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The upper part shows the model of the technological important (e.g. MOSFETs) SiO2/Si interface

structure. Recent photoelectron diffraction data display definite diffraction patterns for Si1+, Si2+, Si3+

and Si4+ present below the surface indicating ordered suboxides. The lower part of the figure shows a

typical angle-resolved high resolution photoelectron diffraction pattern of the Si 2p signal

(hν = 450 eV,  Si(110)-crystal) recorded over full  2π solid angle. (cf. p. 359).
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Vorwort

Das Millenniumsjahr 2000 war für die BESSY GmbH ein sehr prägendes Jahr. Die Anlage BESSY I

an der Lentzeallee wurde  nach der Stilllegung im November 1999 abgebaut, zunächst alle Messplätze,

dann die Strahlrohre. Die Beschleunigeranlage selber wurde von unseren Helfern aus Novosibirsk und

aus Yerevan zerlegt und verpackt. Der Gebäudekomplex ist dem Berliner Amt für das Mess- und

Eichwesen Ende Oktober 2000 zur Weiternutzung übergeben worden. Damit darf die Syn-

chrotronstrahlungsquelle BESSY I wohl endgültig der Wissenschaftsgeschichte zugeordnet werden.

Gegen Ende des zweiten Jahrs des Nutzerbetriebs lief die neue Beschleunigeranlage BESSY II besser

denn je. Die Lebensdauer des Elektronenstrahls bei 200 mA liegt heute bei ca. 9 Stunden. Der Strahl

ist hochstabil aufgrund aktiver Strahllagestabilisierung mit 20 bit genauer Adressierung der ent-

sprechenden Netzteile. Transversale und longitudinale Feedbacksysteme sorgen für niedrige

Emittanzwerte selbst bei hohen Strömen. Dank der Installation einer unterbrechungsfreien Stromver-

sorgung für Beschleuniger und Experimente bei BESSY treten Strahlzeitverluste aufgrund instabiler

Stromversorgung praktisch nicht mehr auf. Das Strahlzeit-Soll des Jahres 2000 betrug

2400 h. Tatsächlich wurden bereits 2850 h erreicht. Dies ist unter anderem auf den im August einge-

führten „Dawn Special“-Betrieb der Strahlungsquelle zurückzuführen. Dieser Betriebsmodus hat sich

bewährt und wird daher fortgeführt.

Im Jahr 2000 sind zu den vorhandenen 7 Insertion Devices drei neue Geräte in Betrieb genommen

worden; der U41, der die höchste Brillanz der BESSY Undulatoren hat, der U125-2, den eine quasi-

periodische Magnetstruktur auszeichnet, und ein supraleitender 7 T Wellenlängenschieber (WLS) für

die Arbeiten der Bundesanstalt für Materialforschung und -prüfung (BAM) und der Physikalisch

Technischen Bundesanstalt (PTB). In Vorbereitung befinden sich zwei weitere Undulatoren für vari-

able Polarisation, der UE46, der in Zusammenarbeit mit dem Hahn-Meitner-Institut (HMI) aufgebaut

wird und der UE52, der im Austausch gegen den Undulator U49-1 die Forschungsmöglichkeiten an

den dazugehörigen Strahlrohren erweitern soll. Für Anwendungen im Röntgenbereich werden ein 7 T

Multipol-Wiggler mit 13 Polen und ein 7 T-WLS  für die Proteinstrukturfabrik fertiggestellt. In der

Anwendung waren im vergangenen Jahr die Zirkularpolarisation bzw. allgemein variable Polarisation

sowie das spektralsynchrone Scannen von Undulatorharmonischen und den Monochromatoren beson-

ders wichtig.

Zurzeit sind 31 Strahlrohre in Betrieb, d.h. seit Beginn des Commissioning im Juli 1998 ist im Mittel

jeden Monat ein Strahlrohr in Betrieb genommen worden. Ein wesentlicher Anteil an dieser Instru-

mentierung kommt dem PTB-Labor zu, das allein 8 Messplätze betreibt. Im Jahr 2000 ist dort auch
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praktisch demonstriert worden, dass das PTB-Labor in Verbindung mit BESSY II wieder den europä-

ischen Standard  für die Synchrotronstrahlungs-Metrologie setzt. 19 Strahlrohre sind an Insertion

Devices in Betrieb, davon werden 12 von kooperierenden Arbeitsgruppen und institutionellen Nutzern

betrieben. In den nächsten Monaten werden weitere Strahlrohre für die Nutzung bereitstehen. Die

Strahlzeit- und Experimentierkapazität steigt also weiter an. Die schwierigste Zeit des Übergangs von

BESSY-Wilmersdorf nach BESSY-Adlershof liegt hinter uns. Im Jahr 2000 sind bereits 120 Projekte

bei BESSY II durchgeführt worden. Allein im 1. Halbjahr 2001 werden es schon mehr als 100 Pro-

jekte sein.

HMI und BESSY arbeiten seit etwa 2 Jahren zunehmend enger wissenschaftlich zusammen. Zurzeit

bereitet das HMI den Aufbau und Betrieb von 8 verschiedenen Experimenten bei BESSY vor. Diese

sind etwa zur Hälfte für Strukturforschung im Röntgenbereich vorgesehen. Generell steht die Instru-

mentierung des HMI zu ca. 70 % der allgemeinen Nutzerschaft zur Verfügung. Zusammen mit den

Strahlrohren der Proteinstrukturfabrik, der BAM Aktivitäten und den beiden Kristallmonochromatoren

zeichnet sich für die kommenden Jahre ein neuer BESSY-Schwerpunkt im Röntgenbereich ab.

Das Anwenderzentrum für Mikrotechnik, das in Verbindung mit Lithographiestrahlrohren betrieben

werden soll, wird ab Mitte des Jahres 2001 zur Verfügung stehen. Zusammen mit der TUB sollen dort

anwendungsnahe Forschungs- und Entwicklungsprojekte umgesetzt werden. Schon heute gibt es be-

reits einige finanzierte Entwicklungsprojekte.

In diesem Kontext sollen besonders die Erweiterungsbauten an der Einsteinstraße angesprochen wer-

den. Für BESSY werden ab dem Frühsommer zusätzlich 1000 m2 Büro- und Laborfläche zur Verfü-

gung stehen, einschließlich einer Präsenzbibliothek. Hinzu kommt ein Hörsaal für ca. 150 Personen

mit modernen audiovisuellen Einrichtungen. Auf der anderen Seite des existierenden Einstein-Gebäu-

des werden ca. 1000 m2 überwiegend für die BESSY bezogenen Aktivitäten des HMI fertiggestellt,

mit umfassender Laborausstattung.

Auf dem WISTA-Gelände wird der Gästehauskomplex um eine Gebäudeeinheit erweitert. BESSY und

HMI stehen hier in der Verantwortung, haben dadurch aber auch bevorzugten Zugriff auf die Gäste-

wohnungen. Die Laborflächen für die Experimentvorbereitung mit angrenzenden Büros sind noch un-

zureichend. Durch Anmietung auf dem WISTA-Gelände hat BESSY hier kurzfristig Verbesserung

geschaffen. Langfristig ist ein weiterer Bauabschnitt erforderlich.

Die zukunftsichernde  Weiterentwicklung der BESSY GmbH sieht die signifikante Verbesserung des

Strahlungs- und Leistungsangebots vor. Dazu soll ein Freie-Elektronen-Laser für den VUV und den

weichen Röntgenbereich hier in Adlershof angrenzend an BESSY II aufgebaut werden, in Koope-
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ration mit dem HMI, dem Max-Born-Institut (MBI) und dem Deutschen Elektronen-Synchrotron

(DESY). Zum TESLA Projekt des DESY gibt es heute schon eine Zuarbeit in verschiedenen Berei-

chen. Eine Planungs- und Entwicklungsgruppe für den BESSY FEL hat bereits kürzlich die Arbeit

aufgenommen.

Ein „Highlight“ besonderer Art des Jahres 2000 sollte nicht unerwähnt bleiben. Gemeint ist die ge-

meinsam mit der Technischen Universität Berlin (TUB) veranstaltete SRI 2000 Konferenz zur Instru-

mentierung und Anwendung von Synchrotronstrahlung. Diese Veranstaltung war mit über 700 Teil-

nehmern die bei weitem größte dieser Konferenzserie. Die SRI 2000 wird von den Teilnehmern all-

gemein als sehr erfolgreich eingestuft und macht nachdrücklich deutlich, dass das wissenschaftliche

Interesse an der Synchrotronstrahlung ungebrochen ist, tatsächlich ist das Potential größer denn je. Die

SRI 2000 Konferenz wurde finanziell durch Industriepartner, die Deutsche Forschungsgemeinschaft

und auch durch den Verein der Freunde und Förderer von BESSY (VdFFB) unterstützt. Dafür sind wir

zu Dank verpflichtet.

Der Verein stiftet auch jedes Jahr den Ernst-Eckhard-Koch-Preis, der anlässlich des Nutzertreffens

überreicht wird. In diesem Jahr wurde dieser mittlerweile sehr angesehene Preis bereits zum 10. Mal

vom Verein der Freunde und Förderer von BESSY e.V. für eine herausragende Dissertation verliehen.

Im Jubiläumsjahr des Vereins erhielt Dr. Thomas Knuth den Preis für seine Doktorarbeit auf dem Ge-

biet der Beschleunigerphysik, die er bei BESSY anfertigte. Dr. Knuth leistete einen wichtigen Beitrag

zur weitere Verbesserung der Strahlstabilität und Brillanz von BESSY II.

Das jährliche Nutzertreffen fand im Dezember mit mehr als 300 Teilnehmern statt. Im Rahmen von

Vorträgen konnten die Teilnehmer sich über den Stand der wissenschaftlichen Arbeiten informieren.

Zu einem besonders intensiven Gedankenaustausch kam es im Rahmen der Postersitzung, die in die-

sem Jahr erstmalig in der BESSY-Speicherringhalle stattfand. Dies hat den Vorteil, dass nun ganzjäh-

rig neueste Forschungsergebnisse für Besucher und Nutzer zur Diskussion präsent sind. Wie schon in

den letzten Jahren konnte eine Industrieprodukt-Ausstellung eingebunden werden, an der sich ca. 30

Firmen beteiligten. Dies fand bei Besuchern und Ausstellern wieder außerordentlich positive Reso-

nanz.

Ein Besuch der BESSY-Speicherringanlage ist nach wie vor in der Öffentlichkeit beliebt. Mehr als 70

Besuchergruppen aus dem In- und Ausland besuchten im Laufe des Jahres 2000 die BESSY II Anlage.

