism. The difference of the oxidation state of
both Ti-ion amounts to 0.3 electrons. In order to verify this finding spectroscopically, we
performed resonant X-ray diffraction measurement at the MAGS beamline, where we studied
the signatures of charge ordering for several R;..Ca,TiO; samples with R=Y, Er, Lu for the
hole-doping regime 0.33 < x < 0.5.

In Fig. 1(a) the temperature dependence of the (011) charge ordering superstructure reflec-
tion of a Y;..Ca,TiO5 sample with x = 0.36 is shown for two different incident X-ray energies.
Below the charge ordering temperature this superstructure reflection intensity increases strong-
ly. In Fig. 1(b) an energy scan of this superstructure reflection is shown together with the fluo-
rescence spectrum and the energy dependence of the fundamental (022) peak. In contrast to the
(022) behavior, there is a strong resonant enhancement of (011) at the absorption threshold

254



Fig. 3(a,c) Temperature dependence of the (011) superstructure reflection and (b) tempera-
ture dependence of the peak width (HWHM) of the (011) reflections for different samples.

with a peak at the maximum of the derivative of the fluorescence signal. This is a clear signa-
ture of charge ordering.

To corroborated this interpretation, we present in Fig. 2(a) a direct comparison of energy scans
of the (011) reflections for Y;..Ca,TiOs (x = 0.33) and YTiOs. In the undoped YTiO; system
this reflection is indicative for orbital ordering since the antiferro-orbital ordering scheme is
alternating between neighboring Ti-sites. As can be seen in these figures, the maximum
intensities can be found at the peak of the absorption in the undoped system, while in stark
contrast the maximum (011) intensity for 33% hole-doped system is found at clearly lower
photon energies. Furthermore, the polarization analysis reveals the bulk of the (011) signal
from the doped samples is found in the unrotated o-c channel and not in the o-n channel
where orbital ordering contributions would be expected [Fig. 1(c)]. All these results support the
charge ordering picture in the R;.Ca,TiOs system with R=Y, Er, Lu.

In Fig. 3(a) the temperature dependence of the superstructure reflection intensity is com-
pared for different samples with Ca-doping levels 0.33, 0.36, 0.37 and 0.40. Upon cooling the
(011) charge ordering superstructure reflection intensity starts to increase at higher tempera-
tures for samples with larger hole-doping level. Hence, the charge ordering seems to be stabi-
lized for samples closer to the optimum/half-doped composition. In Fig. 3(b) the peak widths
are plotted as a function of temperature indicating a loss of spatial coherence at the lower tran-
sition temperature. Finally, in Fig. 3(c) also the temperature dependence of the (011) super-
structure reflection intensities of the higher doped samples are shown. These exhibit a much
smoother transition and show signatures of charge order already at room-temperature.

[1] M. Imada et al., Rev. Mod. Phys. 70, 1039 (1998).
[2] Y. Tokura et al., PRB 48, 14063 (1993).

[3] Y. Tokura et al., Science 288, 462 (2000).

[4] J. M. Tranquada et al., Nature 375, 561 (1995).
[5] K. Kato et al., JPSJ 71, 2082(2002).
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Temperature dependent quasiparticle
renormalization in nickel metal

R. Ovsyannikov, J. Sanchez-Barriga, J. Fink, A. Varykhalov, H. A. Diirr
Helmholtz Zentrum Berlin, BESSY I,
Albert-Einstein-Strasse 15, D-12489 Berlin, Germany

Spintronics, also known as magnetoelectronics, is an emerging technology involving detection and
manipulation of electron spin for data storage and processing. In order to perform such an operation two
primary types of devices are required — a device that could generate a spin polarized current, the so called
spin-injector and a device that is sensitive to spin polarization, i.e., a spin detector. One of the known
spintronics systems are the giant magnetoresistance (GMR) devices[1]. A typical GMR devices consist
of two ferromagnetic layers separated by a metallic nonmagnetic spacer layer. When the magnetization
direction of two ferromagnetic layers is aligned the resistance will be smaller than that for antialigned
layers. Tunnel magnetoresistance (TMR) devices[2] use a similar idea. In this case the spacer layer is
made out of insulating material and the magnetization vector alignment/antialignment will change the
tunneling resistance. Such devices find common use as read heads of modern hard drives. Ultimate
performance of such devices is determined by spin-dependent lifetimes of spin-polarized charge carriers,
thus focusing attention on the electronic structure and the dynamic properties of strongly correlated
systems like 3d-ferromagnets, transition metal oxides and /f- rare-earths systems.

One of the fundamental consequences of electron correlation effects is that the bare particles in solids
become ’dressed’ with the excitation cloud resulting in quasiparticles. Such a quasiparticle will carry the
same spin and charge as the original particle, but will have a renormalized mass and a finite lifetime.
The properties of many-body interactions are described with a complex function, the called self energy
3 =ReX+TmX. The real part of the self energy e X depicts the change of the dispersion or the increase
of the effective mass, while the imaginary part of the self energy Jm X contains the information about the
lifetime of the quasiparticle. In case of electron scattering processes due to electron-electron, electron-
phonon or electron-impurity interactions their contribution to the lifetime broadening, I', is independent
of each other and can be expressed as a sum of each contribution: I' = T'¢j_e;+Tci—pn+Teci—imp[4]- Ter—imp
represents an energy-independent term arising from the electron-impurity scattering, while I'e;_o; and
I'¢i—pn, which are contributions from electron-electron and electron-phonon scattering respectively, are
energy dependent. For 3d-metals T'¢;_; is well described at low energies by a Fermi liquid behavior
and depends quadratically on the binding energy. In case of electron-phonon interaction the energy
dependence of lifetime broadening is more complicated and will lead to the appearance of a kink — a
sudden change in the dispersion below a finite binding energy.

We studied the spin dependent quasiparticle band structure of Ni (111) with high resolution angle-
resolved photoemission spectroscopy (ARPES) to obtain detailed insight into self energy. The experiment
was performed at the UE-112 beamline in the BESSY-II storage ring using ”13” spectrometer. We grew a
thick (~100A) Ni(111) layer on a W(110) surface. ARPES spectra were measured at a photon energy of
136 eV. The accessible plane in the Ni bulk Brillouin zone is shown in Fig. 1. The measured Fermi surface
is shown in Fig. 2. The solid yellow line indicates the line along which ARPES data were taken. Dashed
lines indicates positions of d and sp-like bands. In order to quantitatively analyze the spectral line shape
we used Lorentzians on a linear background to fit the momentum distribution curves (MDC’s) — the
intensity distribution curves as a function of momentum for a given binding energy.

Data measured at low temperature (=50 K) for sp-like and d bands are presented in Fig. 3. The plots
(c) and (d) of Fig. 3 show the intensity distribution of a band while the (a) and (b) plots show the MDC
data (symbols) and fits (solid lines) at Fermi level. In the present analysis we used the MDC widths &k
to estimate the imaginary part of self energy Jm > = hwydk, where vy is the Fermi velocity [4]. The band
dispersion in the absence of the kink was assumed to be linear and the Fermi velocity was estimated as
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Figure 2: Experimentally obtained Fermi surface of
Figure 1: Sketch of the Ni Brillouin zone Ni with the assignment of minority d (d'), majority
sp-like (sp!) and minority sp-like (sp!) bands.

Figure 3: ARPES images measured at low
temperature (= 50K) of the Ni (111) sur-
face for sp-like bands (¢) and d band (d).
Corresponding MDC data (symbols) and fits
(lines) at Fermi are shown in (a) and (b), re-
spectively

a slope of the linear fit of the first ~ 50 — 70 meV of the fitted dispersion. The resulting imaginary and
real parts of the self energy of the sp-like minority, sp-like majority and d bands are shown in Fig. 4(a)
and Fig. 4(b), respectively. Symbols represent the observed imaginary and real parts of the self energy.
Solid and dashed lines display modeled electron-phonon and electron-electron lifetimes, respectively. For
binding energies E 2 35meV the lifetimes of minority sp-like and d bands decrease while the majority
sp-band does not show any significant change. Such behavior is in a good agreement with literature [3]
and has been explained by electron-phonon interaction. The electron-phonon coupling to a phonon of
energy () can be expressed as:

hQmax
Jm RePh = on / ?F, (B [2n(E+ f(E'+ E)+ f(E' - B)],
0

where n(E) is Bose-Einstein distribution, f(E) is Fermi-Dirac distribution and o?Fy is the Eliashberg
function[4]. In the present analysis we used a Debye model to describe the phonon Eliashberg function:
a’F, = A (%) for E < hQp and o?F), = 0 for E > hQp[4], where ) is electron-phonon coupling
constant. We obtained A,,1 ~ 0.21 for minority sp-like states and Ay ~ 0.44 for d states. In case of
majority sp-like states the coupling constant is much smaller Ay, ~ 0. This difference in the A-values is
especially prominent for the dispersion close to the Fermi level in Figs. 3(c) and 3(d).

Measured room temperature data (~320 K) for sp-like and d bands are presented in Fig. 5. At
high temperatures kink disappear in line broadening but we still could compare MDCs at the Fermi
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Figure 4: Experimental imaginary (a) and
real (b) parts of the self energy of sp-like mi-
nority, sp-like majority and d bands. Sym-
bols represent the observed imaginary (real)
parts of the self energy. Solid and dashed
lines displays modeled electron-phonon and
electron-electron lifetimes respectively.

Figure 5: ARPES images measured at room
temperature (=~ 320K) of the Ni (111) sur-
face for sp-like bands (¢) and d band (d).
Corresponding MDC data (symbols) and fits
(lines) at Fermi are shown in (a) and (b), re-
spectively

level. With increasing temperature we observe a decreasing quasiparticle lifetime at the Fermi level for
all probed minority spin bands as expected for electron-phonon coupling. The sp-like minority spin band
displays an increase of lifetime broadening from 0.014A~" to 0.029A~!, while d minority band lifetime
broadening increases from 0.038A~! to 0.096A 1. Surprisingly the majority spin states behave differently.
We actually observe a slightly increased lifetime at room temperature. The width of the majority band
decreases with increasing temperature from 0.029A~! to 0.023A~! corresponding to an actual increase
of the elastic mean free path from 33A to 43.5A. The corresponding increase in Fermi velocity from
1.73A/fs to 2.06A/fs points to a temperature dependent reduction of the majority spin quasiparticle
renormalization. Although the origin of this novel effect is still unclear it could possibly arise from spin
excitations coupling to phonons.

[1] P. Griinberg et al., Phys. Rev. Lett. 57, 2442-2445 (1986)
[2] M. Julliere, Phys. Lett. 54A, 225226 (1975)
[3] M. Higashiguchi et al., Phys. Rev. B 72, 214438 (2005)

[4] S. Hifner, Very High Resolution Photoelectron Spectroscopy,lst ed. (Springer-Verlag Berlin Heidel-
berg 2007)

258



Static and fluctuating stripe order in 1/8-doped LNSCO and LSCO

H. H. Wu,l’2 M. Buchholz,1 C. Trabant,1 F. Heigl,3 E. Schierle,4 M. Cwik,1
M. Braden,' L. H. Tjeng' and C. Schiiler-Langeheine’

'II. Physikalisches Institut, Universitit zu Kéln, Ziilpicher Str: 77, 50937 Kéln, Germany
?National Synchrotron Radiation Research Center, Hsinchu, Taiwan
3CELLS-ALBA, 08193 Bellaterra, Barcelona, Spain
*Helmholtz-Zentrum Berlin, Albert-Einstein-Str. 15, 12489 Berlin, Germany

Funded by the DFG through SFB 608 and by the BMBF through project 05 ES3XBA/5

In hole-doped layered copper-oxides static and fluctuating stripe order has been considered to
be a crucial issue for the understanding of the basic physics of the high-7c superconductor.
Stripe order is a complex collective order involving charge and spin degrees of freedom.
While in La, ,Sr,CuO4 (LSCO) fluctuating stripe order gives rise to peaks in inelastic neutron
scattering, partial substitution of La by Nd leads to a pinning of spin and charge order and the
formation of static stripes as revealed by peaks in the elastic neutron diffraction signal [1].
Earlier experiments from the isostructural nicke-

late system gave us strong indications that reso-

nant soft x-ray diffraction RSXD is not only sen-

sitive to static but also to fluctuating stripe order.

This finding suggests that RSXD may be an at-

tractive alternative method to study in particular

fluctuating charge order, which is difficult to

probe by neutron scattering.

For this experiment we chose samples with dop-

ing level near 1/8, namely La; 4sNdj4Sro 12CuO4

(LNSCO) and La, g3Srp1,CuO4 (LSCO) single

crystals. The samples were cut and polished ex

situ. The experiments were performed at the beam

line UE46-PGM using the UHV diffractometer

built at the Freie Universitét Berlin.

As seen in Figs. 1, 2 and 3, both systems exhibit a

pronounced incommensurate charge order peak at

the f)xygen £ an.d cOPPET L.z’j edges, thus C(.m- FIG. 1. (a) Photon energy dependence
firming our basic assumption that fluctuating

of charge order at oxygen K edge in
LNSCO and LSCO. (b) X-ray absorp-
tion spectra (XAS) at oxygen K edge

stripe order can in fact be probed by RSXD. In
fact for the LSCO sample this is the first direct

observation of charge order. Earlier neutron dif-

. : ) red line) and the resonant x ray scat-
fraction work found magnetic order, but no direct ( ) Y

tering intensity of charge order near

evidence for charge order [3]. 0-K edge in LSCO (black line)
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FIG. 2 (c) and (d) Photon energy de-
pendence of charge order near Cu L3
edge (blue line) and XAS at Cu Lj3

edge in LNSCO and LSCO.

In Figure 1(a) and 1(b), the charge order in
LNSCO and LSCO shows the strong photon en-
ergy dependence near oxygen K edge. The reso-
nance energy for the charge order in both systems
is located at photon energy of 529 eV, which is
mainly from a 3d°L to 1s3d’ transition. The reso-
nance behavior at oxygen K edge has similar fea-
ture for LNSCO and LSCO supporting a common
electronic origin of both diffraction features. As
can be seen in Figure 2(c), and 2(d), the two sys-
tems have slight difference in the RSXD spectra
near Cu L, 3 edges, which require further analysis.
We studied the temperature dependence of both
signals (Fig. 3). The Nd-stabilized system
(LNSCO) shows a structural phase transition
from low-temperature-orthorhombic (LTO) to
low-temperature-tetragonal (LTT) at about 70 K
[1,2] while the Nd-free LaggSr12CuQy4 always
remains in the LTO phase.

As for LNSCO, static charge order is known to
exist in the LTT phase [4], and in fact we find no
superstructure peak above the LTT-LTO phase

transition temperature. In LSCO, the intensity of charge order vanishes slightly above the

critical temperature similar to what

has been observed for the magnetic

order [5].
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FIG. 3: Temperature dependence of charge order at
O-K and Cu L3 edges in LNSCO and LSCO.
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HfO, is one of the most promising contenders to become the insulating material for the future
MOS technology nodes, it combines high dielectric constant (x=16-45), wide bandgap, and sufficient
thermodynamic stability with respect to interaction with silicon to withstand the thermal budget of the
MOS device processing [1,2]. Successful implementation of HfO,-based insulating stacks requires
basic understanding of the HfO,/Si interface chemistry and its impact on the electrical properties [3,4].
In particular, the properties of the interlayer (IL) between Si and HfO, are of importance as they have
direct effect on the electron transport in the Si surface channel. The main goal of this project consisted
in layer-by-layer X-ray photoelectron spectroscopic (XPS) investigation (Hf 4f, Si 2p, and O 1s
electron states) of thin layers of HfO, grown on (100)Si crystal surface using atomic layer deposition
(ALD) or metallo-organic chemical vapour deposition (MOCVD) with purpose to receive the
information about chemical phase composition of the IL depending on preparation method.

In framework of present work AR AT T
were investigated next samples: Har | HPa4r |78min 4 HO 4t {85 min
1. The HfO, (ALD, 5 nm)/n-Si and 65 min
HfO, (ALD, 5 nm)/p-Si structures
were fabricated at 300°C using ALD
from HfCl, and H,O precursors on
the IMEC-cleaned, i.e., covered with
0.8 nm-thick chemical Si oxide,
surface of n- and p-type (100)Si
crystals, respectively.

i
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G

75 min

55 min 65 min

55 min
45 min
45 min
35 min
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5 min 5 min

0 min

. . n . . n 0 min
22 20 18 16 14 22 20 18 16 14

2. The Hf02 (MOCVD, 5 nm)/n'Si Binding Energy (eV) Binding Energy (eV)
sample was prepared on the
identically prepared n-type (100)Si 0 oa

32 min

surface using MOCVD of HfO, at
485°C from (Hf((CHs);N);) and O,
precursors. : HI' 41
3. The HfO, (ALD, 1.5nm)/p-Si
sample was synthesized by ALD at
280°C from (Hf((CH3)2N),) and H,O
precursors on  Si-p-type  (100)

substrate etched prior to deposition in 7 min
1% aqueous HF solution for 30 s TR TR
Wlthout fina| water rinse. Binding Energy (eV) Binding Energy (eV)

_To obtain the depth profiles,  pigyre 1. Hf 4f photoelectron spectra from the HfO,/Si
the Ar” ion sputtering was applied  samples before and after different Ar* ion sputtering steps: a)
using 2.5 keV in situ ion beam with  HfQ,(ALD, 5 nm)/n-Si; b) HfO,(MOCVD, 5 nm)/n-Si; c)

the size of the sputtered area being 15 HfQ,(ALD, 5 nm)/p-Si; d) HfO,(ALD, 1.5 nm)/p-Si.
mm X 15 mm. All measurements were

performed at the Russian-German beamline. The XPS spectra were taken at the exciting photon
energies of 200 eV and 700 eV using hemispherical electron energy analyzer VG Clam 4 with the
energy resolution better than 200 meV. All spectra were collected at the analyser pass energy of 10 eV
and the binding energies (BE) were referenced to the bulk Si° 2ps/, core level at 99.2 eV [5].

Fig.1 shows the Hf 4f XPS spectra obtained at the excitation energy of 200 eV from the
pristine HfO,/Si samples and those observed after different sputtering steps. Before sputtering,
analysis of the Hf 4f spectra reveals the presence of the Hf 4f doublet peak with spin-orbit splitting of
1.7 eV and intensity ratio between components of 0.8. The BE position of these peaks is varied from

87 min
77 min
70 min

62 min 17 min

>

7 min
Hf* 4f

Intensity (a. u.)

N L
N
N L
o
>t
>t
=t

32 min
17 min
2 min
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18.6 eV (4f;) (5-nm thick films) to 17.6 eV (4f;2) (1.5-nm thick layers). The most plausible
explanation of these differences is HfO, thickness-dependent irradiation-induced oxide charging.
During sputtering the Hf 4f doublet
peak becomes weaker and ultimately
disappears. At the same time the new
peaks centred at 14.7 eV and 16.4 eV
become detectable in the spectra
after 40 min sputtering. As these
peaks are associated with Hf° 4f 85 min
doublet in metallic hafnium [6, 7], B
this observation suggests that oxygen M e WMMW%%M
is preferentially removed by Ar” ion e s WMW@WWW%W
sputtering and while the remaining 106 104 102100 9396
hafnium is reduced to Hf°,

Fig.2 shows the Si 2p XPS
spectra obtained at the excitation
energy of 200 eV. Fig. 2a),b),c)
shows the spectra obtained from the
HfO,(5nm)/Si samples for sputtering
steps after 40 minutes of the
sputtering.

(a)

si’2p () s 2p

Si* 2p

Intensity (a. u.)
Intensity (a. u.)

Binding Energy (eV) Binding Energy (eV)

@ T st

Si* 2p

32 min

17 min

Intensity (a. u.)

Intensity (a. u.)

87 min 7 min

Analysis of the Hf 4f and Si
2p XPS spectra of HfO,(ALD, 5 77 min
nm)/Si samples after the 70 minutes b 2 min R
of ion sputtering reveals that only 106 104 Moz 100 6 96

Binding Energy (eV) Binding Energy (eV)
Hf® 4f and Si° 2p lines remain in the o 3 s
spectra. Further sputtering is found  Figure 2. Si 2p XPS spectra from the HfO,/Si samples after

to have no measurable effect on the  i0on sputtering for different time (given in min): a) HfO,(ALD,
shape and the intensity of these ° NM)/N-Si; b) HfO(MOCVD, 5 nm)/n-Si; ) HfO(ALD, 5
peaks. nm)/p-Si; d) HfO,(ALD, 1.5 nm)/p-Si.

The intensities of the peaks Hf° 4f and Si® (2p) were compared using normalization on the
photoionization cross-section yielding the ratio close to 5:1. Apparently, a thin layer of metallic Hf,
was formed on the Si-surface during the Ar* ion bombardment impeding further sample sputtering.
Interestingly, as can be seen from figure 2, in the sample with MOCVD HfO, the Si° (2p) peak
appears after longer sputtering time as compared to the samples with ALD HfO, suggesting difference
in the Ar" sputtering rate.

All peaks in the Si 2p XPS
spectra were deposited into peaks
which corresponds to different
oxidation states Si** (x=0,1,2,3,4).
Figure 3 shows the fit of the Si 2p
XPS spectra of the HfO,(ALD, 5
nm)/n-Si samples after 45 and 55
minutes of the sputtering. In its
turn, figure 4 presents curve fitting
of the Si 2p emission band in the
HfO,(ALD, 1.5nm)/p-Si sample Figure 3. Curve fitting of the Si 2p XPS spectra taken after 45
before the sputtering, and after 17  and 55 minutes of ion sputtering of the HfO, (ALD, 5 nm)/n-
and 32 minutes of the sputtering. ~ Si sample.

Such curve fitting was carried out for all etching steps. Analysis of all curve obtained indicates the
presence of small amount of Hf-silicate and SiO, at the interface for HfO, (5 nm)/Si samples and
substantial quantity of SiO, and SiO, for HfO, (ALD, 1.5 nm)/p-Si sample.

2 min
0 min

Intensity (a. u.)
Intensity (a. u.)

106 104 102 100 98 96 106 104 102 100 98 96
Binding Energy (eV) Binding Energy (eV)
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Figure 4. Curve fitting of the Si 2p XPS spectra from the HfO, (ALD, 1.5 nm)/p-Si sample
before the sputtering (a) and after sputtering for 17 ('b) and 32 (c) minutes.

Fig.5 shows O1ls XPS
spectra obtained at the excitation
energy of 700 eV. There is
observed a shift of the O 1s peak
towards lower BEs as illustrated in
figure 3. Importantly, variation of
the samples surface charging
would result in a correlated shift of . _—»_’_/\‘
the both Hf 4f and O 1s peaks o 5 min
energy positions. - oo

Analysis of Hf 4f, Si 2p 5w s B0 s 2 s B 2 0 w8 526
and O 1s photoelectron spectra in Binding Energy (V) Binding Energy (V)

the HfO,/Si samples prepared using . .
. . . Figure 5. O1s XPS spectra of the HfO,(ALD, 5 nm)/n-Si (a)
different oxide growth techniques and HfO,(MOCVD, 5 nm)/n-Si (b) samples before and after

indicates the presence of small : + .
amount of Hf-silicate and SiO, at different Ar™ ion sputtering steps.

the interface between (100)Si crystal and HfO, grown on the 0.8-nm thick native oxide under-layer.
On the contrary, the presence of considerable amounts of SiO, and SiOy is revealed at the interface
formed by depositing hafnia on HF-dipped, i.e., hydrogen-passivated, silicon. Further, it is found that
Ar" ion sputtering leads to the formation of a metallic Hf on the Si-substrate with no signs of silicate
phase. The sputtering induced formation of metallic Hf may be important not only from the point of
view of optimizing dry etching of the HfO, films, but, at the same time, may also be used to
incorporate metallic particles or conducting layers to the Si/HfO,—based heterostructures.

@) 75 min s N
) ———‘__————&B min
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HfO, is one of the most perspective materials for the nanoelectronics industry to replace SiO,
because it has a high dielectric constant and is expected to be stable in contact with Si. So far one
stable monoclinic phase and four metastable phases: cubic, tetragonal, orthorhombic | and
orthorhombic Il have been identified for HfO,. An amorphous modification can also be fabricated.
Although the tetragonal HfO, structure has the highest dielectrical permittivity an amorphous structure
is to be preferred for several reasons. First of all amorphous materials do not contain grain boundaries
or dislocations that can trap charge and offer fast diffusion pathways for leakage current. In addition,
stresses in amorphous materials can be taken up by small variations in the random network, where
they may likewise be taken up by misfit dislocations in a polycrystalline material. Amorphous
structures also tend to minimize electronically active defects, but may give rise to shallow traps.
Epitaxial films can be produced free of grain boundaries and defects and, therefore, are usually
preferred for gate dielectrics. Therefore, most of the work on HfO; has been focused on manufacturing
amorphous films to replace SiO,, but this process is unpredictable, because the microstructure of films
is largely depending on thickness, technology of synthesis and utilizable precursors. Therefore the
technology of preparing films, i.e. method and condition of synthesis (rate of deposition, temperature
of substrate, etc.), also as utilizable precursors are an important issue to fabricate films with the
required properties. A further study of the effect of different factors is required. In this work we were
focused on the discussion of the crystalline and electronic structure of thin films of HfO, of different
thicknesses and prepared by two different methods (Atomic Layer Deposition (ALD) and Metal
Organic Chemical Vapour Deposition (MOCVD)). The HfO, films were deposited on (100) n-type
silicon wafers by ALD, using hafnium tetrachloride (HfCl,) and water at 300 °C substrate temperature.
Different film thicknesses (5, 20 and 100 nm) were obtained by varying the number of ALD cycles
only. When the MOCVD method was used, the HfO, films were deposited on (100) n-type silicon
wafers using tetrakisdiethylaminohafnium (Hf(N(C;Hs),)4) and O, at 485 °C substrate temperature.

The angular and spectral dependences of the reflectivity in the vicinity of O K(1s) - absorption
edge were measured using s-polarized synchrotron radiation in the reflectometer set-up on the optics
beamline (D-08-1B2).

The O1s reflection spectra of HfO, films of thicknesses 5, 20 and 100 nm synthesized by ALD
and measured at grazing incidence angle of 4° are presented in figure 1. The absorption spectra
calculated on the basis of the measured reflection spectra by means of the Kramers—Kronig transform
using the method described in details in [1] are presented in figure 2.

The molecular orbitals of HfO, derived from a linear combination of atomic orbitals (LCAQ)
are characterized by four unoccupied orbitals: ey(Hf5d+02p7), t,o(Hf5d+02po), ai4(Hf6s+O02p) and
t1(Hf6p+02p). Peaks a and b (fig.2) reflect core —electron transitions in the oxygen atoms to the
lowest unoccupied Hfdey and Hfdt,, electronic states that are hybridized with the 2p states of the
oxygen atoms. Obviously, there is a broadening of the feature a with the growth of the film thickness.
Moreover the feature a demonstrates a double structure a —a” in the absorption spectrum of the film of
100 nm thickness. This splitting appears because of Jahn-Teller d-state degeneracy and specifies on
presence of monoclinic phase in the film. At that the grains size must be ~/>2 nm. Otherwise it takes
place suppression of the Jahn-Teller effect. The manifestation of details c and d is also signature of
ordering of structure. The probability of the transitions to the (Hf 6s,6p+0 2p) states is very low and
the double structure c-d cannot be observed in the amorphous state of the film.

Above mentioned arguments have allowed concluding that the 100 nm thick film has the
polycrystalline structure with a size of the grains ~/>2 nm and its microstructure involves generally the
monoclinic phase. At that films of thickness 5 and 20 nm have amorphous structure.

Figure 4 shows the Ols-reflection spectra of films of equal thickness of 5 nm, but fabricated
by two different methods (ALD and MOCVD). The Ols - absorption spectra calculated from
reflection spectra (figure 4) using a Kramers — Kronig analysis are presented in figure 5.
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Figure 1. O1s reflection spectra of HfO, 5, 20  Figure 2. Absorption spectra calculated on the

and 100 nm thick films synthesized by ALD and  bases of the measured reflection spectra

measured at a grazing incidence angle of 4°. (figure 1) using a Kramers - Kronig analysis.

Analysis of the shape of the reflection and absorption spectra (figure 4, 5) allows concluding,

that the film manufactured by ALD is amorphous, whereas the film prepared by MOCVD method has
signatures of ordering of the structure because of the pronounced details ¢ and d. In contrast to the 100
nm thick film manufactured by ALD (figures 1 and 2) there is no sign of a Jahn-Teller splitting in the
spectrum of the film prepared by MOCVD that allows assuming that grain size in the film under
consideration is < 2 nm. It can be argued that the film prepared by MOCVD shows evidence for
crystallization.
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Figure 4. O1s- reflection spectra of films 5 nm  Figure 5. Ols- absorption spectra of 5 nm
thick fabricated by ALD and MOCVD measured thick films calculated from reflection spectra
at a grazing incidence angle 4°. (figure 4).