Zu den interessierten Besuchern gehörte auch der indische Forschungsminister Dr. Murli Monohar

Joshi.
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Seit Januar 2000 ist Prof. Joachim Treusch, Forschungszentrum (FZ) Jülich, der Vorsitzende unseres

Aufsichtsrats, Prof. Albrecht Goldmann, Universität Kassel, ist sein Stellvertreter. Der

Wissenschaftliche Beirat, der Aufsichtsrat und Geschäftsführung berät, hat im Oktober Prof. Michael

Grunze, Universität Heidelberg, zum Vorsitzenden und Prof. Volker Saile, FZ Karlsruhe, zum

stellvertretenden Vorsitzenden gewählt.

Am 3. November 2000 hat die Mitgliederversammlung der Gottfried-Wilhelm-Leibniz-Wissenschafts-

gemeinschaft die BESSY GmbH aufgenommen. Die Mitgliedschaft in der Leibniz-Gemeinschaft

(Blaue Liste) wurde zum 1. Januar 2001 wirksam.

Für BESSY ist das Jahr 2001 ein Jahr der Veränderungen. Nach mehr als acht- bzw. elfjähriger Tätig-

keit schieden Dr. Walter Dörhage und Prof. Wolfgang Gudat zum Jahresende 2000 aus der BESSY

Geschäftsführung aus. Für Ihren Einsatz und die hervorragenden Leistungen, die Sie für BESSY er-

bracht haben, danken wir Ihnen herzlichst. In einer gemeinsamen Berufung mit der Technischen Uni-

versität Berlin steht die Nachfolge für die wissenschaftliche Geschäftsführung kurz vor dem

Abschluss. Auch die Leitung des administrativen Bereichs wird in Kürze wieder besetzt sein.

Im Jahr 2000 haben wir planmäßig unsere Ziele erreicht. Dies ist durch das große Engagement der

BESSY-Mitarbeiter ermöglicht worden sowie durch die Förderung durch unsere Zuwendungsgeber

und den Mitgliedern der Gremien. Ihnen allen gilt unser herzlicher Dank.

Die Geschäftsführung Berlin, im März 2001
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Foreword

The millennium year, 2000, was an important and eventful year for the Berliner

Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung mbH - BESSY. After the ultimate shut

down of BESSY I in November 1999 the facility was dismantled. The experimental stations were first

removed and then all the beam lines. The accelerator facility itself was demounted and packed by our

helpers from Novosibirsk and Yerevan. The buildings complex was handed over to the Berliner Amt

für das Mess- und Eichwesen (the Berlin state office for calibration and measurement services) for

further use in October 2000. BESSY I is most certainly a completed chapter of science history now.

By the end of its second year in operation the new accelerator installation BESSY II is now running

better than ever. The life time of the electron beam at 200 mA is about 9 hours today. The beam is

highly stable thanks to the active stabilizing and 20 bit accuracy in controlling the corresponding

power supplies. Transversal and longitudinal feedback systems provide low emittance values - even at

high currents. Due to the installation of an uninterruptible power supply for the accelerator and the

experiments at BESSY beam losses induced by an instable supply of electricity no longer occur. The

scheduled total beam time operation for 2000 had been 2400 hours. In effect 2850 hours were already

achieved. This was partially because of the introduction of "dawn special" operation in August. The

dawn special operation has passed the test and will be continued.

In the year 2000 three new insertion devices have been taken into operation in addition to the seven
already existing: the U41 with the highest brilliance of all BESSY undulators, the U125-2 with a
quasi-periodic magnetic structure and a superconducting 7 T wavelength shifter (WLS) for the
projects of the Bundesanstalt für Materialforschung und -prüfung (German Federal Institute for
Materials Research and Testing, BAM) and the Physikalisch Technische Bundesanstalt (PTB). In
preparation are two further undulators for variable polarisation: the UE 46 which will be set up in co-
operation with the Hahn-Meitner-Institut (HMI), and the UE 52, in exchange for the undulator U49-1
to extend the research potentiality at the appropriate beam lines.  For (hard) X-ray applications a 7 T
Multipole-Wiggler with 13 poles and a 7 T-WLS for the protein structure factory are being completed.
Circular and variable polarisation and scanning monochromators and undulator harmonics in spectral
synchronicity were important in the field of applications last year.

Presently 31 beam lines are in operation, i.e. since commissioning began in July 1998 in average one

beam line per month was taken into operation. The PTB laboratory which operates 8 experimental

stations, accounts for a substantial portion of this instrumentation. In the year 2000 the PTB lab - with

BESSY II - again practically demonstrated that it sets the European standard in SR-Metrology. 19

beam lines are operating on insertion devices. Twelve of these are run with co-operating research
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groups and institutional users. In the coming months further beam lines will be made available for

users. The beam time and experiment capacities are thus still rising. The most difficult period of the

transition from BESSY I in Wilmersdorf to BESSY-Adlershof lies behind us. In this past year 2000

some 120 projects were already carried out at BESSY II. In the first semester 2001 alone some 100

projects will already have been carried out.

HMI and BESSY have been working increasingly closer with each other over the last two years. At

the time being HMI is preparing the installation and operation of eight different experiments at

BESSY. Roughly half of these are planned for structure research with X-rays. In principle, all HMI

instrumentation will be available to general users to a total amount of roughly 70%. Together with the

beam lines of the protein structure factory, the BAM and the two BESSY crystal monochromators this

also indicates the new emphasis in X-rays at BESSY in the coming years.

The Application Center for Microtechniques which will be operating together with lithography beam

lines will be available by mid 2001. The center will be used for applications related research and

development projects together with the Technical University Berlin. Even today, some funded

development projects already exist.

The building extensions on both sides of the office building on Einsteinstrasse should be mentioned in

this context. By the beginning of summer this year 1000 m2 of additional office and laboratory area

will be at BESSY's disposal in the east wing, including a library. Additionally, there will be a lecture

hall for some 150 people with modern audio-visual equipment. On the other side of the current

Einstein-building some 1000 m2 will be completed for the BESSY-orientated activities of HMI with

full laboratory installations.

The guest house complex on the WISTA premises will be extended by one new building. BESSY and

HMI are responsible for the expansion and will have preferential access to the new apartments for

visiting researchers. The laboratory and office space for preparing experiments for beam time is still

insufficient. BESSY has rented extra space on the WISTA premises for a short-term improvement of

this situation. In the long run further construction work will be necessary.

It is planned to improve the provision of beam time and services significantly to secure the further

development of BESSY GmbH. To that effect it is planned to construct a free electron laser for VUV

and soft X-ray radiation here in Adlershof next to BESSY II in co-operation with HMI, the Max-Born-

Institut (MBI)  and Deutsches Elektronen-Synchrotron (DESY). In connection with DESY's TESLA

project BESSY is already providing legwork in various project fields. The planning and development

team for the BESSY FEL took up its work recently.
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One special highlight of the year 2000 must not go unmentioned here: the "7th International

Conference on Synchrotron Radiation Instrumentation" (SRI 2000). The conference was held in Berlin

from August 21 to 25 and hosted by BESSY and the Technical University Berlin. This year's event

was by far the largest to take place in the conference series with over 700 attendees. SRI 2000 was

generally assessed as a great success by the participants. This makes clear in emphatic manner that the

scientific interest in synchrotron radiation is unbroken. In fact it is stronger than ever. Financial

support for the SRI 2000 conference was granted by industrial partners, the Deutsche

Forschungsgemeinschaft (German Research Community) and the Verein der Freunde und Förderer

von BESSY (VdFFB, Society of Friends and Supporters of BESSY). We thank all for their

encouraging support.

For the last ten years the VdFFB also has awarded the annual "Ernst-Eckhardt-Koch"-Prize. The prize

is traditionally awarded in a ceremony during the Annual Users' Meeting for an outstanding doctoral

thesis of the past year. Marking the tenth awards show this year's prize was given to Dr. Thomas

Knuth for his thesis in accelerator physics documenting research work carried out at BESSY. Dr.

Knuth made an important contribution to improve the beam stability and brilliance of BESSY II.

This year's annual Users' Meeting was held in December with more than 300 participants. Attendants

were able to inform themselves on the status of the current research projects during the oral

presentations and the poster session. The latter set the stage for particularly intensive exchanges of

thoughts and discussions among the researchers. The session was held in the storage ring hall of

BESSY II for the first time. This has the advantage that the posters can remain in the hall for the entire

next year and the results can be viewed and discussed by users and visitors in the hall alike. As in last

years the Users' Meeting was satellited by a commercial exhibition. Some 30 companies participated

and the assessment given by exhibitors and visitors was once again very positive.

A visit to the BESSY facility is still very popular for the general public. More than 70 national and

international groups visited BESSY II in 2000. Among the interested visitors was the Indian Minister

of Research Dr. Murli Monohar Joshi.

Since January 2000 Professor Joachim Treusch of Forschungszentrum (FZ) Jülich is the new chair

person of the supervisory board and Professor Albrecht Goldmann, University of Kassel is the new

vice-chair person. Chair person of the scientific advisory committee is Professor Michael Grunze,

University Heidelberg. Professor Volker Saile, FZ Karlruhe is the committee's vice-chair person.

On November 3, 2000 the general assembly of the Gottfried-Wilhelm-Leibniz-Gemeinschaft (WGL)

accepted BESSY as new member. The membership became effective on January 1, 2001.



12

The year 2001 is a year of change for BESSY. With the end of the past year Professor Wolfgang

Gudat and Dr. Walter Dörhage have retired from the board of directors after more than 11, 8 years

respectively. Their outstanding work for the facility and the users is highly appreciated. The joint-

appointment with the Technical University of Berlin for the new scientific director is close to

finalisation soon. The new administrative director will be appointed soon.

We have accomplished all of our goals for the year 2000 on schedule. This has been possible with the

great engagement of the entire BESSY staff. For this we want to express our sincere thanks to each

member of the staff. We also thank all members of our funding agencies in charge of BESSY and the

members of our various committees for their loyal support.