In addition to reflection spectra the reflectivity curves versus grazing angle were measured at
different wavelengths of the incident beam for HfO, films under consideration. The reflectivity curves
versus grazing angle measured at energy 520 eV are shown in figure 6, circles, respectively. The
depth-distribution of chemical elements obtained within the framework of the approach developed in
[2] is shown in figure 7. The corresponding reflectivity curves are shown in figure 6, curves 3, for the
ALD sample, which are in a perfect agreement with the experimental data. The calculated reflectivities
of the MOCVD samples are not shown in figure 6, because they cannot be distinguished from curves
2, by applying the fitting procedure. Such situation can takes place when the film is structurally
inhomogeneous.

265



1 _ — 1
2 10" E =520eV 2
3 2 o experiment
= o experiment > 10
2 s 10°
= o=
= 8 10*
)
ne x 10°
‘% 10°
l 107F . . . .
0 10 20 30 40 50 0 10 20 30 40 50

Grazing angle (degree) Grazing angle, degree

Figure 6 The measured reflectivity curves (circles) versus grazing angle at energy 520 eV of the 5
nm thick HfO, film deposited onto a Si substrate by the ALD (left) and MOCVD (right) technique.
Curves 1 and 2 are the result of fitting with the use of the single-layer (1) or three-layer (2) models.
Curves 3 are the result of a numerical refinement of the three-layer model.
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Figure 7 Depth-distribution of chemical elements for the 5 nm thick films deposited onto a Si
substrate by the ALD (left) and MOCVD (right) technique: three-layer model.

The microstructure of films of different thickness synthesized by ALD and MOCVD was
characterized by reflection spectroscopy and soft x-ray reflectometry techniques. It was shown that
near — edge reflection spectra and absorption spectra calculated on the basis of reflection spectra are
very sensitive even to signatures of ordering on a subnanometer scale in the film. It was established
that the microstructure of the HfO, film is strongly depends on the film thickness. First results on the
reconstruction of the depth-distribution of chemical elements based on the analysis of reflectivity
curves were discussed. The element depth profiling shows that there are no measurable differences
between 5 nm ALD and MOCVD films would provide a direct support to the importance of structural
factor. The calculations carried out allow assuming that MOCVD film is inhomogeneous in depth.
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TiO, films are extensively studied because of their interesting chemical, electrical and optical
properties. TiO; is a high bandgap semiconductor that is transparent to visible light and has excellent
optical transmittance. TiO, has high refractive index, good insulating and catalytic properties as well
as it possesses unique wettability and biological compatibility. As a result TiO, thin films are widely
used in many practical applications (catalysis, photocatalysis, dye-sensitized photovoltaic cell, gas
sensors, and etc.) Besides TiO, nanofilms are widely used as protective layer for very large scale
integrated (VLSI) circuits, for manufacture of optical elements, as antireflective (AR) coatings, for
electrochromic displays and planar waveguides. The high dielectric constant of TiO, allows its
consideration as an alternative to silicon dioxide for ultrathin gate oxide dielectrics used in memory
and logic devices. The mechanical, physical, chemical and electrical properties of TiO, films in many
respects depend strongly on their crystallinity. As it is known, TiO, films can be synthesized in
different crystal modifications (anatase, rutile and brookite) or in amorphous phase.

Rutile TiO, has higher opacity, greater density and greater inertness than the anatase one and it
is used as a convertible pigment in paints and dyes industry. Besides because of its highest refractive
index TiO, rutile type is required for photonic crystals application.

While the anatase type of TiO, can enhance the photocatalytic and hydrophilic property of
TiO, due to its higher photoactivity and more crystal defects than other types of TiO,.

Fabrication of films with the necessary microstructure depends on different deposition
parameters and is the important technological problem. To adjust a technological process it is
necessary to use precise technique for thin films characterization. Traditionally XRD technique is
applied to identify crystallinity of films. At the same time the sensitivity of this method is limited by
the grain size.

The TiO, films 10nm and 70 nm thick synthesized by magnetron sputtering method on Si(100)
wafers were investigated using X-ray reflection spectroscopy.

The angular and spectral dependences of the reflectivity in the vicinity of O K(1s) - absorption
edge and Ti L,3 (2p) - absorption edge were measured using s-polarized synchrotron radiation in the
reflectometer set-up on the optics beamline.

Reflection spectra of TiO, films 10 and 70 nm thick measured in the vicinity of Ti L3 (2p) —
and O K(1s)- absorption edges at grazing incident angles 4° and 2°, correspondingly, are presented in
Fig.1. One can see that both the Ti 2p and the O (1s) spectra for different films thickness correlate well
in energy position of main details of the structure and in absolute value of the reflectivity. At the same
time, the reflection spectra of films are characterized by different contrast, especially in the case of
OK-spectra. Moreover the reflection spectrum for film 70nm thick shows additional details in the
structure. The absorption spectra calculated on the bases of the measured reflection spectra with help
of Kramers - Kronig relationship described in details in [1] are presented in the Fig.2.

The peaks a and b (fig.2a) in Ti 2ps, spectrum stem from dipole allowed transitions of Ti 2pzp,
electrons to unoccupied 3d states. These states are split into 3dt,; (peak a) and 3dey (peak b)
components by octahedral crystal field created by the O ions. What is the most interesting that there is
a further splitting of the peak b into two bands b;-b in the absorption spectrum of thick film (70nm).
The manifestation of doubling of the Ti 2p-3dey- transitions depends on the crystalline structure of
TiO,. The main difference in Ti 2p spectra of different polymorphs is a change in intensities of
components of peaks b and b;. It is important for our investigations that the intensities of components
of peaks b; and b in the spectrum of thick film (70nm) correlate well with anatase structure. The
essential difference between rutile and anatase lies in the secondary coordination. It is shown in [2]
that the experimental XAS spectra of anatase and rutile cannot be solely viewed in terms of a localized
atomic cluster. According to [2] clearly the effect of the p-d and d-d interactions is important but this
must be modified by the crystal field and further longer-range effects.
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Figure 1. Reflection spectra of TiO, films 10 and 70 nm thick measured in the vicinity of (a) Ti L, 3
(2p) - and (b) O K(1s)- absorption edges
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Figure 2. Absorption spectra of TiO; films 10 and 70 nm thick in the vicinity of (a) Ti L,3 (2p) - and
(b) O K(1s)- absorption edges calculated from reflection spectra (Fig.1). The Ti 2p,, structures are
marked by asterisks.

The OK-edge features (fig.2b) at higher energies are very different for investigated films, too. The
structure in the spectrum of TiO, film 70 nm thick is characterized by d, ¢ and f peaks and is related
with transitions into the empty electronics states with mixed Ti 4s, 4p+O2p character. Analysis of the
energy positions of ¢, d and f peaks in the spectrum of TiO, film 70 nm thick shows a good correlation
of this structure with the structure of anatase.

Analysis of the energy positions and
intensity of main peaks in the spectra of
investigated TiO, films shows that the TiO, film
70nm thick is characterized by anatase structure
and the TiO, film 10nm thick is amorphous.

The TiO, film 70nm thick was
investigated in the vicinity of OK-absorption
edge at different grazing incident angles, which
means at different depth formation of the
reflected beam. The measured OK-reflection
spectra are plotted in the fig. 3. One can see that
there is no change in the shape of reflection
spectra with growth of the depth formation of the Y S S
reflected beam that points on the homogeneous 520 530 540 550 560 570
of the investigated film. Energy (eV)

In addition to reflection spectra the
reflectivity versus grazing angle was measured at ~ Figure 3. Reflection spectra of TiO, film 70 nm
A = 0.154 nm for TiO, film 70nm thick. thick measured in the vicinity of O K(1s)-
Measured reflectivity versus the grazing angle of  absorption edge at different grazing incident
a probe beam is shown in Fig.4, black curve. angles.

Reflectivity
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Approach developed in [3] was used to reconstruct the depth-distribution of the dielectric constant
basing on the experimental reflectivity curve. The found dielectric constant profile 5(z) = 1 — Re[e(z)]
is shown in Fig.5, where the Z axis is directed into the depth of a sample. The film density is constant
with depth and is equal to 3.6 g/cm®. An accuracy of fitting process is demonstrated by red curve in
Fig.5. So that one can conclude that TiO, film 70nm thick is homogeneous with depth.
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= o
B 10° =
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Figure 4. Reflectivitie versus grazing angle, Figure 5 Dielectric constant profile
measured at A = 0.154 nm for TiO; film 70nm d(z) = 1 - Re[e(z)] reconstructed from
thick. Measured reflectivity is red curve. measured reflectivity (fig.4).

Accuracy of fitting process is blue curve.

The x-ray reflection spectroscopy data indicate that TiO, film 70nm thick is characterized by
anatase structure. Following to dielectric constant profile reconstructed from measured reflectivity and
angular dependence of the OK-reflection spectra one can conclude that TiO, film 70nm thick is
homogeneous. The TiO, film 10 nm thick is amorphous. The investigation carried out shows the high
sensitivity of the reflection spectroscopy to the middle atomic ordering.
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Overcoming the superparamagnetic limit represents a mayor challenge in high-density
magnetic data storage technology. The bottom-up self-assembly technique for colloidal
monodisperse hardmagnetic nanoparticles may provide a new cost effective approach. For
instance the magnetocrystalline anisotropy of FePt alloys and nanoparticles can be tuned
from zero to about 1077 J/m”3 depending on the chemical composition and order [1,2].

In self-assembled nanoparticle arrays the “blocking temperature”, i.e. the critical temperature
below which the magnetization is considered to be stable over the timescale of the
measurement [3], depends not only on the magnetic anisotropy of the individual particle but
also on the dipolar interaction which in turn depends on the magnetization of the particle and
the distance between them. Up to now there have been no experimental results that clearly
identify why some results can be interpreted in a way that the dipolar interactions between
the nanoparticles result in an enlarged or reduced blocking temperature. While structural
properties of such self-assembled particles can be routinely studied using electron
microscopy, a magnetic characterization is presently mainly based on ensemble averaging.

Here we use photoelectron emission microscopy (PEEM) to overcome this limitation. 30nm
spatial resolution at the spin-resolved photoelectron emission microscope (SPEEM / UE49
PGM1) allows us to measure x-ray absorption spectra and x-ray magnetic circular dichroism
(XMCD) of individual nanopatrticles. To correlate magnetic properties of the nanoparticle with
its shape and configuration, which cannot be resolved by the SPEEM, we match our PEEM
data with previously taken high-resolution electron microscopy images (SEM). A grid of Au
markers on the sample substrate serves a map to identify identical places. A specially
designed sample holder with integrated magnetic yoke allows us to apply magnetic fields up
to 33mT during imaging without significant reduction of the spatial resolution of the SPEEM
instrument. Therefore we could study the magnetization reversal of individual nanoparticle as
a function of applied magnetic field.

During our first study we investigated Fe nanoparticles with a cubic shape, synthesized by
the group of Luis M. Liz-Marzan in Vigo [4]. As a result of the colloidal preparation technique
the metallic core of the as grown nanoparticles is surrounded by an oxidation shell and
organic ligands. The ligand shell also acts as a spacer keeping neighbouring particles at a
minimum distance of ~2nm. We performed spectromicroscopy to obtain oxidation state of
single nanoparticles in the as grown state. In order to extract local XAS spectra we recorded
a stack of PEEM images at photon energies ranging from 700 to 740eV. Fig. 1a) shows a
PEEM image taken at an energy close the Fe L; resonance. Bright spots in the PEEM image
correlate perfectly with the position of single Fe nanoparticles visible in the SEM image
Fig.1b). After drift correcting the PEEM image stack we extracted XAS spectra of individual
nanoparticles by reading out the intensity from a particular region of interest. The XAS
spectrum of the indicated nanopatrticle is presented in Fig.1c). In the as grown state we find a
spectral line-shape that can be explained by a combination of Fe and Fe,O3; contributions.
Prior to the magnetic measurements we removed the organic ligands and reduced the iron
oxide by a plasma etching technique. Finally we protected the samples by a thin Al layer
against re-oxidation.
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Fig. 1: The PEEM image in panel a) shows the chemical contrast of the Fe nanopatrticles recorded at a
photon energy close to the Fe L; resonance. The field of view is about 3um. Panel b) shows the
corresponding image taken with a scanning electron microscope. Small spots around the centre are
nanoparticles; the big structure at the top is part of the Au markers on our substrate. Panel c) shows
the XAS spectrum obtained from a single nanoparticle located at the position indicated in a) and b).

We started to investigate the magnetic properties of these Fe nanoparticles at the lowest
possible temperature in the SPEEM (~115K). At low temperature we expect less thermal
fluctuations and therefore a stronger magnetic contrast. For magnetic imaging we exploited
the x-ray magnetic circular dichroism at the Fe L3 resonance. In combination with applied
magnetic fields during imaging we could measure hysteresis loops of single nanopatrticles.
Fig. 2a) shows a PEEM image recorded at a different place of that sample where the
nanoparticle coverage was significantly higher than at the position shown in Fig.1a). Due to
the preparation we find the particles in different configurations that range from single particle
sites to small clusters formed by a few nanoparticles. The red marker indicates a position
with single particles. The image with the corresponding magnetic contrast is shown in Fig.
2b). It displays the component of the magnetization vector M parallel (red) or antiparallel
(blue) to the propagation vector k of the incident x-ray beam. The latter differed from the
direction of the applied magnetic field B only by the grazing incidence angle of 16°. At 12mT
external field we observe a few Fe nanoparticles with their magnetization antiparallel to the
magnetic field possibly due to a strong dipolar coupling with their neighbours. Variations in
the magnetic contrast with the cluster size already indicate the influence of the particle
configuration on its magnetic properties. One of the main goals of our study was to measure
the hysteresis loops of individual nanoparticle configurations, extracting them from a stack of
magnetic images recorded at different magnetic fields. The hysteresis of the single Fe
nanoparticle indicated in Fig.2a) is shown in Fig. 2c). For that isolated particle we find a
closed hysteresis loop indicating a superparamagnetic state. Comparing hysteresis loops of
different nanoparticle configurations we find that the magnetic switching behaviour of the
nanoparticles is sensitively influenced by their configuration.
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In summary we have shown that chemical and magnetic properties of individual
nanoparticles can be measured using X-PEEM in combination with applied magnetic field
during imaging. In combination with SEM data also the influence of different particle
configurations on the magnetic switching behaviour can be resolved.

This work was supported by EU grant Syntorbmag and the DFG (SFB445).

Fig. 2: The PEEM image in panel a) shows different nanoparticle configurations which are mainly
clusters consisting of a few particles. The arrow indicates the position of a single nanoparticle. Panel
b) shows the corresponding XMCD contrast recorded with an applied field of 12mT at a temperature of
115K. As XMCD contrast we display the difference of two images taken with circular polarization and
opposite helicities divided by their sum. In panel ¢c) we present the hysteresis loop of the indicated
single nanoparticle extracted from a stack of PEEM images taken at magnetic fields varying from —23
to 23mT.
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1. Introduction

Transition metal (TM) oxides, for instance Fe;O,4, CrO,, and Lay;Sr.3sMnQ,, have become the
most actively studied half metals. The electronic structure of TM oxides is not well
understood yet because d electrons are strongly correlated and cannot be adequately described
within a standard band theory framework [1]. Moreover, there is a lack of experimental
results proving the true half-metallic behaviour. From the experimental point of view, half
metallicity does not show any clear electrical signature and therefore it is not easy to
determine. The most direct method to measure the spin polarization is based on
photoemission because this technique directly probes the occupied electronic states [2]. But
the low efficiency of the spin detection severely limits its use. In the case of nickel (not a half-
metal) it has already been demonstrated that intensities of the resonant photoemission
spectroscopy (RPES) spectra induced by circularly polarized light are sensitive to the sample
magnetism [3]. In our experiments, aside from the intensities, we expect to see also a
difference in kinetic energies of photoelectrons when switching the circular polarization of the
light on a magnetized sample. For a given photon energy, the difference in the kinetic energy
for left and right light polarization is a consequence of the energy gap in one of the spin
channels. This will be a qualitative proof of half metallicity. Hopefully, we will also be able to
obtain a quantitative estimate of the gap width.

Therefore RPES at TM 2p thresholds may be used as an alternative technique to direct spin
detection. Using left and right hand circular polarisation of the light on magnetized samples, a
signature of half metallicity can be extracted.

2. Experiment

With this idea in mind, we have used the dispersive mode available at BESSY on the
photoemission endstation of beamline UE52-PGM to obtain image shots [4]. Such
measurements in other synchrotron radiation centres require at present a time-consuming
recording of individual spectra for different excitation energies. The set-up at BESSY gives
opportunity to take, in one shot, a complete electron spectrum over an energy range large
enough to follow the Raman-Auger behaviour with an unsurpassed accuracy. This opens up
new possibilities for the study of electron correlation and of subtle dichroic effects in
magnetised samples which are expected to be significant in the Raman region. In the present
work, we have been able observe the evolution of three Auger channels after excitation in the
vicinity of the 2p edges of the TM. This is an important step forward in opening the
possibility to use circularly polarised light to investigate such systems.
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3. Results

In this test experiment, we have been able to study in great detail the Raman-Auger behaviour
in the 2p-3p3p, 2p-3p3d, and 2p-3d3d non-radiative transitions for Fe and Cr in the half-
metallic systems Fe;O, and CrO,, respectively. In this report, we present only a preliminary
analysis of the data obtained on Fe;O,,

Figure 1 shows the 2p absorption spectra for both light helicities together with the x-ray
magnetic circular dichroism (XMCD) which indicates that we successfully magnetised
remanently the sample.

Fig. 1: Fe 2p x-ray absorption and XMCD spectra of Fe;O,

Fig. 2: Intensity of non-radiative Fe 2p decays as a function of the excitation energy in Fe;O,

In Fig. 2 we show an image of the intensity of the above-mentioned non-radiative processes
as a function of the incident photon energy, obtained after normalising the spectra and putting
together eight different photon energy intervals. The three Raman-Auger transitions appear as
bright spots in the figure. Profiles taken at different photon energies over an energy interval of
0.2 eV fully confirm the presence of the « over-shoot » behaviour for the Fe 2p-3p3p feature
which we have observed and discussed recently [5].

The quality of the image spectra shows that it will be possible to do a subtraction between
images taken with different light polarisations in order to extract even only subtle differences.
We hope that these studies will establish resonant photoemission as an efficient tool for the
determination of magnetic structure in half-metallic systems.
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Spectroscopic Ellipsometry (SE) of nano-patterned surfaces has been shown to result in
accurate estimates of particularly the height of a uniform nano-pattern, and a reasonable
estimate of the average shape of the nano-feature [Nerbg et al. Appl. Opt. 47 (2008) 5130]. In
particular, nanostructured GaSbh produced by low ion-beam-energy sputtering with high flux,
IS an interesting model system [Facsko et al. Science 285 (1999) 1551].

The primary idea behind the beam-time at BESSY using the Vacuum Ultra Violet
(VUV) Rotating Analyzer Ellipsometer (RAE), was to investigate the fundamental question
with regards to the polarimetric optical response of nano-patterned surfaces at shorter
wavelengths. Furthermore, through the measurement of the dielectric function of bulk-GaSb,
and the estimation of the dielectric function of GaSb-oxide and amorphous GaSb (a-GaSb), it
is possible to compare the fitted uv-visible graded anisotropic effective medium model to the
results from the VUV region, and possibly deduce empirically at what point effective medium
theory breaks down.

The measurement of not previously reported dielectric functions is a continuous matter
of research as instrumentation allows the spectral range to be extended. In this study, the
dielectric function of c-GaSb has been accurately measured and extended from 6 eV to 23.6
eV using VUV-RAE. Furthermore, in order to compare the VUV results from the effective
medium models fitted in the UV-visible range, the dielectric function of thin GaSbh-oxide has
also been estimated.

Figure 1 shows an overview of the dielectric function of c-GaShb in the range 0.7 to
23.6 eV. In particular, the dielectric function from the reference data from [Aspnes et al. J.
Appl. Phys. 48 (1997) 3510] is used in the range 1.5 to 6 eV. Furthermore, the dielectric
function was extended from 0.7-1.5 eV using PMSE measurements at 55 and 70 degrees
angle of incidence, together with an appropriate overlayer removal. The pseudo-dielectric
function measured in this work from Te-doped GaSb in the range 4 to 9.8 eV using a MgF,
rotating analyzer at 68 degrees angle of incidence, and using a triple gold rotating analyzer
from 10-23.6 eV at 45 degrees angle of incidence, is also shown in Figure 1. The overlayer
from the “clean” HCL etched sample heated in-situ to 300 degrees Celsius was found to be
best approximated by a surface roughness, and not by a GaSbh-oxide. A 50 % void and 50 %
c-GaSh in conjunction with the Bruggeman isotropic effective medium approximation was
used to determine an overlayer thickness. The dielectric function of bulk c-GaSb was
calculated by inverting (\¥,A) data, and is represented by the full lines overlapping the spectral
data from ref. Aspnes from 4 to 6 eV, and covering the new range 6 to 9.8 eV and 10 to 23.6
eV. New features in the dielectric function is observed at 8 eV, 10-11 eV, 15 eV and around
20-23 eV. The most surprising result is a strong feature at 10-11 eV, which experimentally
unfortunately falls just in the overlapping region between measurements with the MgF,
rotating analyzer and the triple gold rotating analyzer. By focusing onto the details of the high
energy end of the dielectric function of GaSb in Figure 1, the Ga 3d to the conduction band
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excitations are clearly observed (not shown here), as recently described for GaN [Rakel et al.
Phys. Rev. B 77 (2008) 115120].

The optical response of random nano-patterned GaSb surfaces consisting of 32 nm
high nanocones laterally distributed with an average spacing of 49 nm, was thus investigated
by VUV-RAE using synchrotron radiation from 4 to 23.6 eV. The VUV results have been
combined with ex-situ ultraviolet-visible spectroscopic ellipsometry. The polarimetric
response in terms of the more general Mueller matrix components m12 and m33 has therefore
been fitted and compared to the graded uniaxial effective medium model recently reported for
nano-patterned GaSbh [Nerbg et al. Appl. Opt. 47 (2008) 5130].

The ex-situ SE measurements of m12, m33 and m43 are shown in the left Figure 2,
together with the simulated intensities using the graded uniaxial effective medium model. The
same nano-patterned surface was also measured by RAE using synchrotron radiation in the
range 4-9.6 eV at 68 degrees incidence. The latter RAE measurements of m12 and m33 are
shown in the middle Figure 2, together with the simulations using the uv-visible model. The
middle Figure 2 additionally shows m43 calculated from m12 and m33 assuming no
depolarisation. A future beam-time would preferably include a retarder in order to measure
m43 in order to determine depolarisation. The RAE measurements of m12 and m33 in the
range 10-20 eV at 45 degrees incidence, are shown in the right Figure 2 together with the
simulations using the uv-visible model. The right Figure 2 shows a strong spectral feature
from the nano-patterned surface near the region of Bragg condition for ordered surfaces and a
strong deviation from the effective medium model.
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Figure 1. The compiled dielectric function of GaSb from 0.6 to 23.6 eV used in this work. The data
from 1.5 to 6 eV is the data from Aspnes et al.
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Figure 2. Uv-visible spectroscopic ellipsometric measurements (symbols, left Figure) and VUV
Rotating Analyzer spectroscopic ellipsometry at Bessy (symbols, middle and right Figure) of
nanostructured GaSh. The full lines are the simulations using the uv-visible fitted graded unaixal
effective medium model.

* This short report is an extract from a manuscript in preparation and will be submitted during
20009.
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Among the metals used to decorate CNTs, Pd and Pt appear to be particularly important since
besides the catalytic behavior found for Pt decorated CNTs, Pd is considered the most
promising metal to achieve transparent contacts; also, ballistic transmission of electrons was
reported for the Pd-CNT contact [1]. Thus, the understanding of the interaction between Pd
atoms and CNT-surface is a key issue in the design and optimization of practical applications.

The nature of the metal coating CNTs was reported [2] to depend on the interaction energy of
a single metal atom on a CNT as well as on the metal cohesive energy (Econ). The total
binding energy of a cluster of size N was estimated to be equal t0 Eciyster = - Econ + @ Esurface
N3, (a is a geometrical factor and Egyace iS the average surface energy per atom). Suggesting
the existence of a critical cluster size such that metal nanoparticles smaller than such size will
efficiently wet the surface, while larger particles will coalesce into still larger clusters.

In the present study of the Pt-CNT and Pd-interaction, pristine and oxygen-plasma, treated
MWCNTSs with different amounts of metal evaporated onto their surface were analyzed. The
morphology of the “overlayer” is observed by transmission electron microscopy; its
electronic structure and its interaction with the CNT surface is investigated by photoelectron
spectroscopy (PES); the latter measurements were performed at UE56 beam line BESSY I
(Berlin) using the Mustang end-station.

Figure 1, shows TEM images of pristine CNT decorated with Pt (figure 1a) and Pd (figure
1b) thermally evaporated. It can be seen that discrete particles form at the CNT-surface.
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Figure 1, show TEM images of a pristine CNT decorated with 5 A (a) of Pt and (b) of Pd
thermally evaporated. It can be seen that discrete particles form at the CNT-surface.

Figure 2a shows the comparison of the C 1s XPS spectrum before and after the plasma
treatment, the chemical modification of the CNT surface produced by the plasma treatment is
revealed by the appearance of a broad structure at higher binding energy. This structure was
reported to be generated by photoelectrons emitted from C 1s atoms belonging to hydroxyl,
carbonyl and carboxyl (or ester) groups that were grafted at the CNT surface by the oxygen
plasma treatment. The inspection of the evolution of the C 1s peak for a sequence of Pt (or
Pd) evaporations (not shown) revealed that no additional feature can be observed.
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Figure 2: C 1s core-electron spectra recorded on a) CNTSs, b) Pt/CNTs and Pd/CNTs. Black
line — pristine CNTs and red line oxygen plasma functionalized CNTs

Metal-CNT interaction can be studied by X-ray photoelectron spectroscopy. If there is a
chemical reaction at the interface, then the new chemical environment of the atoms at the
interface will lead to the appearance of new features at the XPS spectra. The inspection of the
evolution of the C 1s peak for a sequence of Pt (or Pd) evaporations (not shown) revealed that
no additional feature can be observed.

Figure 2 shows the comparison between the C 1s core-level before and after evaporation of
10 A of Pt and Pd on pristine and plasma functionalized CNTs. The increase in the
asymmetry of the C 1s peak is associated with the many-electron response to the sudden
creation of a photohole [2]. Within the Born approximation, it can be shown that the
magnitude of this asymmetry is proportional to the square of o(Ez), the density of states
(DOS) near the Fermi energy level, as well as to the effective charge of the photohole seen by
the conduction electron, y4 [2]. Hence, changes in the asymmetry of the C 1s peak following
the Pt deposition, suggest changes in x4 and o(Es) due to Pt-CNT interaction, it affecting the
screening process of the C 1s core hole by perturbing the DOS near E;. Theoretical results
have shown that when a metal atom such as Ni and Pd (which belong to the same column of
the periodic table as Pt) replaces one C atom of a graphene sheet, a few electronic levels
resulting from the metal atom interaction with the sheet appear close to the Fermi energy
level. This effect suggests an increase in the metallicity of this system (when compared to the
graphene sheet) what explains the increase of the asymmetry in the C 1s peak. In addition,
based on these results it can be suggested that a small shift to higher binding energy of C 1s
peak following the Pt evaporation corresponds to an upward displacement of the Fermi
energy level and consequently a rigid shift of the electronic states [3].

The decrease in the intensity of the structure associated to oxygen groups is less conspicuous
for the Pt/CNT samples (figure 2b), this can be associated to the formation of C-O-Pd bonds
in the Pd/CNT samples.
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Metal/ceramic composites (MMCs) are technologically important because of their high
specific stiffness and strength, high 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 aluminum-base alloy Al-12Si. The as-produced material
exhibits a hierarchical domain structure with each domain composed of alternating and
interpenetrating layers of metallic and ceramic lamellae. Figure 1 shows a typical microstructure of the
face perpendicular to the freezing direction for this composite. The ceramic preform for this composite
was 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.

Diffraction-based techniques are most suitable for the in-situ study of internal load transfer in
composites because they provide phase-selective information [4]. Such measurements have e.g.
successfully been carried out in particle reinforced [5], whisker reinforced [4] and short fiber
reinforced [6, 7] MMCs. Our experiments at beamline EDDI@BESSY aim at studying the internal
load transfer in composite samples having one single domain under external compressive load using
energy dispersive X-ray diffraction.