The BESSY Board of Directors Berlin, in March 2001
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Advisory Boards

(January 2001)

Supervisory Board

Prof. Dr. J. Treusch (Chairman) Forschungszentrum Jülich

Prof. Dr. A. Goldmann (Vice-Chairman) Gesamthochschule Kassel

ORR C. Brandt BMBF

Prof. Dr. E. O. Göbel PTB Braunschweig

Dr. A. Hansen Forschungszentrum Karlsruhe

M. Meinecke Max-Planck-Gesellschaft München

Dr. D.-M. Polter FhG München

Prof. Dr. W. Saenger Freie Universität Berlin

Prof. Dr. J. Schneider DESY Hamburg

MinRat Dr. J. Schöttler BMWi

Prof. Dr. M. Steiner HMI Berlin

Ltd. Senatsrat J. Stoehr Senatsverwaltung für Wissenschaft,
Forschung und Kultur Berlin

Financal Committee

Dr. H. Krech (Chairman) DESY Hamburg

Prof. Dr. B. Wende (Vice-Chairman) PTB Berlin

OAR H. Diermann BMBF

R. Kellermann Forschungszentrum Jülich

A. Röhr Max-Planck-Gesellschaft München

Dr. R. Schuchardt Senatsverwaltung für Wissenschaft,
Forschung und Kultur Berlin



14

Scientific Advisory Committee

Prof. Dr. M. Grunze (Chairman) Universität Heidelberg

Prof. Dr. V. Saile (Vice-Chairman) Forschungszentrum Karlsruhe

Prof. Dr. M. Eriksson MAXLab Lund

Prof. Dr. H.-J. Freund Fritz-Haber-Institut Berlin

Prof. Dr. K.C. Holmes Max-Planck-Institut Heidelberg

Prof. Dr. Y. Petroff ESRF Grenoble

Prof. Dr. W. Sandner Max-Born-Institut Berlin

Prof. Dr. G. Schütz Universität Würzburg

Prof. Dr. J. Stöhr Stanford Synchrotron Radiation

Laboratory (SSRL)

Dr. A. F. Wrulich Paul-Scherrer-Institut Villigen

permanent guests:

ORR C. Brandt BMBF

Prof. Dr. R. Gerhard-Multhaupt Universität Potsdam

Prof. Dr. H. Hahn TU Darmstadt

Dr. T. Möller HASYLAB/DESY Hamburg

Dr. R. Schuchardt Senatsverwaltung für Wissenschaft,
Forschung und Kultur Berlin

Beam Time Committee

Prof. Dr. J. Fink (Chairman) IFW Dresden

Prof. Dr. H.-P. Steinrück (Vice-Chairman) Universität Würzburg

Prof. Dr. D. Arvanitis Universität Uppsala

Prof. Dr. H. Bertagnolli Universität Stuttgart

Prof. Dr. M. Grunze Universität Heidelberg

Prof. Dr. E. Rühl Universität Osnabrück

Prof. Dr. K.-H. Schartner Universität Gießen

Prof. Dr. R. Schlögl Fritz-Haber-Institut Berlin

Prof. Dr. G. Schütz Universität Würzburg
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For general information on beamlines see BESSY web site under www.bessy.de/INFO/beamlines.html

Insertion Device Beamlines

Insertion Device Monochromator Energy Range (eV) contact person
===================================================================================

7T-WLS KMC 6000 – 50000 B. Müller (BAM / PTB)

U125/2 SGM 30 – 400 M. Martins (BUS)
KMC 4000 – 10000 W. Braun (PDI)

10m-NIM 10 – 35 G. Reichardt (KBUS)

UE56/2 PGM 55 – 1300 W. Mahler (MPG)
PGM 55 – 1300 W. Mahler (MPG)

4T-WLS Litho > 2000 B. Löchel

low field device Litho > 400 B. Löchel

U180 13° R. Klein (PTB)
- direct beam R. Klein (PTB)

PGM 25 – 1900 B. Beckhoff (PTB)

U49/1 SGM 130 – 1600 F. Senf
PGM 130 – 1600 Th. Schmidt (UFF-CRG)

UE56/1 PGM 55 – 1300 F. Senf
SGM 55 – 1400 St. Cramm (FZJ)

U41 XM 170 – 600 P. Guttmann (IRP)
PGM 170 – 1800 Ch. Jung

U125/1 SGM 10 – 440 B. Winter (MBI)
ML 90 – 800 M. Pohl (Uni Bielefeld)

PGM 10 – 700 R. Follath

U49/2 PGM 90 – 2000 R. Follath
PGM 90 – 1500 D. Batchelor (BTUC)

__________________________________________________________________________________________

BAM Bundesanstalt für Materialforschung und –prüfung
PTB Physikalisch-Technische Bundesanstalt
BUS Berliner Universitäten Strahlrohr
PDI Paul Drude Institut
KBUS Universität Kaiserslautern
UFF-CRG Uni Würzburg / FHI Berlin / IfW Dresden
FZJ Forschungszentrum Jülich
IRP Institut für Röntgenphysik Universität Göttingen
MBI Max Born Institut
BTUC Brandenburgische Technische Universität Cottbus

http://www.bessy.de/INFO/beamlines.html
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19 ID-BLs in operation
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ID02-1 7TWLS/1-KMC1 BAM/PTB

ID05-1 UE56/2-PGM1 MPG

ID05-2 UE56/2-PGM2 MPG

ID06-0a 4T-LITHO BESSY

ID06-0b 0.4T-LITHO BESSY

ID07-0 direct beam PTB

ID07-1 13 PTB

ID07-2 U180-PGM PTB

ID09-2 U49/1-SGM BESSY

ID09-2 U49/1-PGM U-Wü

ID11-1 UE56/1-PGM BESSY

ID11-2 UE56/1-SGM FZ-Jülich

ID12-1 U41-PGM BESSY

ID12-2a ZP-Image U-Gö

ID13-1 U125/1-PGM BESSY

ID13-2 U125/1-MLM U-Bi

ID13-3 U125/1-SGM MBI

ID15-1 U49/2-PGM1 BESSY

ID15-2 U49/2-PGM2 BTUC
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For general information on beamlines see BESSY web site under www.bessy.de/INFO/beamlines.html

Dipole Beamlines

Monochromator Energy Range (eV) contact person
====================================================================================

KMC-1 1500 – 12000 F. Schäfers

X-ray scanner direct beam B. Löchel

white beam < 15000 R. Thornagel (PTB)

KMC 1750 – 10000 M. Krumrey (PTB)

PGM 30 – 1900 F. Scholze (PTB)

diagnostic 1 direct beam K. Holldack

PM-1 25 – 2000 T. Kachel

KMC-2 50 – 15000 A. Erko

VLS-PGM 200 – 700 P. Bressler

EDR 2000 – 12000 N.N. (Uni Potsdam)

__________________________________________________________________________________________

PTB Physikalisch Technische Bundesanstalt

http://www.bessy.de/INFO/beamlines.html
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DIPOLE Beamlines at BESSY II  (February 2001)

BESSY II
1.7 GeV, 100 mA
coupling 1%

D01-1B KMC-1 BESSY

D06-1A LITHO BESSY

D06-1B 1m NIM-1 PTB

D07-1A 1m NIM-2 PTB

D07-1A white beam PTB

D07-1B KMC PTB

D07-2 PGM PTB

D09-1A1 white beam BESSY

D09-1A2 PM-1 BESSY 

D09-2 KMC-2 BESSY

D13-1B VLS-PGM BESSY

D13-2 white beam U-Potsdam

12 Dip-BLs in operation
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BESSY experimental chambers contact person
======================================================================

Electron Spectrometer CLAM Ch. Jung, M. Mast

High resolution electron spectrometer HIRES O. Rader

Fluorescence spectrometer AG Manzke, HU Berlin

Combined fluorescence and electron
Spectrometer SIFES P. Bressler, M. Mast

Reflectometer F. Schäfers, H.-Ch. Mertins, I. Packe

Polarimeter H.-Ch. Mertins, F. Schäfers, A. Gaupp

---------------------------------------------------------------------------------------------------------------------------------------
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Experiments Using Synchrotron Radiation at BESSY

The Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung mbH (BESSY) operates

the 1.7 GeV electron storage ring BESSY II in Berlin-Adlershof to produce highly brilliant synchro-

tron radiation from the infrared to the hard X-ray region (photon energy range below 50 keV) of the

electromagnetic spectrum for basic research, for metrology and for instrumental development pur-

poses. In general, BESSY provides monochromatized synchrotron radiation while the user is respon-

sible for his/her own measuring chamber/preparation chamber. Data acquisition systems and central

computer facilities are provided by BESSY. Presently there are 31 beamlines in operation at

BESSY II:  19 are located at undulators and 12 at bending magnets. More than 10 measuring stations

are presently being installed. Typically a user group is granted a beam time period which lasts from

2 - 4 weeks.

Besides complying with general safety rules of a large laboratory the users must ensure that the

measuring equipment also fulfills certain requirements which depend, at least in part, on the beam

line used. Most importantly the measuring station has to be operated under such conditions that an

impairment of the beam line and storage ring vacuum is prevented. In general this means the station

itself runs under ultra high vacuum conditions. Furthermore, one may use either so-called common

facilities, which are operated under the responsibility of a user group, or measuring equipment which

belongs to BESSY (see attached list "Experimental stations at BESSY"). The use of equipment must

be coordinated with the scientists responsible for the equipment.

BESSY charges fees for beam time to cover the operational costs. The German Federal Ministry of

Education and Research (BMBF) and the corresponding state ministries cover fees and provide funds

for user groups from German universities and research institutes of the “Leibniz-Gemeinschaft”.

These funds are administered by the "Projektträger" (DESY HS, Dr. L. Incoccia-Hermes, Notke-

str. 85, D-22603 Hamburg, phone: +49-40/8998-3702, FAX: +49-40/8994-4301). Further information

may be obtained there. Beam time fees for projects funded by the Deutsche Forschungsgemeinschaft

(DFG) will also be covered by the BMBF. Through the "Human Potential Programme” (HPP) of the

Commission of the EU, groups from countries of the European Union and Associated States may

receive funds to carry out projects at BESSY.
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In addition, BESSY can make arrangements to cover project costs for short test and preliminary ex-

periments at BESSY. These should be sent prior to the semi-annual application deadlines. Applica-

tions forms and further information are available  on the BESSY web site

http://www.bessy.de/INFO/registration.html.

When planning an experiment it is recommended that one contacts the scientific director as early as

possible. In addition to providing synchrotron radiation, the BESSY services include assessment of

the feasibility of the intended project, scientific-technical consulting and help in contacting competent

partners within the BESSY user community.

Beam time is allocated twice a year for a the subsequent semesters. The beam time schedule can be

found on http://www.bessy.de/INFO/beamtime.html. Applicants are invited to submit their beam time

requests by mid-February or mid-July, respectively. Allocations take into account the recommenda-

tions of BMBF or DFG referees and the BESSY Beam Time Committee of independent external sci-

entists.