High-energy synchrotron X-ray diffraction is favoured over laboratory X-ray diffraction or
neutron diffraction because this experimental approach combines a large penetration depth with a
sufficiently small gauge volume at acceptable measuring times [8, 9]. The energy-dispersive set-up at
the EDDI beamline provides a white beam which allows recording the complete diffraction spectra
over a wide energy range up to photon energies of 150 keV. Thus several lattice planes of each phase
can be taken into account for residual stress analysis and moreover the crystallographic texture can be
determined simultaneously [10, 11].

Schematic layout of the beamline components as well as the technical specifications can be
found in ref. [12]. For the present study, the energy range 20 — 90 keV was selected for analysis and a
scattering angle 26 = 7° was chosen as it gave good energy separation as well as sufficient peak
intensities. A gauge volume having a nominal volume of 0.12 mm3 was defined by the primary and the
secondary slits. The slit system as well as the dimension of the gauge volume within the sample is
shown in Figure 1. The slit size for the incoming beam (S2 in Figure 1) was maintained at 1 mm x 1
mm while each of the two slits in the diffracted beam (S3 and S4) had dimensions of 60 um x 5 mm.
For in-situ analysis of internal load transfer under external compressive loading, the sample was
placed between two hardened steel punches in a miniature mechanical testing rig manufactured by
Kammrath & Weiss GmbH, Dortmund, Germany. The testing rig was mounted on the 5 axes sample
positioning table of the diffractometer unit. The sample was aligned in a manner that the centre of
mass of the gauge volume coincincides with the centre of the sample. Crosshead velocity during
compression was maintained at 2 pm-s?, corresponding to a nominal strain rate of 10® s™. The
compressive load on the sample was increased stepwise and at every loading step measurements were
carried out according to the sin?y method of X-ray stress analysis [13] by tilting the test rig along with
the sample in the inclination angle range 0° < w < 90°. After each load application and before the
corresponding diffraction measurement, sufficient waiting time (in the range of 5-10 minutes) was
maintained to minimize the effects of stress relaxation during the single diffraction measurements. At
any applied load for each y tilt the acquisition time was 1 minute. In diffraction measurements the
lattice strain is always measured parallel to the scattering vector. For w = 0°, the scattering vector is
approximately transverse to the loading direction while for y = 90° it is almost parallel to the loading
direction. A pre-load in the range of 20-30 N (corresponding to a stress of 3-5 MPa) was first applied
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to ensure that the sample did not fall down during tilting of the rig and the strain at this initial state
was used as the reference value for further calculations. Hence, no effect of processing induced
thermal residual stresses (refer to [14]) is considered and only the extent of internal load transfer under
an applied external compressive load is measured, irrespective of the process history the sample
experienced. Here onwards, lattice misrostrains and stresses would correspond to changes in lattice
microstrains and stresses with respect to this reference state. Volume average lattice strain analyses are
carried out in all three phases of the composite in transmission mode. Individual diffraction lines were
fitted by a “Pseudo-Voigt” function to determine the line positions.

Figure 1: Schematic diagram showing the measurement geometry for energy dispersive synchrotron X-ray
diffraction. The zoomed image shows the microstructure of the face perpendicular to the freezing direction for
the actual single domain sample used in the study. Actual dimensions and shape of the gauge volume are marked

EESNET)

within the sample and "q” shows the orientation of the scattering vector.

Composite samples with varying orientations of the loading axis with the lamellae along with
samples with preforms coated prior to melt infiltration were studied (details about the effect of domain
orientation on the elastic and elastic plastic flow behavior have been studied by Roy and Wanner [5],
Ziegler et al. [15] and Roy et al. [16]). Simple monotonic compression as well as loading — unloading
— reloading experiments were performed. Only a brief description of the internal load transfer taking
place in the single domain sample with uncoated preform compressed along the freezing direction
(actual microstructure shown in Figure 1 with direction 1 being the freezing direction) will be given
here. Details of the internal load transfer mechanism operative in this sample are given in ref. [17].

Figure 2: (a) combined plot showing the evolution of continuum mechanics average microstrains for all three
phases at different applied stresses and (b) Load fraction vs. applied stress plot for alumina and aluminum
phases; minor effects of Si has been neglected (ref. [17])

A typical diffraction spectrum for the composite under study can be found in ref. [14]. 8
diffraction peaks of alumina, 4 of aluminum and 3 of silicon were indexed for analysis. Figure 2a
shows the change in continuum mechanics equivalent lattice microstrain measured along the loading
direction in all three phases of the composite at different externally applied compressive stresses.
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These continuum mechanics equivalent strains for each phase were determined from the analysis of
the multiple diffraction peaks according to the method described in [18]. For this calculation the
phases were assumed to be texture-free. Two distinct regions can be identified in Figure 2a. Until
about 90 MPa (region 1), the lattice microstrains in all three phases increase almost linearly.
Afterwards, at higher applied stresses, the microstrain vs. applied stress plots for the aluminum and
silicon phases reach a plateau while the microstrain in the alumina phase keeps on increasing almost
linearly. Figure 2b shows the calculated load fraction in the alumina and aluminum phases (minor
effects from the presents of the Si phase have been neglected) at different applied stresses. The plot
clearly shows that at all applied stresses, most of the load is being carried by the alumina phase. At
low values of applied stress, the load fraction in alumina first increases and correspondingly, the load
fraction in aluminum decreases. At higher stresses, the load fraction in alumina reaches a plateau
while the aluminum load fraction slowly tends towards zero.

Conclusions

Energy dispersive synchrotron X-ray diffraction has been shown to be a powerful tool for in-
situ study of internal load transfer in a lamellar metal/ceramic composite under external compressive
load. Load fractions calculated at various applied stresses in alumina and aluminum phases show that
as the applied stress is increased, the load fraction in the aluminum phase decreases, while the load
fraction in the alumina phase increases to about 80%. The load transfer from the metallic alloy to the
ceramic phase is significant but not complete. A plateau well below unity is observed, which may be
attributed to the internal damage processes within the ceramic phase. This work gives a first insight
into the mechanism of internal load transfer in this novel composite. Further work will concentrate on
the effect of domain orientation and interface modification on load transfer behavior.
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Spontaneous capillary filling of silica nanochannels arrays
studied by energy-dispersive small-angle x-ray diffraction measurements

Daniel Rau®, Stefan Morz', Wolfram Leitenberger?, and Patrick Huber*
Faculty of Physics and Mechatronics Engineering, Saarland University, D-66041
Saarbruecken
?Institute for Physics and Astronomy, Potsdam University, D-14476 Potsdam-Golm

We studied the capillary filling (spontaneous imbibition) of silica grains permeated by arrays
of hexagonally arranged nanocapillaries (SBA-15, mean channel diameter 7 nm) by time
dependent energy-dispersive SAXS measurements. The study was aimed at a quantitative
understanding of this filling process, in particular with regard to the filling dynamics.

The Bragg peaks characteristic of the hexagonal arrangement of the empty nanochannels
could be resolved by energy-dispersive SAXS measurements (50s exposition time) — see
Fig. 1. Upon invasion of the liquid hydrocarbon (n-CzsHs,) the intensity of the hexagonal
reflections reduced according to a square root of time power law — see Fig. 2. Such Lucas-
Washburn dynamics are expected for a capillarity-driven filling process of the channels,
which leads to a reduction in electron density contrast between empty and filled nanochannel.
The overall dynamics are significantly slower than expected from the fluid parameters of the
n-alkane investigated (viscosity, surface tension, and contact angle), a finding under current
further investigation.
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Fig. 1: SAXS pattern of the empty SBA-15 powder. The reflections are indexed based on
two-dimensional, hexagonal mesh with lattice parameter a=10.8 nm.
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Fig. 2: Relative decrease of the (10) reflection upon of invasion of liquid n-CzsHs; into the
nanochannels of SBA-15 (symbols) in comparison with a square-root-of-time power-law fit.
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PEEM of Rb/TaS,: Probing a Metal-to-Insulator Transition with
Nanoscale Precision

D. Rahn', E. Ludwig', J. Buck®, K. Rossnagel, F. Kronast?, H. Diirr?, and L. Kipp*

nstitute for Experimental and Applied Physics, University Kiel
2Helmbholz Zentrum Berlin fur Materialien und Energie

The effects of alkali metal deposition on layered transiietal dichalcogenides (TMDCs) are of great interest in
basic research and in applications, for example battergldpment. However, the rather simple question of how
the alkali metals adsorb on TMDCs has not been satisfagtaniswered yet. On the one hand, a certain amount
of alkali atoms intercalates into the van der Waals gapsefit¥iDCs, while a small amount also remains on the
surface [1]. On the other hand, the formation of nano strestin the uppermost layer is observed [2, 3].

Beside these considerations on the kinetics of the intatioal process, the TMDCTETa$; is of particular interest.

It is a correlated material showing an extraordinarily nfase diagram including various charge-density-wave
(CDW) phases and a first-order metal-insulator transitiofiTjMit about 180 K with an increase of in-plane re-
sistivity of about one order of magnitude. This transitisnwidely understood as a Mott-Hubbard localization
caused by the favorable valence band structure createceb@IhWV. It is also accompanied by a modification of
the periodic lattice distortion from a nearly commensucgtél3 x v/13)R13.9 reconstruction to a commensurate
one. This results in an increased splitting of the Ta 4f cevels which provide a very sensitive tool for inves-
tigating changes in the atomic distortion pattern assediatith the CDW. Using angle-resolved photoemission
spectroscopy, it has recently been shown that a similarlsimetalator transition at the surface of 4TaS, can be
induced already at room temperature by adsorption of Rb [4].
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Figure 1: PEEM images ofTtTaS; after spatially Rb evaporation. a) Overview image taken with a Hg dischange. b)

Enlarged image showing smaller islands. The contrast is due to chantesviork function. c-e) Same sample area as in b)
but using the Rb &, and Ta 4 core levels and the Ted5/alance states for imaging, respectively.

To further investigate the adsorption of Rb and the accowipgrstructural and electronic transitions, we prepared
a spatially sharply defined Rb stripe on the crystal surfaoehis end, we developed a new dispenser device which
allows a spatially well-defined deposition. It consists dBAES-Getters dispenser in a liquid nitrogen cooled
copper housing. Two apertures are embedded in the housitglimate the Rb beam to a specific divergence.
The first one, directly positioned behind the SAES-Gettespahser, has a circular shape and a diameter of 2 mm,
and the second one, positioned at a distance of 50 mm behenfirsh one, consists of a slit aperture with the
dimensions of roughly 5 mnx 0.3 mm. During the deposition, the exit slit aperture way wose to the sample

(=~ 500 um) to minimize the divergence of the Rb beam, and the housirgosaled to a temperature of around
150 K. After a spatially well-defined deposition for 390 s af photoemission images and spectra were taken
with the Elmitec PEEM at beamline UE49 PGMa with an energgltdin of about 350 meV.

Photoemission intensity images of the sample surface takera Hg discharge lamp (fig. 1a) show a well defined
stripe composed of many differently sized islands. Thigstexhibits a width of approximately 23@m, which
roughly agrees with the 300m wide exit slit of the evaporator. The contrast in this image also in fig. 1b)

is due to local changes in the work function induced by the &peption. High intensity regions reflect a local
lowering of the work function. The three images (fig. 1c,dl@w the same sample area as fig. 1b) using adsorbate
and substrate core levels and substrate valance statégefionage contrast. The first image (fig. 1¢) measured at
the Rb 3 core level (E-B = -109.75 eV) shows the same contrast as fig. 1b) and thenefeeals a correlation
between the work function lowering and the Rb adsorptiore fitotoelectron spectra in fig. 2b) (along x-direction
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Figure 2: Spatially resolved photoemission spectra. a) Same samplasanedig. 1b), but slightly enlarged . b) Rid 3
spectra (taken in the box in a) from the islands show an increased Rb aighan asymmetry orginating from intercalated
Rb. Corresponding Taf4c) and Ta 8 (d) spectra reveal an enhanced splitting of the T&€BW components and a shift of
spectral weight away from Erespectively.

in marked box in fig. 2a) show that this contrast is not only ttuagn overall higher intensity in the island regions.
The Rb 3 core level spectra on the islands also exhibit an asymmetith® low binding energy side which can
be attributed to Rb atoms intercalated into the van der Wgaddbetween the TaS3riple layers. The second image
(fig. 1d) displays the same sample region using thefTeofe level (E-& = -23.5 eV) for imaging. This image
reveals an inverted contrast in comparison to the Rlai®d the UV lamp images. The Td 4ore level spectra
on the islands in fig. 2¢) show an overall loss in intensitydlab an enhanced CDW induced splitting of the two
different Ta 4 spin orbit components. To get a comprehensive picture oékberonic changes, the third image
(fig. 1le) shows the same sample region again but now usingettmiedge (E-k = 0 eV) for imaging. Similar

to the Ta 4 image, a lower intensity on the islands is observed. Thetepetfig. 2d) illustrate that this intensity
loss is due to a shift of spectral weight away from the Fermglléo higher binding energies.

In conclusion, results of our measurements suggest thafioly picture. In the sample region directly hit by Rb
atoms, a sharp image of the evaporator exit slit could bedoUrhis stripe consists of many smaller concentric
islands of intercalated Rb. The different diameters ofehsiands, especially in the boundary regions of the stripe,
and the clustering of intercalation seeds in the directtyrdgion suggest that these islands orginate from small
dot-like intercalation channels generated by one or a feth@fastest Rb atoms that leave the evaporator. After
the creation of such an intercalation channel, a conceespansion probably takes place as long as additional Rb
is provided. Thus, the local dimensions of the islands ateowelated with the diffussion length of the Rb atoms
inbetween the layers but rather with a spatially varying Rimant deposited onto the directly hit sample surface.
In addition to the elucidation of the intercalation kinstithe results of our measurements also suggest a spatial
correlation between intercalated Rb, a change in the peripdf the lattice distortion as evidenced by an enhanced
splitting of the Ta 4 lines, and the metal-insulator transiton. Moreover, th&d&alance states are more intense
and narrower on the islands, which supports the picture iafresition driven by a Mott-Hubbard-type localization.
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Photoelectron microscopy of Rb/TaS ,: Evidence for a spatially
confined 2 H to 1T structural transition

D. Rahn!, E. Ludwig®, K. Rossnagel', C. Enderlein?, K. Horn?, and L. Kipp!

Hnstitute for Experimental and Applied Physics, University Kiel
2Fritz-Haber-Institut der Max-Planck-Gesellschaft Berlin

The layered transition metal dichalcogenide J#&Sof particular interest because it grows in a variety ofedif
ent polytypes which display effects like superconductidnd charge-density-wave (CDW) formation. THE 1
polytype, in particular is a correlated material with anregtdinarily rich phase diagram including various CDW
phases and a first-order metal-insulator transition (MlfTalzout 180 K (tpwir). This transition is widely
understood as a Mott-Hubbard-type localization causedhbyfdvorable valence band structure created by the
CDW. It is also accompanied by a modification of the perioditid¢e distortion from a nearly commensurate
c(v13 x v/13)R13.9 reconstruction to a commensurate one. This ‘Star of Davke teconstruction exhibits
three non-equivalent tantalum positions (CDW sites a, bb;&)%. In Ta 4 core level spectra emissions from sites
b and c are clearly distinguishable by relatively largetsptj of the two Ta 4 spin orbit components. This CDW
induced splitting, which is increased after the MIT, prasd very sensitive tool for investigating changes in the
chemical environments of the tantalum atoms, and in pdatiéar changes in the periodicity of the reconstruction.
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Figure 1: a) Constant binding energy map of the TgHotoemission intensity at room temperature (E<E-22.55 eV) after
Rb deposition on a liquid nitrogen cooled sample. Red dashed lines indicé&e tteposited region. b) Td 4ore level spectra
(along the solid red line in image a). The spectra show a mixturédof2d I polytype phases. c) Ta 4f spectrum at black
arrow in b) fitted with Doniach Sunjic profiles. The spectrum is composdad@fiT related spin orbit doublets (CDW sites
b and c) and onel2 related feature. The core hole screening induced asymmetry, typictle® H polytype, is fitted by an
additional peak.