For further information please contact the beam time coordinator

Dr. W. Braun (Tel.: +49-30/6392-2927,

e-mail: walter.braun@bessy.de)

or Dr. G. Reichardt (Tel.: +49-30/6392-4983,

e-mail: gerd.reichardt@bessy.de)

General information for BESSY users as well as the performance of the monochromtors and of the

experimental facilities are summarized in the BESSY user handbook which is available on the web

site http://www.bessy.de/INFO/beamlines.html.

Berlin, March 2001



Foto: H. Wollenweber
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Application for beam time at BESSY (1/2)

Proposer / Project leader

Name, Title:....................................................... Phone:.....................................
Institute:.......................................................... FAX:......................................

Address:.......................................................... e-mail:....................................

................................................................... ...........................................

Project Title:

.................................................................................................................

.................................................................................................................

.................................................................................................................

.................................................................................................................
Status of project

� New project � Continuation of an ongoing project

� Collaboration with � Shared experimental set up

    partner group:...................................
................................…….

    with :.............................................
…..........................................

Funding of project

� BMBF       � DFG        � EU/HPP
Contract No. : ..........................................
Beam time at other SR facilities for this project

� no

� yes, at......................................................................................................
Enclosures included

1)Description of the project �
2)Report of the latest measurements at BESSY �

List of BESSY related publications of the last 2 years, refereed publications only! �
1,2) see remarks next page

Berliner Elektronenspeicherringgesellschaft
für Synchrotronstrahlung m.b.H.

Albert-Einstein Straße 15
D-12489 Berlin
Germany

.....................................
Proposal number (to be
completed by BESSY)

Tel.:  ++49-30-6392 - 2999
FAX:  ++49-30-6392 - 2989
e-mail:  buero@bessy.de
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Application for beam time at BESSY (2/2)
Technical requirements:

Monochromator:
Prioriry Beam line requested Mode*) number of

weeks required
preferred period(s) unacceptable

periods
� 1st choice
� alternative

� MB
� SB ....... KW to ......KW(incl.)

� 1st choice
� alternative

� MB
� SB ....... KW to ......KW(incl.)

� 1st choice
� alternative

� MB
� SB ....... KW to ......KW(incl.)

� 1st choice
� alternative

� MB
� SB

....... KW to ......KW(incl.)

*) MB: Multi Bunch, SB: Single Bunch, Double Bunch or Hybrid Mode

Experimental chamber:
� own system
� system of partner group

� BESSY-experimental chamber , specify experimental requirements:.................................................
...................................................................................................................................
...................................................................................................................................
...................................................................................................................................
...................................................................................................................................
...................................................................................................................................
..................................................................................................................................

Date:............................................ Signature:...........................................................................

1 Description of the project
The description of the project is an essential criterion for the allocation of beam time. The project will be
evaluated by the BESSY Beam Time Committee and it will be put into one of four priority categories.
Because of the large number of projects only two pages of text can be accepted at most.

The description of the project should include brief but incisive paragraphs on the following topics:
• aims of the experiment and the relevant scientific background
• experimental method, technical requirements (energy range, resolution, flux, 

polarisation, etc.)
• results expected
• why must synchrotron radiation be exploited for the experiment?  Alternative methods
• list of relevant references

2 Report of latest measurements at BESSY
In case you had beamtime at BESSY last  year, please include a one page report on the results obtained.

                                                

G.R., I/2001



Anmeldeformular für Nutzer von BESSY-Adlershof
Registration form for users of BESSY-Adlershof

Bereich/field:

Grundlagenforschung Metrologie Lithographie Sonstige
basic research metrology lithography other

Angaben zur Person/personal data:

Name/last name Vorname/first name

Titel/title Geburtsname, frühere(r) Nachname(n)/birth name, former family name(s)

Berufsbezeichnung/profession         Geburtsdatum/date of birth (DD-MM-YYYY)

Projektleiter/head of group Beschäftigt bei/employed with

Institution (bitte volle Anschrift)/complete name and address of institution

Telefon/phone Fax

homepage (of institution) e-mail
Hiermit bestätige ich, dass die o.a. Angaben korrekt sind; ich bin damit einverstanden, dass meine Daten in die
BESSY-Adressdatenbank aufgenommen werden. / Herewith I confirm the correctness of above data and agree
that they are recorded in the BESSY database.

Datum/date Unterschrift/signature

Hiermit bestätige ich den Erhalt eines BESSY-Ausweises. Die dazu gehörige Erklärung habe ich zur Kenntnis
genommen. / I herewith confirm the receipt of a BESSY ID card and have read accompanying explanations.

Datum/date Unterschrift/signature
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Safety Registration (1/2)

To be submitted at latest 3 weeks before the allocated beam time begins to:
 BESSY User Office, Albert-Einstein-Straße 15, 12489 Berlin, Germany,

 Fax  +49 (0)30  6392 4746

Project
Project director:
    (name / phone / fax / e-mail)

Responsible scientist:
    (name /  phone / e-mail)

Project title:

Project number:

...................................................................................................................

...................................................................................................................

...................................................................................................................

...................................................................................................................

...................................................................................................................

...................................................................................................................

Time & Location
from: ................................

until: ................................

Beam line:

Preparation
    � space inside the experimental hall
         is required before the beam time

........................................................................................................

........................................................................................................

Required BESSY equipment
    �  Safety locker for gases

           �  exhausted                          ..............................................................................................................

           �  not exhausted                    ..............................................................................................................

    �  Admittance to Chemistry Lab.  .............................................................................................................
         (probable after April 2001)

    �  Laser shielding  (tent)              ..............................................................................................................

    �  Oil free pumping stage             ..............................................................................................................

    �  Liquid nitrogen tank                ..............................................................................................................

    �  Others   (please note)               ..............................................................................................................

                                                          ..............................................................................................................
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                                                           Safety Registration  (2/2)

Dangerous Substances
�  Gases

      quantity  /  consumption rate

�  Others chemicals

      quantity  / consumption rate

...........................................................................................................

...........................................................................................................

...........................................................................................................

...........................................................................................................

 ! Data sheets and operation instructions for these substances must be enclosed.
Operating instructions must be available at the experimental station during beam time. !

Dangerous Equipment
�  High voltage

�  High current

�  Laser (safety classification)

...........................................................................................................

...........................................................................................................

...........................................................................................................

...........................................................................................................

...........................................................................................................

...........................................................................................................

 ! Operating instructions for this equipment must be available
 at the experimental station during beam time. !

Other Sources of Danger
..............................................................................................................................................................

..............................................................................................................................................................

..............................................................................................................................................................

The required DIN-safety regulation data sheets and operation instructions are enclosed. I / We pledge to
observe the legal accident prevention regulations and the safety regulations valid at BESSY as well as to
comply with suchwise instructions of the BESSY staff.
Liability will be undertaken only in the scope of the legal provisions. Irrespective of the legal provisions
liability for personal injury or damage to property is restricted to intent or gross negligence. Liability for
consequential damage or consequential harm caused by a defect is excluded.

Date: .................................                           ...........................................................................................................
                                                                                                    Signature Project Director.

    ......................................                            ..........................................................................................................
Project number (repeated)                                                          Signature Responsible Scientist

Acknowledgement of receipt BESSY:

Date:..................................                            .................................................................................................
                                                                                                    Signature



Registration for Radiation Protection

Institution: ..........................................................................

Name: ..........................................................................

Address: ..........................................................................

Phone: ..........................................................................

e-mail: ..........................................................................

Following members of staff will carry out experiments at BESSY during the periods

stated and therefore have to be registrated for radiation protection .

Presence at
BESSY II

(if possible please specify for the next 6

months)Last Name First Name

from

yy/mm/dd

up to

yy/mm/dd

Date: ............................ Signature Group Leader: ...................................................

(Name printed):               ..................................................



Projects in Basic Research
(February 2001)

Übersicht über die im Bereich der Grundlagenforschung
laufenden Projekte 1.Feb.2001

Stand: Februar 2001

Stammprojekte

Projektleiter/Projekt Institut Förderkennz.

Alex/Zipfel
Charakterisierung von Si, SixGe1-x und Gatts
Einkristallen mittels Röntgentopographie

IKZ Berlin -

Baberschke/Wende (A)
Dichroismus und Magnetismus von 3d und
4f Monolagen

FU Berlin 05 SC8KEA-3

Baberschke/Wende (B)
Oberflächen-EXAFS an adsorbierten
Atomen und Molekülen

FU Berlin 05 SF8KEA-2

Bansmann/Meiwes-Broer (A)
Magnetismus von Inselschichten und
deponierten Clustern auf Oberflächen

Uni Rostock DFG ME 835/14

Bansmann/Meiwes-Broer (B)
Magnetismus von passivierten Nanopartikeln
auf Oberflächen

Uni Rostock 05 SC8HRA-6

Baumgärtel
Photoreaktionen organischer Moleküle

FU Berlin –

Becker
Vollständige Experimente zur Photoionisation
mittels Koinzidenzspektroskopie oder
Targetpräparation

FHI Berlin DFG BE 860/18-2

30



Projektleiter/Projekt Institut Förderkennz.
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Becker/Heinzmann (A)
Spinpolarisationselektronenspektroskopie mit
Flugzeitanalyse

FHI Berlin
Uni Bielefeld

DFG BE 860/18-1

Becker/Heinzmann (B)
Spinaufgelöster Nachweis resonanter
Augerelektronen

FHI Berlin
Uni Bielefeld

DFG
HE 1049/7-1 TP2

Bertagnolli
Fluoreszenz - EXAFS- Spektroskopie an
metallaktivierten organischen Molekülen

Uni Stuttgart DFG LI 154/41-4

Bradshaw/Polcik
Photoelektronenbeugung an adsorbierten
Atomen, Molekülen und dünnen Schichten

FHI Berlin 05 SF8EBA-4

Brehmer/Unger
Charakterisierung von Metall-Organica-
Grenzflächen mit der
Röntgenabsorptionsspektroskopie

Uni Potsdam
BAM Berlin

DFG
BR1451/4-1

Chassé/Horn, K.
Chemisch modifizierte Oberflächen und
Grenzflächen von III-V Halbleitern

Uni Leipzig
FHI Berlin

05 SE8OLA-7

Christmann/Schröder
Elektronische Struktur und katalytische
Aktivität von dünnen Metall-
filmen und geordneten Adsorbatschichten auf
Metalloberflächen

FU Berlin 05 SF8KEB-5

Claessen
Kooperative Phänomene im Festkörper:
Elektronische Struktur stark korrelierter
Materialien

Uni Augsburg 05 SB8TSA-2

Dähne-Prietsch
Hochauflösende Photoelektronenspektroskopie
an geordneten Halbleiter-Grenzflächen

TU Berlin -



Projektleiter/Projekt Institut Förderkennz.

32

Eberhardt
Untersuchungen an Schichtsystemen zur
Magnetoelektronik

FZ Jülich -

Erko
Charakterisierung von Monochromatorkristallen
(Si, Ge, SixGe1-x) mittels Röntgenbeugung und
Topographie, Detektorkalibrierung

BESSY –

Esser/Richter, W./Braun
Strukturelle und elektronische Eigenschaften
der (001) Oberflächen von phosphorhaltigen III-
V-Halbleitern

TU Berlin
BESSY

DFG
ES 127/4-2

Faubel/Winter
VUV und XUV Photoelektronen-Spektroskopie
von (Kat)-)Ionen in sehr dünnen Wasserstrahlen
zur Untersuchung von Hydratisierungs-
vorgängen in realen Lösungen

MPI für Strömungs-
forschung Göttingen
MBI Berlin

_

Fauth/Schütz-Gemeineder
Magnetismus deponierter Übergangsmetall-
cluster

Uni Würzburg _

Fieber-Erdmann
EXAFS Messungen

BESSY -

Fink/Golden (A)
Elektronenstruktur von korrelierten Materialien

IFW Dresden 05 SB8BDA-6

Fink/Golden (B)
Elektronenstruktur von Grenz- und Multi-
schichten aus organischen Molekülen und
Metallen

IFW Dresden 05 SF8BD1-1

Fink/Golden (C)
Korrelierte Elektronenzustände in quasi
eindimensionalen Kupratketten und verwandten
Metallatketten

IFW Dresden DFG
FI 439/7-1



Projektleiter/Projekt Institut Förderkennz.
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Fink/Golden (D)
Electronic structure and physical properties of
novel fullerene-based materials

IFW Dresden
und EU-Partner

EU-TMRnetwork
"FULPROP"
ERBFMRXCT970155

Fink/Golden (E)
Elektronenstruktur von SE-ÜM-Borcarbiden
und SE-Kondosystemen mittels
Hochenergiespektroskopie

IFW Dresden DFG
SFB 463 TPB15

Fink/Golden (F)
Einwandige Kohlenstoffnanoröhren

IFW Dresden DFG
FI 439/8-2

Firsov/Erko
Untersuchung von Bragg-Fresnel-Optiken

RAS, Moskau,
Russia
BESSY

-

Freund/Kuhlenbeck
Elektronische Struktur molekularer Schichten
auf reinen und modifizierten Oxid-, Karbid- und
Nitridsubstraten

FHI Berlin 05 SF8EBB-7

Goldmann
Photoelektronenspektroskopie mit höchster
Auflösung: Analyse der Lebensdauer von d-
Lochzuständen

Uni/Gh Kassel 05 625RKA-9

Grunze (A)
Photoelektronespektroskopie und
Röntgenabsorption an chemischen Strukturen in
selbstaggregierenden organischen Schichten

Uni Heidelberg 05 SF8VHA-1

Grunze (B)
Röntgenphotoelektronenmikroskopie und
Mikrospektroskopie an Nanostrukturen aus
selbstaggregierenden organischen Schichten und
Metallen

Uni Heidelberg 05 SL8VHA-2

Grunze (C)
Untersuchung metallorganischer
Komplexierungsreaktionen auf Oberflächen in
Abhängigkeit von der Packungsdichte

Uni Heidelberg DFG
SFB247 TPE1-2
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Gudat/Rader
Elektronische und magnetische Struktur
ultradünner Filme

BESSY _

Güntherodt
Hochauflösende spinpolarisierte Photoemission
von Ferromagnet- Oxid-Grenzflächen und
oxidischen halbmetallischen Ferromagneten

RWTH Aachen -

Hasinger/Neißendorfer
Energieaufgelöste Röntgenstreuung

AIP Potsdam -

Heinzmann (A)
Spinaufgelöste Auger-Elektronenspektroskopie
an Festkörpern und Adschichten nach
Photoemission mit zirkular polarisierter
Strahlung

Uni Bielefeld 05 SC8PBA-1

Heinzmann (B)
Spinaufgelöste Elektronenspektroskopie an
drehimpulsorientierten, freien Atomen und
Molekülen mit Hilfe zirkularpolarisierter
Synchrotronstrahlung

Uni Bielefeld DFG
HE 1049/7-2

Heinzmann/Kleineberg
XPS-Mikroskopie mit abbildendem Emissions-
mikroskop und fokussierender Multilayeroptik
im Undulatorstrahl U125 von BESSY II

Uni Bielefeld 05 SL8PB1-1

Hergenhahn/Bradshaw (A)
Ion-Fluoreszenz-und Elektron-Fluoreszenz-
Koinzidenzmessungen nach Photodissoziation
kleiner Moleküle

FHI Berlin –

Hergenhahn/Bradshaw (B)
Photoelektronenspektroskopie innerer Schalen
an gasförmigen Molekülen

FHI Berlin DFG
BR537/13-1

Heyn/Otto
Strukturänderungen in funktionell wichtigen
Zwischenzuständen der Retinalproteine,
Bacteriorhodopsin und Rhodopsin

FU Berlin 03 HE4 FUB-3
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Holub-Krappe/Rossner/Fieber-Erdmann
EXAFS Strukturuntersuchung an dünnen
epitaktisch gewachsenen CuInS2-Halbleiter-
Schichten

HMI Berlin
BESSY

–

Horn, K.
Elektronische Struktur von dünnen Schichten
und Halbleitergrenzflächen

FHI Berlin 05SE8OLA-7

Horn, S.
Spektroskopie hochkorrelierter Materialien in
der Nähe eines Metall-Isolator-Übergangs

Uni Augsburg 05 SB8WAA-8

Hüfner/Reinert/Claessen
Elektronische Struktur stark korrelierter
Materialien, insbesondere nahe der Fermi-
Energie

Uni Saarbrücken
Uni Augsburg

05 SB8TSA-2

Jacobi
Hochindizierte III-V Halbleitergrenzflächen

FHI Berlin 05 SE8EBA-8

Jaegermann/Klein
Potentialinhomogenitäten an
Halbleiteroberflächen und -grenzflächen

TU Darmstadt BEO 141/29857

Jaegermann/Mayer
Charakterisierung von Festkörper/Elektrolyt-
Grenzflächen

TU Darmstadt DFG JA 859/3-1

Kaindl/Bauer
Elektronische Struktur und Magnetismus
ultradünner metallischer Schichtsysteme

FU Berlin DFG
SFB290/TP A06

Kaindl/Laubschat
Modifikation der atomaren und elektronischen
Struktur von Fulleriten und Graphit durch
Einbau von Seltenen Erden

FU Berlin
TU Dresden

DFG
KA 564/8-1

Kaindl/Martins/Püttner
Höchstauflösende Rumpfniveauspektroskopie
an Atomen und Molekülen

FU Berlin DFG DO561/1-3
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Kaindl/Sarma
Hochauflösende Spektroskopie an Materialien
mit korrelierter Elektronenstruktur

FU Berlin DLR-IND99/12

Kaindl/Weschke
Photoneninduzierte Spektroskopie zur in-situ
Analyse von Reaktionsabläufen an Oberflächen
metallischer Phasen der seltenen Erden

FU Berlin DFG
KA 564/7-2

Kirschner/Hillebrecht
Photodoppelionisation im Valenzband
ferromagnetischer Festkörper

MPI-MSP
Halle/Saale

–

Kirschner/Kuch (A)
Spinpolarisierte Photoemission und winkel-
aufgelöster magnetischer Dichroismus
an Legierungen und ultradünnen Schichten

MPI-MSP
Halle/Saale

_

Kirschner/Kuch (B)
Elementspezifische Abbildung magnetischer
Mikrostrukturen an Oberflächen und in
dünnen epitaktischen Schichtsystemen

MPI-MSP
Halle/Saale

05 SL8EF1-9

Kisker/Hillebrecht (A)
Magnetische Eigenschaften von ultradünnen
magnetischen Filmen und selbstorganisierenden
Nanostrukturen

Uni Düsseldorf
MPI-MSP Halle

05 SC8PFA-5

Kisker/Hillebrecht (B)
Spektromikroskopie und Mikrospektroskopie an
magnetischen Schichtsystem mit abbildenden
und rasternden Techniken mit weicher Röntgen-
strahlung sowie Mikrospektroskopie an lateral-
und tiefenstrukturierten Materialien

Uni Düsseldorf
MPI-MSP Halle

05 SL8PF1-5

Laubschat
Photoemissionsuntersuchungen an strukturell
geordneten Grenzschichtverbindungen von
seltenen Erden und Übergangsmetallen

TU Dresden 05 SF8OD1-4
und
DFG SFB 463/TPB4
und DFG Koop 436
RUS 113 3941
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Langer/Hertel
Photoion-Photoelektron-Koinzidenz
Spektroskopie an Fullerenen

MBI Berlin -

Leckey/Riley
Bandstructure Determinations of Wide Gap
Semiconductors

La Trobe University,
Melbourne,
Australien

–

Ley (A)
Elektronische und strukturelle Eigenschaften
der Ober- und Grenzflächen von Halbleitern mit
großer Bandlücke: SiC, Diamant, GaN

Uni Erlangen-
Nürnberg

05 SE8WEA-0
DFG
SFB292

Ley (B)
Ortsaufgelöste Elektronenspektroskopie an
nanostrukturierten Diamantoberflächen

Uni Erlangen-
Nürnberg

-

Maletta
Magnetisierungsreorientierung von W/Co/Au:
Elektronische und strukturelle Eigenschaften

HMI Berlin -

Manzke/Dwelk/Janowitz
Photoelektronenspektroskopie höchster
Auflösung an Hochtemperatur-Supraleitern und
niederdimensionalen Systemen

HU Berlin 05 SB8KH1-0

Manzke/Mitdank
Photoelektronen- und Absorptionsspektroskopie
an Hochtemperatur-Supraleitern

HU Berlin 05 SE8KHA-9

Menzel/Feulner (A)
Elektronische Anregungen in Kondensat-
schichten: Bildung, Transport und
photoinduzierte Reaktionen

TU München DFG
ME 226/21-2

Menzel/Feulner (B)
Elektronisch stimulierte Desorption

TU München DFG
SFB 338C-10

Menzel/Widdra
Charakterisierung und Veränderungen moleku-
larer Schichten auf modifizierten Metall-
oberflächen

TU München 05 SF8WOA-8
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Möhwald/Pietsch/Neißendorfer
Energie- und winkeldispersive Reflektometrie
an dünnen organischen Schichten