The H polytype of Tag shows a less complex phase diagram with only one CDW tranditbm the undistorted
state to a 3 superlattice below 70 K (Jpw=2x) and a superconducting phase below 0.8 K{J. Recent studies

on both show that by intercalation of foreign atoms into tha der Waals gap of these layered compounds one
can effectively tune the different transition temperasyeg.

Forin situ Rb intercalated T-TaS;, an increased transition temperature of the MIT could bedesl, leading to

an insulating phase already at room temperature [3]. FoRltheolytype, a recent study [4] has shown that Na
doping reduces dpw2 g and simultaneously increasegd.

To further investigate the interplay between the diffengimaises, a spatially well-confined stripe shaped Rb de-
position on a BI-TaS, crystal was carried out. The spatially well-defined Rb déjmyswas achieved with a
newly developed evaporator device consisting of a SAESe@etlispenser inside a liquid nitrogen cooled copper
housing. Two apertures are embedded in the housing. Thefiestdirectly positioned behind the SAES-Getters
dispenser, has a circular shape and a diameter of 2 mm, arstbed one, positioned at a distance of 50 mm
behind the first one, is slit-shaped with the dimensions giaa 5 mmx 0.3 mm. During the deposition the
dispenser was running at 6 A for 390 s and the sample was cuadtlediquid nitrogen. The exit slit aperture was
very close to the sample surface 600 ;m) and the housing was cooled to a temperature of around 150&. T
pressure during deposition increased from-9.0~ 1 mbar to 5<10~% mbar.

The photoelectron microscopy measurements were carriedtd@eamline UE112 PGM-1 at BESSY (spot size:
8 x 11 um?) using a hemispherical electron analyzer (Specs Phoib0¥ &@d a sample on a stepper motor
controlled scanning stage. Photon energies of 80 eV and\I8@ee used. The total energy resolution was about
0.1eV.
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Figure 2: a) Constant binding energy map of the RtpBotoelectron intensity at room temperature (E<€-110.28 eV) of
the same sample region as in fig. 1 a). b) RIz8re level spectra (along the solid red line in a). The Rb signal indicatesrp s
Rb stripe ¢) Rb 8@ core level spectrum (at arrow in fig. 1b) fitted with Doniach Sunjic prafilese spectrum is composed of
one surface T, one surface @ and one Rb intercalation related spin orbit doublet.

Figure 1a) shows a Taf 4photoemission intensity map taken after Rb deposition. ghificant reduction of
intensity in a stripe shaped sample region is observed, @ected for the deposition with a slit aperture. Taking
into account the divergence of the Rb beam, the width of thises(350um) agrees very well with the one from
the slit aperture (30Qm).

The changes of the Taf £ore level in this low intensity domain (fig. 1b) is visualizby core level spectra
taken along the solid red line in fig. 1a). The most strikingridpes are located between x = 0.15 mm and x =
0.35 mm. Here the Taf4core level shows an additional splitting of the spin orbitnpmnents typical for theTl
polytype. Between thel2- and the T- like sample regions, a continuous transition is observétk transition
region exhibits three peaks in each spin orbit componeset fige 1c), the intensity decreases and the emissions
shift 310 meV to higher binding energies. This shape of thie sphit components orginates from a mixture of
three Ta 4f spin orbit doublets: one from thel 2and two from the T domain. The intensity decrease can be
explained by remaining surface Rb. The shift results frorharge transfer between the topmost like and the
underlying H- like layer and is an evidence that mainly the topmost lag@filT configuration. This core level
shift has also been observed for TaSystals of the 8, polytype [5, 6], whose unit cell consists of twad dike

and two H-like layers in alternating order.

In fig. 2a) a Rb 8 intensity map of the same region as in fig. 1a) is shown. Thie imignsity region in this map
corresponds to the low intensity region in fig. 1a), whichidates a connection between the Rb distribution and
the changes of the Td £ore level, especially the polytype transition marked in fig). Furthermore, the Rkd3
core levels in fig. 2b) show an intercalation related asymynatly in the I region. This suggests that thél2

to 1T transiton may be initiated by Rb atoms intercalated intovreder Waals gap between the topmost and the
first underlying layer.
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Figure 3: a) Ta 8 spectra (taken along the solid red line in fig. 1 a) near normal emissighelfilr domain, the Ta & peak

is shifted to higher binding energies indicating a metal-insulator transitiorxpeested for Rb intercalation into this polytype.
b) The spectra taken at the marked positions in a) show a shift of 285améihve T domain. The altered peak shape supports
the picture of a Mott-Hubbard like transition. Both graphs are slightly filtergd a'Gaussian.

288



The surface feature of the Rl 8ore level exhibits a shift (560 meV) between the two poletypsimilar to that of
the Ta 4. Therefore, the RbdBcore level spectrum consists of two surface and one intatioalrelated Rb &spin
orbit doublet (fig. 2c). This explains the reduced sepandtigtween surface and intercalation related features.

In addition, the spatial confinement of the Rb atoms helpsitietstand the intercalation process. Since no surface
Rb is observed outside the stripe boundaries, already gitine adsorption of Rb atoms on the cooled sample
some process has to be at work in the directly hit region itihgpnearly all surface diffusion on warming up.
Otherwise surface diffusion would lead to a surface Rbeel&tature over the entire sample surface. One possible
explanation could be that the Rb atoms generate intercalatiannels in the directly hit sample area. This would
lead to an increased intercalation probability in this l@raa and thus to a lowering of Rb atoms that leave this
region by surface diffusion.

Whether the T stripe is Rb induced or not, it is expected that this sampa ahould respond with a MIT when
the Rb atoms reach the intercalation sites between thesldygr Indeed, a Ta & core level map (not shown)
exhibits a slight intensity decrease in the whole stripa ared an even stronger intensity loss in tiiephrt of the
stripe. Fig. 3a) shows Tadspectra (taken along the solid red line in fig. 2a), revediiray this intensity loss is
caused by a shift of spectral weight from the Fermi level ghkr binding energiesNE ~ 285 meV). This may

be attributed to a local MIT on theTt domain. In the depleted region the Td peak becomes more intense and
slightly narrower, indicating an increased localizatiéthe Ta &l electrons, as expected for the MIT. Furthermore,
the Ta 4 core levels show an increased CDW splittidg(py = 730 meV) of the two spin orbit components in
this sample region compared to pristine-IaS, (Ecpw = 500 - 550 meV). This serves as evidence for a CDW in
the IT domain and a changed CDW periodicity induced by intercel&e. We can therefore conclude that there
is a close connection between intercalated Rb and the MIT.
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Introduction

Hard carbon materials find many applications in tribology, MEMS and as protective coatings due
to their unique properties such as high hardness, chemical inertness and biocompatibily. In case of
microcrystalline and nanocrystalline diamond, diamond-like carbon (DLC) and their modifications
(doping, nanocomposites) it is important to control the structure of these materials, namely the
content of sp? and sp? bonded carbon. The relative content of sp? and sp® bonded carbon can be
determined from the ratio of pi and sigma electrons. Recently, we published the Kramers-Kronig
consistent model of dielectric response based on parameterization of density of states (PDOS) that
was employed for various disordered materials (DLC, SiO,, a-Si) [1, 2]. Using this model the ratio
of m-to-o electrons in the carbon materials can be determined from optical measurements provided
that the set of thermally annealed DLC films is studied. While the absorption peak corresponding
to 7 electrons (responsible for the weak graphitic bonds) lies in the visible region, the absorption
corresponding to o electrons (responsible for the strong diamond bonds) lies in the VUV region, with
the maximum of absorption at about 13 eV. Therefore, it is necessary to carry out the ellipsometric
measurements of the films in the VUV region.

Experimental

The DLC films were prepared by plasma enhanced chemical vapor deposition (PECVD) in radio
frequency capacitively coupled discharges. The gas mixture consisted of methane and hydrogen.
The substrate was double side polished silicon single crystal (c-Si) wafer that can be used also for
transmittance measurements in the IR range. The optical measurement of DLC films was performed
by following methods.

e Transmittance data in MIR (0.046-0.62¢V) measured with Bruker Vertex80v FTIR spectropho-
tometer.

e Ellipsometry in the NIR, visible and UV range (1.25-6.5eV) measured with Jobin Yvon UVISEL
phase-modulated variable-angle spectroscopic ellipsometer.

e Transmittance in NIR (1.13-1.35¢V) measured with PerkinElmer Lambda 45 spectrophotometer.

e Reflectance in NIR, visible and UV region (1.24-6.5¢V) measured with PerkinElmer Lambda 45
spectrophotometer.

e Ellipsometry in the UV and VUV range (5.5-9e¢V) measured with BESSY II synchrotron rotating-
analyser ellipsometer.

Results and Discussion

For the optical characterization of films prepared on c-Si it is essential to use reliable optical constants
of silicon. Since such data are not available in wide spectral range applied in present investigation it
was necessary, as the first step, to characterize the particular silicon wafer used as the substrate in
PECVD. Except for the reflectance, the same methods listed above were employed. The overview of
obtained data is shown in Fig. 1.
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Figure 1: Overview of experimental data for (left) the silicon substrate and (right) selected DLC film
obtained by several methods in wide spectral range and their comparison with the proposed model.
The abbreviation of the methods used in caption are following: Ig, Icr and I are associated ellipso-
metric parameters measured with UVISEL ellipsometer, Co and Sy are second harmonics coefficients
measured with BESSY ellipsometer, R and T are reflectance and transmittance, respectively.

All experimental data on c¢-Si were fitted simultaneously by a single Kramers-Kronig (KK) con-
sistent dispersion model covering both interband transitions and phonon absorption. The interband
transitions were modelled using true Gaussian-broadened functions describing individual contributions
of direct transitions in the one-electron approximation. The indirect transitions forming the indirect
band gap were modelled using the parameterized density of states (PDOS) model. The sharp struc-
tures at critical points were modelled using hyperbolic excitons. Efficient numerical methods were
developed for calculation of true Gaussian broadening of arbitrary functions and for calculation of
KK images of such broadened functions. The latter is based on expression of the KK integral using
convolutions of the unbroadened function with Dawson integrals. These methods can also be used for
modeling of other crystalline materials. Finally, the absorption in MIR region was modelled using a
set of Gaussian peaks. The sound agreement between the measurement and the model is apparent
from Fig. 1. The determined optical constants of silicon substrate can be seen in Fig. 2.

All experimental data (Fig. 1) on DLC films were fitted simultaneously by a single KK consistent
dispersion model covering both interband transitions and phonon absorption. The 7 — 7n* and 0 — o*
interband transitions were modelled using the parameterized density of states (PDOS) model while
the absorption in MIR region was modelled using a set of Gaussian peaks.

This model had been already applied to characterization of these samples, however, without the
synchrotron ellipsometry data [2]. The extension of the spectral range to 9eV resulted in substantial
changes in determined band gaps and transition high energy limits found by this model. The most
important change is the increase of the ¢ — ¢* band gap from 1.6 to 6.7eV — the new value is
much closer to the crystalline and polycrystalline diamond band gap. Consequently, the 7-to-o ratio
predicted by the model increased considerably. This change also strongly influenced the dielectric
function above the measured range, i.e. above 9eV (see Fig. 3): the sharp structure around 13eV
resembles the similar structure observed for diamond.
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Figure 3: Imaginary parts of dielectric function of the DLC film determined from data includ-
ing/excluding the VUV synchrotron ellipsometric measurements.

Conclusion

The measurement of DLC films at the synchrotron ellipsometer at BESSY II performed in the range
5-9 eV brought additional information about the band structure of DLC material. This is obvious
from the fitting results obtained including these VUV data to the data sets obtained by other methods
in the range restricted by the highest energy of 6.5 eV. Therefore, it is important to extend further
the measurement range to the XUV region.
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Introduction

The discovery of high-T. superconductivity in iron pnictides [1] is a new era which has acquired
much attention from the superconductor’s community. In the case of cuprates the parent compounds
are antiferromagnetic Mott-Hubbard insulators and when doped undergo a metal-insulator transition
which leads to the superconducting state. On the other hand the parent compounds of the iron
pnictide superconductors are metallic in nature and at low temperature a structural transition
accompanied by a spin density wave (SDW) order occurs. When iron pnictides are doped the SDW
order is suppressed and superconductivity appears [2]. There are several reports on both electron
doping and hole doping into pnictides for the achievement of superconductivity [3-4]. The highest
transition temperature, T, that was achieved so far is 56K in SmO1.xF«FeAs [5]. There are other iron
pnictides containing no oxygen ions. The prototype of one of them is AFe,As, (A = Ba, Sr, etc.).
The highest T, obtained in these compounds is 38 K in Ba;xKFe,As; [3]. These materials undergo
a structural transition from a high temperature tetragonal paramagnetic phase to an orthorhombic
antiferromagnetic phase at low temperatures.