MPI f. Grenzflächen-
u. Kolloidforschung
Berlin
Uni Potsdam
AIP Potsdam

DFG
PI217/8-1

Morgner (A)
Photoelektronenspektroskopie mit Synchrotron-
strahlung zur Untersuchung von Konzentra-
tionstiefenprofilen an Flüssigkeitsoberflächen

Uni Leipzig DFG
MO 288/17-1

Morgner (B)
Mikroskopische Struktur von Flüssigkeiten
als Beitrag zum Verständnis von flüssigen
Phasengrenzen

Uni Leipzig DFG
MO 288/15-3

Neumann (A)
Elektronische Struktur und Photoemission
von intermetallischen Seltene Erdverbin-
dungen und oxidischen Materialien

Uni Osnabrück 05 SB8MPB-8

Neumann (B)
Elektronische und geometrische Struktur von
reinen und adsorbatbedeckten Festkörper-
oberflächen

Uni Osnabrück 05 SF8MPA-0

Pettenkofer (A)
Untersuchung der elektronischen Struktur der
Si-GaSe-Grenzfläche als Modellsystem für
neuartige Pufferschichten in der Photovoltaik

HMI Berlin -

Pettenkofer (B)
Grenzflächen leitender Oxide (TCO) für
Dünnschichtsolarzellen

HMI Berlin -

Pettenkofer/Jaegermann
Grenzflächen quasi-zweidimensionaler
halbleitender Schichtgitterchalkogenide:
Morphologie und elektronische Struktur

HMI Berlin
TU Darmstadt

05 SE8CBA-1
DFG PE 618/1
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Pietsch
Energiedisperse Röntgensteuuntersuchungen an
organischen dünnen Filmen auf festen und
flüssigen Trägern

Uni Potsdam -

Rettig
Design und photophysikalische Untersuchungen
zum Mechanismus und zur analytischen
Anwendung von selektiven Fluorophor-
Rezeptor-Systemen

HU Berlin DFG RE 387/8-2

Richter, W./Esser
Ellipsometrische Untersuchung von Festkörpern
im VUV Spektralbereich

TU Berlin 05 SE8KTA-3

Rühl
Größenabhängige Eigenschaften von freien
Übergangsmetall-Schwefel-Clustern

Uni Osnabrück DFG
Ru 420/4-1

Rühl/Pavlychev
Rumpfniveauanregung von freien Clustern:
Hochaufgelöste NEXAFS Spektroskopie

Uni Osnabrück
Uni St. Petersburg

DFG Koop 436

Schäfers/Mertins
Untersuchung von Multilayern als optische
Komponenten für Synchrotronstrahlung

BESSY –

Schäfers/Mertins
Compact Broad Band Polarization Detectors

BESSY und
EU Kooperation

ERB FMGECT
980105

Schartner/Schmoranzer
Struktur und Zerfallsdynamik hochangeregter
ausgerichteter Zustände von Atomen untersucht
mit höchstauflösender photoneninduzierter
Fluoreszensspektroskopie (PIFS) mittels
Synchrotronstrahlung

Uni Gießen
Uni Kaiserslautern

DFG
SCHA 235/14–2
SCHM 379/9-2

Schlögl/Knop
Katalytische Oxidation:
Röntgenabsorptionsuntersuchungen im weichen
Röntgengebiet unter Reaktionsbedingungen

FHI Berlin -
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Schmahl/Rudolph
Aufbau eines Röntgenmikroskops und Raster-
röntgenmikroskops am Undulator U41 am
BESSY II sowie röntgenmikroskopische
Experimente am BESSYI und BESSYII

Uni Göttingen 05 SL8MG1-1

Schmeißer (A)
Mikrospektroskopie für die Materialforschung

BTU Cottbus –

Schmeißer (B)
Untersuchung von molekularen Resonanzen in
dotierten organischen und oxidischen
Halbleitern

BTU Cottbus –

Schmidt
Atomare und molekulare
Fragmentationsprozesse nach Doppelionisation
mit Synchrotronstrahlung

Uni Freiburg DFG
SFB 276/TP5

Schmoranzer
Absolute Wirkungsquerschnitte für die
Photodissoziation kleiner Moleküle in angeregte
neutrale Fragmente mit Synchrotronstrahlung

Uni Kaiserslautern DFG
SCHM 379/11-1

Schneider
Spinpolarisierte Photoemission und
winkelaufgelöster magnetischer Zirkular-
dichroismus an Legierungen und ultradünnen
Schichten

IFW Dresden 05 SC8BDA-2

Schneider
Elektronische und mikroskopische Struktur in
neuen magnetoelektronischen Materialien

IFW Dresden SFB 442

Schönhense
XPS-Mikroskopie mit abbildendem Emis-
sionsmikroskop und fokussierender Multi-
layeroptik im Undulatorstrahl U125 von
BESSY II

Uni Mainz 05 SL8UM1-0
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Schönhense/Fecher
CDAD-Spektroskopie und -Mikroskopie
an Oberflächen und Adsorbatschichten

Uni Mainz 05 SC8UMA-0

Schütz/Fischer
Magnetischer zirkularer Dichroismus zum
Studium atomarer mikroskopischer und
mesoskopischer magnetischer Strukturen

Uni Würzburg 05 SC8WW1-8

Schütz/Goering
Zirkularer magnetischer Röntgendichroismus an
ferro- und paramagnetischen Festkörpern und
Oberflächen

Uni Würzburg 05 621WAA6

Schwentner (A)
Verstärkungsprozesse und elektronische
Anregungen beim photochemischen Ätzen von
Metallen und Halbleitern

FU Berlin DFG SCHW
230/12-2

Schwentner (B)
Reichweiten und Reaktionen von H- und F-
Atomen in Edelgasschichtsystemen

FU Berlin DFG SCHW
230/10-2

Senf/Follath
Charakterisierung von optischen Elementen für
BESSY II Monochromatoren

BESSY –

Skibowski/Kipp
Hochaufgelöste elektronische Struktur von
epitaktisch hergestellten Halbleiteroberflächen
und Grenzflächen

Uni Kiel 05 SE8FKA-6

Starke/Kaindl
Magnetischer Zirkulardichroismus in der
Photoemission (MCD-PE): Anwendung auf das
Studium nanostruktureller Lanthanidmaterialien

FU Berlin 05 SC8KEB-6

Steinrück
Elektronische Struktur von Eisen- und
Iridiumsiliziden

Uni Erlangen-
Nürnberg

DFG SFB 292
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Steinrück/Denecke
In situ XPS Untersuchungen von chemischen
Reaktionen an Oberflächen

Uni Erlangen-
Nürnberg

05 SF8 WEA7

Steinrück/Held
Charakterisierung und Veränderung molekularer
Schichten auf dünnen Metallschichten

Uni Erlangen-
Nürnberg

05 SFAWEA 7

Steinrück/Heske
Photoemissionsuntersuchungen zur elektro-
nischen Struktur und Bandstruktur von
epitaktischen II-VI Halbleiterschichten

Uni Erlangen-
Nürnberg
Uni Würzburg

05 SE8 WE1-0

Szargan/Chassé
Adsorbatanalyse an chemisch modifizierten
Chalkogenidoberflächen

Uni Leipzig 05 625OLA-5

Umbach (Koordinator)/Bauer/Bradshaw/
Freund/Gudat/Jung/LEO (Zeiss)/Rose/Schlögl
Höchstauflösende Elektronen-Spektro-
Mikroskopie mit durchstimmbarer XUV-
Strahlung

Uni Würzburg,
TU Clausthal, FHI
Berlin, Uni Bochum,
BESSY, Berlin
LEO Oberkochen,
TH Darmstadt,
FHI Berlin

05 SL8WW1-8

Umbach/R. Fink (A)
Elektronische Struktur und Ordnung in orga-
nischen Dünnstschichten und Grenzflächen

Uni Würzburg 05 SF8WWA-7

Umbach/R. Fink/Heske
Elektronische und chemische Eigenschaften von
II-VI-Nanopartikeln

Uni Würzburg DFG
SFB 410/TPC-5

Umbach/Heske
Röntgenemissionsspektroskopie an inneren
Grenzflächen

Uni Würzburg -

Weitzel
Untersuchungen zur Kinetik, Energetik und
zum Mechanismus von Elementarreaktionen
in Molekülionen und Clusterionen

FU Berlin DFG
WE 1330/6-2
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Weschke/Kaindl
Grenzflächenbedingte Materialmodifikation
von Lanthanidmetallen

FU Berlin 05 SF8KEC-8

Winter/ Hertel
Experiments Using Time-Correlated
Laser/Synchrotronpulses

MBI Berlin 05 650BMA-6

Wöll
Charakterisierung organischer Dünnstschichten
mittels Absorptionsspektroskopie im weichen
Röntgenbereich

Uni Bochum 05 SF8PCA-1

Wurth/Menzel
Hochauflösende Rumpfelektronen-
spektroskopie an Kondensaten und Clustern

Uni Hamburg
TU München

DFG
ME 266/22-1

Zacharias/Westphal
Dreidimensionale Ortsraum-Rekonstruktion von
Photoelektronenbeugungsbildern an
Halbleitergrenzflächen

Uni Münster 05 SE8PMB-9

Zahn/Braun
Chalkogen-Modifikation von Halbleitergrenz-
flächen: Neuartige Methoden der
Grenzflächenpassivierung

TU Chemnitz
BESSY

05 SE8OCA-7

Zahn/Bressler/Braun
Röntgenabsorptionsstudien an verschiedenen
Kohlenstoffmodifikationen und Nitriden

TU Chemnitz
BESSY

DFG INK2/A-1

Zimmermann
Hochauflösende Photoelektronenspektroskopie
an freien Atomen der 3 d-Übergangselementen

TU Berlin DFG
ZI 183/16-1

Zimmermann/Kanngießer
Photoelektron-Photoion-Koinzidenz-
spektroskopie an freien Atomen nach Anregung
mit Synchrotronstrahlung

TU Berlin DFG
ZI 183/11-2
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Projects carried out under EU-HPP programme

Contract no. HPRI-CT-1999-00028

User Contract
Number

Project title/Project leader University/Institute

HPP01 Rotational structure of inner-shell excited
molecules and of molecular
photodissociation products
(Meyer)

L.U.R.E.

HPP02 X-ray absorption spectroscopy
characterization of atom species
implanted in oxice materials
(Gonzalez-Elipe)

Universidad de Sevilla

HPP03 Study of the electronic structure of small
particles and ultra thin films of metal
oxides, nitrides and carbides
(Soriano)

Universidad Autonoma
de Madrid

HPP04 Experiments with time-correlated laser
and synchrotron pulses: Two-photon
photoemission from conjugated organic
semiconductors
(Leising)

Technische Universität
Graz

HPP05 Electronic state of oxygen vs. Cationic
environment in oxide minerals and
structurally afine materials
(Figueiredo)

Instituto de Investigacao
Cientifica Tropical

HPP06 Photoelectron and ion spectroscopy of
polarized atoms
(Kleinpoppen)

University of Stirling

HPP07 Scanned-energy mode photoelectron
diffraction at BESSY II
(Woodruff)

University of Warwick

HPP08 X-ray absorption measurements on ion
implanted GaN
(Paloura)

Aristotle University of
Thessaloniki
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Übersicht über die Test-, Erst- und Kurzexperimente

Proj. Nr.
(BESSY)

Projekt/Projektleiter Institut

T 01/00 Development of mirrors for soft X-rays and
optical components for soft X-ray
polarimetry
(Grimmer)
Optische Komponenten für die Polarimetrie
weicher Röntgenstrahlung
(Grimmer)

Paul Scherrer Institut, Villigen,
Schweiz

T 02/00 Photoinduzierte Anisotropie polymerer
Grenzflächen und Photoalignment von
Flüssigkristallen
(Stumpe)

Institut für Dünnschicht-
technologie und Mikrosensorik,
Berlin

T 03/00 X-ray absorption, resonant photoemission
and autoionization spectroscopy of NaNO3

and KNO3 crystals

(Vinogradov)

St. Petersburg State University,
Russia

T 04/00 Charakterisierung von 14SI28 Kristallen
mittels Röntgenbeugung und Topographie
(Riemann)

Institut für Kristallzüchtung
Berlin

T 05/00 Charakterisierung von Graphitkristallen
mittels Röntgenbeugung und Topographie
(Bjeomnickov)

Institut für Kristallzüchtung
Berlin
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Apparative Projekte

Device Projects

Projektleiter/Projekt Institut Förderkennzeichen

Heinzmann
Aufbau einer allgemeinen Apparatur
für beliebig winkelauflösende
Gasphasen-Experimente

Uni Bielefeld 05 SR 8PB 1-0

Hofmann et al.
Errichtung und Charakterisierung
eines Infrarot-Strahlrohrs mit
Messplatz, Anregungslasersystem
und FT-IR-Spektrometer bei BESSY II
durch die Infrarot-Initiative
Synchrotronstrahlung (IRIS)

UK Charité Berlin 05 SR 8KK 1-9

Kaindl
Transfer des SX 700/II Strahlrohrs zu
BESSY II

FU Berlin 05 SR 8KE 1-1

Schmoranzer/ Schwentner
10m-Normal Incidence
Monochromator (NIM) am U125/2

FU Berlin
Uni Kaiserslautern

05 SR8KE2-4

Szargan
Instrumentierung zur Röntgen-
Emmissionsspektroskopie an
modifizierten Festkörperoberflächen,
Halbleitergrenzflächen und
korrelierten Materialien

Uni Leipzig 05 SR 80L 1-2

Zimmermann
Aufbau eines TGM-Messplatzes an
einer Dipol-Beamline bei BESSY II

TU Berlin 05 SR 8KT 1-9
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Performance of the BESSY II Storage Ring
D. Krämer for the BESSY Machine Group

During the year 2000 the Synchrotron Light Source delivered beam in user operation for
2741h. Thus - just 12 month after start of the scientific program - high quality photon beams
were delivered at a excellent level of availability and reproducibility. Major improvements
with respect to beam stability, beam lifetime and position stability were achieved due to:

• the transverse and longitudinal feedback systems commissioned in late 1999
• changes to the bunch filling pattern in the ring
• improvements in vacuum pressure
• using the current dependent bunch lengthening introduced by the 3rd harmonic cavity

system installed in late 1999
• and the commissioning of a high accuracy continuos beam position correction system.

To allow for optimum use of beam the working schedule was modified to 2 shifts per day, 7
days per week. During normal days the light source was running from 7 a.m. to 11 p.m. in
user service while during the nights dawn specials were offered. Intensity of electron beam
was continuously increased from 150 mA to 170 and later to 220 mA at injection. As the
beam lifetime was typically 6.5 h at 200 mA the time intervals could be increased to 6h in-
between successive injections.

1. Beam Statistics in User Runs

In the 2000 schedule 24 weeks of beam were given to user service, 7 weeks for machine
development and 11 weeks for new installations as new undulators, frond ends, machine
components etc. Operating on a weekly schedule of 7 days per week, 16h a day, typically
100h of beam could be delivered to the experiments during user-week. In addition dawn
specials were offered during 5 nights a week.

Fig.1: Statistics of the BESSY II storage ring. All together 24 weeks with beam for experiments were realised
giving a total of 2741 h of beam time to the experiments including the dawn special shifts.
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In total 2741h of user-beam time were delivered. As the overall availability of the storage ring
was 95%, the statistics gives a 14.2% plus in beam time with respect to the 2400 h scheduled
due to additional dawn special shifts. The beam statistics is plotted in fig. 1, showing the
various activity periods during the year.

3. Doubling the Beam Lifetime

The design value of 6h beam lifetime at a current of 100 mA circulating beam was reached
whenever the vacuum conditions had recovered from venting of the ring, necessary for the
installation work during the shutdown periods. Fig. 2 shows the beam lifetime as function of
the accumulated dose (e.g. the time integrated current). The period 2000 is indicated in the
graph. After accumulating doses of ca. 80 Ah, equivalent to 4 weeks of operation, the goal of
the product current * lifetime of 600 mAh was surpassed. At the end of the year beam lifetime
was about 6.5h after injection (current approx. 200 mA) and 12h at 100 mA. This is nearly
doubling the beam lifetime with respect to the year before.

3. Increasing the Beam-Lifetime by Bunch Lengthening

After commissioning of the four 1.5 GHz harmonic cavities in late 1999 it was decided to
operate them without constant voltage feed back loop such that the voltage induced in the
cavities by the beam is current dependent. Thus the bunch-lengthening effect is also current
dependent, increasing the beam lifetime at high currents and having small effect at beam
currents < 100 mA where the beam lifetime already is large.

Beam Lifetime 
Nov. 1998 - Oct. 2000 

BESSY II @ 100 mA 
Fit: τ =0.8*D0.5
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settings in the 3rd harmonic cavity system
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Fig. 3 displays the situation with cavities detuned to low (15 kV), medium (90 kV) and
operation voltages (140 kV) and resulting beam lifetime as function of current. At currents
around 200 mA there is nearly a doubling of beam lifetime with and without the bunch-
lengthening effect, while at 100 mA the tuning of the cavities is much less important.  This
resulted in a considerable improvement in beam lifetime.

4. Beam Stability and Beam Size Increasing the Brilliance

The longitudinal and transverse feedback systems, commissioned in late 1999 were working
without any difficulties during all user runs and allowed storing of stable electron beams.
Their positive effect on the performance of the beam in terms of reduction of beam energy
spread and effective emittance - thus enhancing the brilliance to the expected data as well on
the chromaticity setting  - thus enlarging the beam lifetime, has been reported earlier.

The installation of 7 skew quadrupole magnets to the machine allowed to reduce the
emittance coupling from 1.6 to < 1% during normal operation. The result again is an increase
in brilliance as the beam ellipse is not tilted anymore. In fig. 4 images of the synchrotron
radiation beam from a dipole (left fig.) and at the undulator U49-1 (right fig.) are shown.
Measurements were performed using the pinhole array camera in the dipole beamline while
the undulator beam was mapped a 100 µm pinhole 13 m downstream the source point. The
form of the beam fits to the expectation from the optical parameters of the 6 nm⋅rad electron
beam emittance.

Fig. 4: Imaging the sour size at dipole BM1D4R and at the undulator U49-1 show a intensity profile optimised
with respect to emittance coupling, e.g. the beam ellipses are not tilted with respect to the mid plane using skew
quadrupole magnets (optical data by K. Holldack).

5. Automatic Orbit Correction Stabilises the Beam during the Fill

The requirements on  beam stability turned out to be much less than 10% of the beam size as
it was found that some of the beamlines require a stability less than 5 µm in the vertical plane
new 24 bit accurate DACs for the steering power supplies were installed in autumn. The
improvement of the system was convincing. The electron beam now is fixed stable in space
with a precision of ± 25 nm rms orbit deviation on the time scale of hours. The reproducibility
of the orbit also was drastically improved to < 10 µm from run to run. Fig. 5 shows the
vertical stability of the photon beam for a period of 5h measured with a SPM ca. 8 m
downstream the source-point. The lower graph displays the situation with stabilisation
switched off, showing slow a position drift of ca. 25 µm during the fill while in the upper
graph the mean beam position is stable. The origin of the small vertical position-oscillations
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of ± 3 µm with a periodicity of ca. 2 min. were identified as ± 0.3 oC temperature oscillations
of the cooling water. This effect is hard to compensate as it translates into < 1 µm orbit
distortions of the electron beam not detectable to the beam position measurement system.

Fig. 5: Vertical beam drifts during a fill of 5h. Without the 24 bit orbit correction the beam is slowly drifting
(lower graph). The new 24 bit resolution DAC-system is fixing the photon beam in space. The residual beam
movement is due to small thermal oscillations of the cooling water of the magnets.

6. Single Bunch Operation

In preparation of single bunch weeks scheduled for 2001 a new electron gun was developed
and installed at the microtron allowing to produce a 2 ps long high intensity single bunch. In
the first series of tests an intensity of more than 10 mA of beam was stored without re-tuning
the ring. The bunch purity measurement system, installed in parallel, indicated an impurity  of
neighbouring buckets of less than 10-4 with respect to the filled bunch. Beam lifetime for the
fully Touschek dominated 15 mA single bunch turned out to be somewhat larger than
expected due to turbulent bunch lengthening, e.g. 1.1h. Measured beam lifetime data are
displayed in fig. 6.
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7. Operation of a Second Superconducting Wavelength Shifter

In straight section T1R a 7T s.c. wavelength shifter manufactured by BINP Novosibirsk was
installed and commissioned, fig. 7. The device is in operation since October 2000 delivering
photon of an critical energy of Ec = 11.5 keV to a beam line used by the Bundesanstalt für
Materialforschung und -prüfung (BAM).

The wavelength shifter is operated in persistent current mode, e.g. after excitation of the s.c.
coils the power supplies are disconnected and the currents in the coils are slowly decaying.
Though the time-constant of this exponential decay is 8500h, the 5⋅10-5 h-1 relative change in
the central field gives rise to orbit drifts of the electron beam. Therefore it is planned to
change to a non-persistent current mode to cancel the risk for orbit drifts during user
operation.