Along with these prototypes, two more
compounds of simple structure were developed.
They are namely LiFeAs with highest T, = 18K
in Li;«FeAs [6] and FeSe (Te) whose highest T,
is 27 K under pressure of 1.48 GPa [7]. In iron
pnictides the existence of SDW ordering is
supposed to occur because of a Fermi surface
nesting scenario between hole pockets and
electron pockets. Interestingly the electronic
structure of all these compounds is found to be
similar. The clarification of electronic structure

Fig.1. Crystal structure of BaFe,As,. FeAs of iron pnictides is an important step for the
tetrahedra  form  two-dimensional  layers, understanding of the physical properties and the
surrounded by the layers of Ba. Fe ions inside mechanism for high-T. superconductivity.

the tetrahedra form a square lattice.
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We report here our results on the electronic structure of BaFe,As, using angle-resolved
photoemission spectroscopy (ARPES). BaFe,As; is the parent compound of the superconductors
Ba;xKiFe As, and BaFe, CoxAs,. Fig. 1 represents the crystal structure of BaFe,As; in its
tetragonal form [8].

Experimental Details

Single crystals of BaFe,As, were grown out of a Sn flux in Amsterdam and Minchen, using
conventional high temperature solution growth techniques. Elemental analysis of the Amsterdam
crystals was performed using wavelength dispersive X-ray spectroscopy (WDS). Further elemental
analysis was obtained from X-ray induced photoemission spectroscopy on the core levels. Both
methods yielded a Sn contamination of approximately 1.6 atomic %. The ARPES experiments were
carried out at the BESSY synchrotron radiation facility using the U125/1-PGM beam line and the
13 ARPES” end station provided with a SCIENTA R4000 analyzer. Spectra were taken with
various photon energies ranging from hv = 30 to 175 eV. The total energy resolution ranged from
10 meV (FWHM) at photon energies hv = 30 eV to 20 meV at hv = 175 eV. The angular resolution
was 0.2" along the slit of the analyzer and 0.3" perpendicular to it. The linear polarization of the
radiation could be changed from the horizontal direction to the vertical direction. Due to matrix
element effects the experimental results are strongly affected by the orientation of the polarization
of the photons relative to the scattering plane (defined by the direction of the incoming photons and
that of the outgoing photoelectrons).

Results and Discussion

The ARPES measurements on BaFe,As; were focused to two points of the Brillouin zone, the I" and
the X-point. The electronic properties of the material are determined by Fe states located at these
points. To obtain information on the character of the antiferromagnetic order we performed
measurements in the paramagnetic tetragonal state and the antiferromagnetic orthorhombic state.
Typical ARPES data on BaFe,As, are depicted in Fig. 2, where we show the measurements near the
I'-point at T = 20 K using 75 eV photons with linear vertical polarization. In the panel (a) of Fig. 2
we have plotted momentum distribution maps for different energies relative to the Fermi level. We
see an almost circular Fermi surface which increases with increasing binding energy. This clearly
demonstrates that at the I'-point there is a hole pocket. Comparing our data with band structure
calculations indicates that the hole pocket is formed by 3 Fe bands having Fe 3d,y, Fe 3dy, and Fe
3dy, character. This assignment is supported by our polarization dependent measurements (not
shown). More resolved data show a small splitting between the Fe 3d,y and the other two Fe 3d
bands. In Fig. 3 we show the measurements near the X-point at T = 20 K using 75 eV photons with
linear horizontal polarization. In the panel (a) of Fig. 3 we have plotted momentum distribution
maps for different energies relative to the Fermi level. The size of the hole pocket is smaller than
the electron pocket near the Fermi level. This is in good agreement with previous reports and with
bandstructure calculations. According to bandstructure calculations the in-plane Fermi surfaces
around this high symmetry point (X-point) should be caused by two concentric electron pockets.
The character of these pockets is supported by the experimental data shown in Fig. 3 near the Fermi
level. With increasing binding energy the diameter of the Fermi surfaces at the X-point increases.
At higher binding energies the Fermi surfaces transform into a blade-like feature, in good
agreement with bandstructure calculations. Performing similar measurements at T = 300 K, no
differences relative to the low temperature data could be resolved.
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Fig.2. ARPES data around the centre of
Brillouin zone (I'-point) measured with hv = 75
eV at a temperature of 20 K. The photon
polarization was vertical. (a) Momentum
distribution maps, (b) spectral intensities as a
function of k, at k¢ = 0, (c) momentum
dispersive curves and (d) energy dispersive

Fig.3. ARPES data around X-point measured
with hv = 75 eV at a temperature of 20 K. The
photon polarization was horizontal. (a)
Momentum distribution maps, (b) spectral
intensities as a function of k, at ky = 0, (c)
momentum dispersive curves and (d) energy
dispersive curves.

curves.

Summary

In the present ARPES study we have determined the electronic structure of BaFe,As,, a parent
compound of doped FeAs-based high T. superconductors. Performing temperature dependent
measurements, important information has been obtained both for the paramagnetic tetragonal state
and the antiferromagnetic orthorhombic state. No significant changes could be resolved between the
two phases indicating that the real differences for the electronic structure between the two phases
are probably much smaller than that predicted by spin-dependent bandstructure calculations. This
supports an itinerant character of the Fe 3d electrons in these systems.
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Introduction

Carbon nanotubes (CNTs) of different origin have been studied with the Scanning
Transmission X-Ray Microscope (STXM) at U41 at BESSY Il. The combination of
NEXAFS absorption spectra with spatial resolution is ideally suited for a detailed
analysis of these samples.

In recent time, CNTs have drawn a lot of attention due to their unique properties.
However, to fully understands and make use of these properties, the characterization of
CNTs needs to be optimized. In our study, the differences between the species are
observable both in the microscopic images and the spectral data. To be more specific,
we have investigated two CNT-samples with energies around the Cls K-shell

absorption edge (~ 284 eV).

Materials and Methods

We have investigated CNTs from two different productions: the first ones were from
Bayer GmbH (in the following called BayCNT), while the other specimen came from the
Forschungszentrum Dresden-Rossendorf (in the following referred to as FZD-CNT) [1].
The samples have been treated with ultrasound for several hours. However, they did
not do into solution with the water, but rather precipitated at the bottom of the glass
vessels we used. Nevertheless, all CNT-samples have been suspended in water (with
concentration of 10 — 40 pg per 300 - 1000 ml) for better handling. The dispersion was
dropped onto Si3Ny-foils and left there to dry, so that the CNTs would stick to the foils.
The measurements were done at the K-shell absorption edge of carbon, i.e. around 285
eV. This energy range lies in the so-called 'water window’, which extends between 280
eV and 523 eV (4.4 nm and 2.1 nm), meaning that here the absorption from water is
much lower than from other elements. This is important, as the goal of these studies is
to investigate the CNTs in agueous media.

If a sample is imaged at different energies ascending over an absorption edge, each
pixel of this so-called image stack contains its own NEXAFS-spectrum. For the stacks
here, we recorded images from 280 eV to 300 eV with a stepsize of 0.2 eV. These data
were evaluated with "Stack_analyze”, which runs on IDL.

The scanning transmission x-ray microscope used for the studies has been described
elsewhere [2] [3], as well as the Stack _analyze [4] software used for further evaluation
of the stacks.
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Results and Discussion

The first image shows the FZR-CNTSs at high resolution (11x11pm?, 220x220px?). The
flexible structure of the CNTSs is obvious and resembles to the SEM-images we got from
the FZD. We also performed a stack of an interesting area of the CNTs on that foil, with
a less good resolution (7x7pm?, 30x30px?). The resulting spectrum can be seen in
Figure 1b. The program SpecFit, developed in our group, has been used to derive
information about single binding states.

The second figure shows the results of the same measurements performed with the
BayCNTs. Interestingly, both the visible structure as well as the spectral signature differ
immensely, although both samples were expected to be similar.

FZD-CNT . y

XS s

2b)

Figure 1 and 2: The images show the x-ray microscopic pictures of the two CNT-
samples.

The NEXAFS-spectra show the absorption of the different CNT-sample depending
on the energy of the incident x-radiation, from which information about the binding
states in the samples can be achieved.
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Comparing the spectra it becomes visible, that these CNTs have been fabricated in
a way, that functional groups appear differently, thus causing different properties.
This makes clear how important it is to have a suitable method to characterize
these new materials [5]. The STXM is ideal for this purpose since it combines high
spectral resolution with spatial information.

Outlook

In the future, we want to investigate the role of CNTs within material sciences, such
as the interaction with concrete. The incorporation of CNTs in this building material
makes it a lot more stabile and lighter at the same time.

Since CNTs are applied not only in material sciences, but as well in other fields of
research it is also important to know what happens, when they are disposed and
get in contact with the environment. This interaction between CNTs with living and
non-living organic matter is also subject of our future work.
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Introduction.

Chondritic meteorites (chondrites) are the most ancient rocks formed in our solar system.
They provide unique opportunities to constrain the physical and chemical processes that were
active in the accretionary disk (solar nebula) surrounding the ancient Sun ~ 4.57 Ga ago. The
most chemically primitive carbonaceous chondrite (CC) class consists of 9 groups with
distinct bulk compositional and oxygen isotopic characteristics: CI, CM, CV, CO, CK CR
CH, and CB. Several meteorites are ungrouped. Several meteorites found in Antarctica have
been thermally metamorphosed in their parent bodies (asteroids), but their mineralogical and
chemical characteristics would appear to have classified them as CI or CM chondrites before
metamorphism [1]. More recently, two non-Antarctic metamorphosed CM2 carbonaceous
chondrites (MCCs) - Dhofar 225 and Dhofar 735 - were found in a hot desert: [2, 3, 4]. They
differ from typical CM2 chondrites in mineralogy, oxygen isotopic compositions, H,O
content, bulk chemistry, and infrared spectra of their matrices [3, 4, 5]. The carbonaceous
chondrite NWA 4757, recently found in Morocco, has similarities to both groups of
carbonaceous chondrites, metamorphosed and normal CM2s [6]. The meteorite contains 1.9
wt.% H-0, 0.68 wt.% C and consists of fine-grained matrix material, round objects sometimes
with halos of phyllosilicate and carbonates, and relict aggregates embedded into the altered
matrix [6, 7]. Silicates of these objects and the matrix correspond to serpentine in chemical
composition [6]. The minor phases are ilmenite, chromite, sulfides, kamacite, taenite,
tetrataenite, phosphates, Ca,Mg-carbonates. Average bulk oxygen isotopic compositions are
§''0 = 12.84; §"%0 = 23.83; AY0O = 0.45 (all %o) [7]. The oxygen isotopic composition of
NWA 4757 is out of the range of typical CM2 meteorites, and is similar to that of MCCs. The
matrix is more homogeneous in chemical composition compared to matrices of
metamorphosed and normal CM2 chondrites [6].

In this study we used synchrotron-based IR microspectroscopy at the BESSY IR beamline
IRIS [8] to characterize hydration states of NWA 4757 matrix minerals and altered objects.

Experimental procedure

A polished section of NWA 4757 provided by the Meteorite Committee RAS was used for IR
reflectance measurements. The IRIS infrared beamline at the electron storage ring facility
BESSY 11 [8] is equipped with a Thermo Nicolet Continuum IR microscope coupled to a
Nexus 870 FTIR spectrometer. We used an LN,-cooled HgCdTe (MCT) detector, a KBr
beam splitter and a 32x Cassegrain objective with a numerical aperture of 0.65. We acquired
reflectance spectra in the range between 1.4 and 14 pum. The spectral resolution was 8 cm™.
We probed the meteorite matrix and hydrated objects with a spot size of 15 x 15 pm®and 20 x
20 pum?. To provide gold-plated surfaces for standard measurements, we deposited gold layers
1mm wide and 100 nm thick directly onto the samples. It is also possible to deposit gold onto
a polished epoxy next to the polished meteorite surfaces.
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Fig. 1. The average matrix IR reflectance spectra of NWA 4757 compared to the matrix spectra of other non-
Antarctic metamorphosed CM chondrites (MCCs), “normal” non-metamorphosed CM2 chondrites and CO3
chondrite Kaisaz. Each spectrum is offset for clarity from the previous one.

Results and discussion:

The spectra of normal (hydrated) CM2 matrices are dominated by smooth broad Si-O peaks
of hydrated silicates, observed near 10 um (Fig. 1). Anhydrous (or nearly anhydrous) matrices
of thermally metamorphosed CMs chondrites Dhofar 225 and Dhofar 735 are spectrally
dominated by fine-grained Fe-rich olivine, whose spectra are characterized by three Si-O
reflectance peaks between 10.5 and 12.5 um (Fig. 1). The average IR spectrum of anhydrous
matrix of CO3 chondrite Kainsaz shown in Fig. 1 also exhibits similar reflectance peaks.
Unlike matrices of typical CM2 chondrites, studied previously [5], the matrix of NWA 4757
is depleted in hydrated silicates and is dominated by Fe-rich fine-grained olivines. In this
respect, the matrix of NWA 4757 strongly resembles previously studied matrices of
metamorphosed CM2 meteorites Dhofar 225 and Dhofar 735 [5], but is somewhat enriched in
hydrated silicates compared to the latter two meteorites.

Furthermore, our IR study shows that NWA 4747 contains strongly hydrated objects and
halos, absent in Dhofar 225 and Dhofar 735. These objects and halos are significantly
enriched in hydrated silicates and carbonates compared to the matrix (Fig. 2). Some of
hydrated objects and halos do not show detectable IR signatures of anhydrous silicates, while
others contain fine-grained olivines, resembling the matrix olivines in composition. Our study
indicates that phyllosilicates in NWA 4757 are more homogeneous in composition than
hydrated silicates of typical CM2 chondrite matrices. It is possible that these hydrated objects
and halos in NWA 4757 result from terrestrial weathering of the meteorite. A study of trace
element distribution will help to understand whether this is the case [6]. Based on our IR
study and preliminary mineralogical, chemical and oxygen isotopic analyses [6, 7], NWA
4757 belongs to the metamorphosed CM2 chondrites, and appears to be a mixture of
dehydrated matrix material and strongly hydrated objects. If these strongly hydrated objects
and halos formed in deep space, they could survive only if the matrix had been dehydrated
before their incorporation into the parent asteroid of NWA 4757.
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Fig. 2. IR reflectance spectra of (blue) a partly hydrated object containing phyllosilicate, fine-grained olivine and
carbonate, and (magenta) a strongly hydrated halo composed of phyllosilicates and carbonates. The average
matrix IR spectrum of NWA 4757 is shown for comparison. Characteristic reflectance peaks of phyllosilicates,
carbonates and olivine are indicated by arrows.

Acknowledgments

We thank Dr. A. Firsov (Helmholtz-Zentrum Berlin, BESSY II) for assistance with the
sample preparation. This work was supported by the DLR MERTIS project, Germany, grants
RFBR-BSTS (projects N14/04 and 03-05-20008), Austrian Academy of Sciences (FWF,
Austria) and PPARC, UK.

References

[1] Ikeda Y. 1992. Proceedings of NIPR Symposium on Antarctic Meteorite:5, 49-73.

[2] Ivanova M.A. et al. 2004. Meteoritics & Planetary Science 39. Abstract #5113.

[3] Ivanova M.A. et al. 2005. 36th Lunar & Planetary Science Conference, Abstract #1054.
[4] lvanova M.A. et al. Submitted to Meteoritics & Planetary Science.

[5] Moroz L.V. et al. 2006. Meteoritics & Planetary Science 41, 1219-1230.

[6] Ivanova M.A. et al. 2004. Meteoritics & Planetary Science 43. Abstract #5103.

[7] Ivanova M.A. et al. 2008. In Meteoritical Bulletin 93, 2008 March, 578-579.

[8] Schade, U. et al. 2002 Rev. Sci. Instr., 73, 1568-1570.

301



Dynamics within nanoparticle dispersions
from the environment studied by soft X-ray
spectromicroscopy

S.-C. Gleber!, J. Sedlmair’, S. Heim?, P. Guttmann?, J. Thieme!
I Institut fiir Rontgenphysik, Georg-August-Universitit Gottingen, Friedrich-Hund-Platz 1,
37077 Gottingen
2 BESSY GmbH, Albert-Einstein-Str. 15, 12489 Berlin

Introduction

It has been pointed out that soft X-ray spectromicroscopy is an important tool for investigations
of aqueous colloidal samples from the environment (Thieme et al., 2007 (1), Thieme et al, 2007
b (2)). The BESSY scanning X-ray microscope (STXM) provides a combination of high spatial
resolution in the range of 30 um to 50 pm and high spectral resolution of about 3000. This
has been used for elemental mapping and chemical analysis of soil samples (Mitrea et al., 2007
(3), Mitrea et al., 2008 (4)). Taking advantage of the natural contrast mechanism, sample
preparation is not necessary, it can be imaged in transmission within its original aqueous media
up to 10 pm thickness

In soil science, the element distribution within soil colloid clusters is of great interest. The
here presented application of stereo imaging to the STXM provides a tool for that and can be
used to reveal the spatial arrangement of e. g. iron oxides in soil colloid clusters. Changing the
chemical conditions of aqueous medium leads to changes in the spatial arrangement, which can
be done directly in the X-ray microscope. Thus, in combination with stereo imaging, dynamical
behaviour of spatial arrangements can be investigated.

The analysis of stereo images is done by the self-written programme xstereo based on IDL
(Interactive Data Language). It provides the reconstruction of spatial distances, lengths and
edge structures and spatial plots of the marked structures (Gleber et al., 2003 (5), Gleber et al.,
submitted (6)).

Stereo experiments at STXM

Stereo experiments at the STXM required the modification of the STXM object plate (Gleber
et al, 2007 (7)). Now, the detachable tilt stage, introduced by Weif3, 2000 (8), is implemented as
shown in figure 1 right. To mount it to the STXM object plate, an aluminium adapter is applied.
A tapered borocilicate glass capillary is used as tiltable sample holder for aqueous samples. It
is tilted via an axle by a stepper motor. The axle is inserted into the STXM object plate due
to the small distance of both STXM vacuum vessels for X-ray operation. The insertion causes
a difference in z-position between the stepper motor and the axle, resolved by a spring.

Since 2008, a compact digital camera with USB hub is implemented in the STXM setup,
allowing for displaying the sight by the visible light microscope (VLM) with a computer and
storing the image. The computer display provides a resolution of about 1 um when combined
with the 40x objective of the VLM. The resulting improve in prealignment reduces focusing
efforts with X-radiation, and thereby minimises dosage and expenditure of time. Both effects
are important for stereo experiments. Furthermore, the possibility to store the prealignment
images is helpfull to recognise the initially imaged sample region after tilting the object holder.

The minimum distance of the capillary from the STXM zone plate is limited by the minimum
distance necessary between the capillary and the vacuum window of the zone plate vacuum
vessel. The tapered part of capillary has to be quite short for stability reasons. However, the
vacuum window of the STXM is not on top of a cone, but of a cylindrical device of about 1.5 cm
diameter (figure 1 left). Thus, attaching of the part of the capillary increasing in diameter
to the cylindrical mount of the vacuum window limits the achievable distance of the tapered
capillary tip from the vacuum window. On the other hand, the minimum distance between
vacuum window and zone plate is limited due to the limited possible drive of the zone plate in
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Fig. 1: Photographs of the STXM object holder plate modified for stereo imaging and the detachable
object holder. Left: Photograph of the STXM object holder plate modified for stereo imaging.
The detachable tilt stage is mounted via an adapter (shown right besides) in front of the vacuum
window of the zone plate vacuum vessel. The axle is inserted in STXM object plate to connect
tiltable sample holder with a stepper motor, divided in two parts for easy object holder demounting.
Right: Photograph of the detachable object holder for stereo imaging with the STXM with a capillary
inserted. Detachable object holder on an adapter for mounting to the object plate. Object-side part
of the divided axle visible.

z-direction. Therefore, the capillary tip could not be focused at energies below 300eV yet. This
has to be improved in order to realise carbon mapping in combination with stereo microscopy.

Experimental results

With the actual setup, it is possible to investigate spatial arrangements within aqueous samples
with in-situ manipulation. This is demonstrated with an aqueous soil sample (calcaric phaeozem)
and an iron oxide abundand in the environment (haematite) (Gleber et al., submitted (6)). To
show the influence of haematite added to an aqueous calcaric phaeozem sample as a progression
in time, three pairs of stereo micrographs taken at the STXM are presented in figure 2. The
tilt angle was 12° for all three stereo pairs, where the upper images and the lower images were
taken under equal tilt position, respectively. The first pair on the left side shows a cluster of a
dispersion of pure phaeozem filled into a capillary. A cluster of phaeozem particles of different
sizes is shown. The image pair presented in the middle of figure 2 shows the same phaeozem
cluster, but after the addition of haematite. The lower image is taken 12min and the upper
image 38 min later. Structural changes are visible compared to the images taken before the
injection of haematite. The image pair shown on the right of figure 2 is taken from the same
phaeozem cluster after third addition of haematite dispersion to the capillary, 2 hrs 40 min after
first haematite addition. The image recording started 44 min for the upper image and 55 min
for the lower image after third haematite addition. Further changes in the cluster arrangement
are visible.

To determine the changes induced by the addition of haematite, the stereo images shown in
figure 2 were processed with xstereo. The markers applied to the first stereo pair are shown in
figure 3. The same structures were marked and the revealed spatial distances are included in the
following discussion. The spatial distance between the structures marked as 1 and 2 stays stable
at 1.1 pm within the estimated error range of 0.1 um due to the image quality. The distance
between the particle edges marked as 3 and 4 increases after the addition of haematite from
0.6 um in the first stereo pair (figure 3 left) to 0.8 um in the second stereo pair and 0.9 ym in
the third stereo pair. The plots of the spatial distribution of the marked structures are revealed
by xstereo , but not presented here.
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Fig. 2: Three pairs of stereo micrographs of aqueous calcaric phaeozem Fig. 3: Sample struc-

in a capillary. Upper images were taken at equal capillary position, and tures marked for
lower ones under a tilt angle of 12°. Left: Pure aqueous phaeozem xstereo processing
sample. Middle: Same phaeozem cluster after first addition of a of sample shown on
haematite dispersion. Imaging time 12min (lower image) and 38 min the left in figure 2.
(upper image) after addition of haematite. Right: Same phaeozem Only first stereo pair
cluster after third addition of haematite. Imaging time 44 min (upper presented.

image) and 55min (lower image) after third haematite addition. All
images taken at E=400eV with 50 nm pxl size and an exposure time
of 18 ms per pixel. The scale bars indicate 1 um

Outlook

To be able to identify particles within the distribution and relate them with the morphological
changes of the colloidal soil structures, it is necessary to combine the stereo experiment with
elemental mapping. With further adaption of the STXM, it is possible to perform stereo
experiments as presented here at the carbon absorption edge. Then, for example the dynamical
behaviour of added carbon nanotubes within aqueous soil samples (Sedlmair et al., this volume
(9)) can be spatially investigated.
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The Dead Sea scrolls (DSS) were discovered between 1947 and 1956 in eleven caves in and around the settlement
Khirbet Qumran at the west shore of the Dead Sea. The texts, of great religious and historical significance, pose a
number of historical questions that might be solved with the help of material study. In addition, the scrolls and scroll
fragments have experienced complicated and seldom accurately documented post discovery treatments. For long-
term preservation and historical study of the scrolls the recognition of the treatment materials is of primary
importance. Our previous study was focused on the physical characterisation of parchment surface by means of infra-
red external reflection spectroscopy (IR-ERS) [1]. The present study is devoted to the recognition of the various
deposits on the parchment surface and characterization of the inks.

The measurements were performed using infrared synchrotron radiation of the BESSY storage ring (IRIS line) and a
FT-IR microscope (Nicolet) equipped with a liquid nitrogen cooled MCT detector. The microscope has a computer-
controlled XY-mapping stage with a precision of 0.5 microns and a range of 10 cm, hence allowing for reproducible
measurements over several selected microscopic areas of quite large fragments. The full mapping of a 3x3 cm
fragment takes about 12 hours, with 128 scans acquired in each point with a spectral resolution of 4 cm-1 and a
spatial resolution of 5 microns.

For acquiring transmission FT-IR spectra, micro samples were prepared in a Diamond micro compression cell and
measured at a room temperature. A 32x Cassegrain objective with an aperture of 20 pm x 20 pm was used to focus
the bearrl on the sample. A total of 256 scans were co-added per sample spectrum (wavenumber range: 4,000—

700 cm ).

Surface characterization.

1641

1741

1800 1600 1400
cm?

Fig. 1: EDX spectrum (upper left) and Mid p-FT-IR absorbance spectrum (lower left) of the DSS sample (IQ10_v) obtained from
the reflectance spectra by applying Kramers-Kronig transformation measured at the spot indicated by the black arrow in the
scanning electron micrograph (right).

In Fig. 1 an example of absorbance spectra of 1Q10 sample (verso) is shown. Beside a Reststrahlen band observed at
about 1400 cm™ associated to calcite (CaCOs) the spectra is characterised by bands which can be assigned to C=0
stretching (1741 cm™), Amide | (1661 cm™), Amide 11 (~1550 cm™), oxalates (1328 cm™), silicates (1184 cm™, 1141
cm?, 1095 cm™) and calcite (875 cm™). Since it is known that this sample has not been treated in the post-discovery
period we believe the band due to C=0 stretching to be a manifestation of the tannins on the surface of parchment, as
suggested by John Poole and Ronald Reed. According to their hypothesis the finishing stage of the production of
Jewish parchments in antiquity included surface treatment with vegetable tannins. [2] In many cases, however,
appearance of the C=0 stretch is due to the treatments of the post-discovery period. The summary of results (Table
1) for a number of the Dead Sea Scroll parchments have shown that the spectral features obtained with the IR
microscope are directly related to the specific areas analyzed additionally by means of optical and scanning electron
microscopy accompanied by EDX and micro-XRF scans. Fibres are always characterized by enhanced Amide I and
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Amide Il bands whereas the dusty surfaces show the dominant presence of calcite and silicates. In the same way, the
elemental distribution measured by EDX and micro-XRF that reflects the composition of the analyzed area
corroborated the results obtained by IR-microscopy.

Table I: Summary of the results obtained by IR mapping of the fragments.

Sample Specific area Amide | Amide | Calcit Silicat C2042' C=0
r:_recto EDX XRF.SEM I Il e es stretch
VZVErso
identified
|_ Q10 r Fibers + + + + + -
|_ Q10 v Fibers + + + + + +
GA v Border + + - + + +
GA v Fibers + + - - + +
GA v Gelatinized + + - + - +
surface
4Q12_r Fibers + + + + - -
4Q12 v Gray-yellow + + + + - -
deposit
4Q12 v Fibers + + + + + -
4Q12_v White deposit - - + - - -
4Q28 r Glossy surface + + + + + -
40Q28 v Single fiber + - + + - -
4Q28 v Fibers and dust - - + + - _
40Q28 v Fibers + + + - - -

Ink characterization by FTIR transmission spectroscopy.

Mixing carbon black with the gums and distilled water produces a black ink similar to those used in the ancient
times. We have also investigated a sample of commercial Chinese inks. Parchment has strong amide absorptions in
the finger print region, therefore sample preparation is of paramount importance: presence of parchment in the
sampls can easily mask the characteristic features of the binding agents. Since the samples for the study must be
taken from the inscriptions on parchment the extraction of of inks only, i.e. without parchment becomes one of the
greatest limitations of this type of the measurement.

In Fig. 2 we show the spectra of the inks containing rosins of Acacia trees, oak galls. Note that nature of the binding
agent in the commercial Chinese ink was unknown to us.
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Fig. 2. FTIR spectra of the inks. For comparison two curves in the upper part correspond to the pure binding agents.

The prominent broad peak at 1043 cm™ clearly indicates the presence of Gum Arabic [3].

Hydrolyzable tannins from the oak gall in the same ink manifest themselves through the series of the peaks between
C—O stretch 1190 cm™ and C==0 stretch at 1715 cm™ (red curve). Bands corresponding to the condensed tannins of
acacia Raddiana (around 1000 cm-1) couldn’t be resolved in this sample (blue curve) [4,5]. The binding agent of the
Chinese ink (green curve) could be clearly identified as animal glue due to the characteristic pattern of the amide bands
of the collagen.

Conclusion

FTIR reflection microscopy allows to distinguish between the collagenous portions and inorganic deposits on the
surface. The applicability of this method is, however, severely affected by the texture and variable thickness of
parchments.

Extraction of minute samples is advantageous in the cases of well preserved fragments or dummy studies. It is
extremely useful for the construction of the data base of mixed media. However, with historical fragments in advanced
gelatinization stage, and thus highly inhomogeneous, extraction of a minute sample might not lead to representative
results.
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The study of trace elements in archaeological metallic objects can provide important clues
about the metal provenance and the involved manufacturing procedures, leading to
conclusions regarding the commercial, cultural and religious exchanges between the old
populations [1]. Ancient metallic objects are inhomogeneous on a micrometric scale,
containing remains of imperfect smelting and inclusions (small areas with composition
different from the surroundings). 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 (alluvial) gold [2]. 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