Fig. 7: Photograph of the recently
installed superconducting 7T
wavelength-shifter at straight
section T1R.



Foto: Licht&Schatten
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Allocation of beam time at BESSY II

Insertion Device Beamlines

Bending Magnet Beamlines

Number of User Runs: 120
Projects in the EU-HPP-Programme:     8
Average Beamtime per User Run:   23 shifts

 *)MPG = Max-Planck-Gesellschaft, WGL= Wissenschaftsgemeinschaft Gottfried Wilhelm Leibniz, Grossforschung=
Members of Helmholz Gemeinschaft
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Aufbau des Anwenderzentrums Mikrotechnik bei BESSY

M. Bednarzik, H. Köhrich, B. Löchel, H.-U. Scheunemann, I. Wichert,
H. Lehr*, M. Schmidt*, B. Tierock*

BESSY GmbH
Albert-Einstein-Strasse 15, D – 12489 Berlin
Phone: +30/6392-2953; FAX: -4850; email: loechel@bessy.de

*Technische Universität Berlin, Institut für Mikrotechnik und Medizintechnik,
Keplerstraße 4, D – 10589 Berlin
Phone: +30/314-23731; FAX: -26610, email: lehr@ifmt.kf.tu-berlin.de

Ausbau des Röntgenlithographiebereiches

Im Bereich der Röntgenlithographiestrahlrohre gab es keine wesentlichen Änderungen. Der Scanner
DEX 02 wurde am Dipolstrahlrohr installiert und bezüglich der Strahlparameter vermessen. Außerdem
wurden Verbesserungen bei der Software-Ausstattung eingebunden. Beide Strahlrohre mit den
dazugehörigen Scannern sind nun voll einsatzbereit.

Die Nutzung der Lithographiestrahlzeit erfolgte im Berichtszeitraum durch die Mitarbeiter der TUB,
durch Mitarbeiter des IMM und durch BESSY. Der Start mehrerer Projekte an der TUB und bei
BESSY werden die Auslastung im ersten HJ 2001 deutlich steigern.

Mit der Planung einer kompletten Bleiabschirmung für das ID-Strahlrohr wurde begonnen. Sie ist die
Voraussetzung für die Inbetriebnahme des Wellenlängenschiebers. Die Realisierung der verbesserten
Abschirmung und die damit verbundenen Umbauten am Scanner sollen im III. Quartal 2001
abgeschlossen werden. Wenn der WLS bis zu diesem Zeitpunkt betriebsbereit ist, können an diesem
Strahlrohr ab dem IV. Quartal 2001 Belichtungen mit härterer Strahlung vorgenommen werden.

Zum Beginn des Jahres 2000 wurden Belichtungstests am Dipolstrahlrohr vorgenommen, nachdem im
letzten Jahr das ID Strahlrohr charakterisiert worden war. Dazu wurden mehrere Belichtungen in 350
µm und in 500 µm dicke PMMA-Schichten durchgeführt. Die 350 µm dicken Proben wurden unter
einem Winkel von 45° bestrahlt, um das Kippmodul zu testen. Abb.1 zeigt eine 500 µm hohe Struktur
und Abb. 2 eine 340 µm hohe Struktur die unter 45° bestrahlt wurde. Diese Schrägbestrahlung diente
als Test für andere Anwendungen der Tiefenlithographie. Die erhaltenen Ergebnisse hinsichtlich
Kantensteilheit und Kantenrauheit entsprechen den Erfahrungswerten, die bei den Belichtungen an
BESSY I gesammelt wurden. Für die Bestimmung der optimalen Dosis, die im Resist abzulagern ist,
wird eine sogenannte Kontrastbestimmung des Resistmaterials unter den gegebenen
Bestrahlungsbedingungen vorgenommen. Hierbei wird die Probe mit unterschiedlicher Dosis bestrahlt
und anschließend nach dem Entwickeln unter Standardbedingungen der Resistabtrag gemessen. Die
Dosisvariation wurde in Schritten von 10% durchgeführt. Die volle Dosis (100%) ist so bemessen,
dass in einer bestimmten Resisttiefe (200 µm) 4 kJ/cm³ abgelagert werden. Die verwendeten Proben
waren mit 340 µm Resist beschichtet. Proben wurden ohne Maske bestrahlt und unter
Standardbedingungen entwickelt. Die abgetragen Resisttiefe wurde in Abhängigkeit der Dosis
aufgetragen (Abb. 3). Die Auswertung zeigt, dass die Dosis für die Bestrahlung niedriger gewählt
werden kann ( 3.4 kJ/cm³), was die Belichtungszeit um ca. 15% reduziert.

mailto:loechel@bessy.de
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Abb. 1: PMMA-Strukturen 0,5 mm hoch, belichtet am Dipol-Strahlrohr

Abb. 2: Schrägbelichtung (45°) von 340 µm hohem PMMA-Resist

Abb. 3: Kontrastkurve für PMMA-Resist (Dipol-Strahlrohr)
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Ein weiterer wichtiger Punkt in der Lithographie ist die Homogenität der Lichtquelle. Die Intensität
der Strahlung wurde am Dipol-Strahlrohr mit einer röntgenempfindlichen Diode gemessen, die auf
einem x-y-Schlitten angebracht ist. Die Auswertung (Abb. 4) zeigt eine sehr homogene
Strahlintensitätsverteilung. Das beleuchtete Feld ist derzeit 122 mm breit

Abb. 4: Intensitätsverteilung am Dipol-Strahlrohr

Aufbau des Anwenderzentrums Mikrotechnik

Der Aufbau des AZM befindet sich seit dem IV. Quartal 2001 in der Ausführungsphase. Im
Spätsommer 2000 konnte die Ausschreibungs- und Vergabephase abgeschlossen werden. Bis zum
Jahresende 2000 wurden vor allem Herrichtungs- und Vorbereitungsarbeiten durchgeführt. Außerdem
wurde der Fußboden einschließlich des Belages fertiggestellt und die Trennwand zum zukünftigen
Gangbereich aufgebaut. In den unter dem zukünftigen Reinraum- und Laborbereich befindlichen
Räumen wurden die Voraussetzungen für die Installation der Versorgungseinrichtungen geschaffen.

Parallel wurden seit dem Frühsommer 2000 Spezifikationen zur Beschaffung neuer Geräte erarbeitet
und Bestellvorgänge eingeleitet. Diese Phase ist weit fortgeschritten, so dass z.Z. etwa 90% der
gesamten EFRE Mittel bereits gebunden sind.

Ab Januar 2001 wurde die Installation der Decke einschließlich der Versorgungseinrichtungen für
Lüftung, Gase und Strom begonnen und Trennwände zwischen den zukünftigen Laborräumen
errichtet. Deckendurchbrüche für die Abluftkanäle wurden fertiggestellt und der Aufbau der
Reinstwasserbereitung und der Abwasserneutralisation begonnen. Diese Installationsphase für die
Herrichtung des Reinraumes wird bis Mitte April 2001 abgeschlossen sein. Ab Mitte März 2001 wird
mit dem Einbringen und Inbetriebnahme der Geräte begonnen.

Mit dem geplanten Start des Anwenderzentrums in der ersten Jahreshälfte 2001 soll auch die
Bearbeitung von Drittmittelprojekten beginnen. Zur Zeit laufen bereits 6 Projekte mit einem
Gesamtvolumen von 1,48 Mio DM für die nächsten drei Jahre. Beantragt sind weitere vier Projekte
mit einem Gesamtvolumen von 2,1 Mio DM.

2
4

6
8

10

2
4

6
8

10

10.000

20.000

30.000

40.000

50.000

60.000

2

4
6

8
10

In
te

ns
itä

t [
a.

u.
]

Stra
hlbreite [m

m]Strahlhöhe [mm]



Foto: Physikalisch-Technische Bundesanstalt (PTB), Berlin



Reports:

Radiometry Laboratory

Physikalisch-Technische Bundesanstalt



Foto: Physikalisch-Technische Bundesanstalt (PTB), Berlin



67

Source and detector calibration at the two normal-incidence
monochromator beamlines of PTB at BESSY II

M. Richter, J. Hollandt, U. Kroth, W. Paustian, R. Thornagel, G. Ulm
Physikalisch-Technische Bundesanstalt, Abbestraße 2-12, 10587 Berlin, Germany

UV and VUV radiation becomes more and more important in fields like semiconductor li-
thography or atmospheric and solar research. In this context, PTB provides for many years the
calibration of radiation detectors and sources as well as the characterisation of optical compo-
nents in the (V)UV [1 and refs. therein]. Until November 1999, measurements in the wave-
length range from 40 nm to 400 nm were performed at the radiometry laboratory of PTB at
BESSY I. After the shut down of BESSY I, the two corresponding normal-incidence mono-
chromator (NIM) beamlines have been transferred to the new radiometry laboratory of PTB at
BESSY II [1-5].

At the first beamline, designed for
source calibration, BESSY II is used
as a primary source standard whose
emitted spectral radiant intensity of
synchrotron radiation (SR) can be
calculated within the framework of
classical electrodynamics, measuring
the relevant storage ring parameters
and geometrical quantities, i.e. energy
(E) and current (I) of the stored elec-
trons, the magnetic field of the
bending magnet, and size and position
with respect to the source of the aper-
ture that defines the solid angle of
acceptance [6]. Relative standard un-
certainties below 0.2 % were achieved
in the determination of radiant power
[7]. To take into consideration the
polarisation of synchrotron radiation,
the whole device, consisting of a
toroidal pre-mirror, a 1 m, 15°
McPherson type normal-incidence
monochromator, and a photodetector,
can be rotated about the SR axis.

FIG. 1. Upper part: arithmetic mean of two calibration
curves of a deuterium lamp as measured with a
relative standard uncertainty of 2 % in 1999 at
BESSY I and in 2000 at BESSY II (solid line).
The data are given on a spectral radiance scale
as well as on a spectral radiant power scale
and compared with the emitted spectral
radiant power as accepted by the NIM
beamline for source calibration at BESSY I (E
= 0.8 GeV, I = 0.1 mA, dashed line) and at
BESSY II (E = 1.7 GeV, I = 0.2 mA, dashed-dot-
ted line). In the bottom part, both calibration
curves are shown after normalisation to the
arithmetic mean.
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To detect radiation from the radiation source to be calibrated, the device is displaced per-
pendicular to the synchrotron radiation beam via a linear bearing system. Moreover, the
monochromator, i.e. grating and slits, are moved along the entrance axis to keep the image of
the source in the plane of the entrance slit. Thus, the radiometric calibration of a radiation
source is realised by comparison to the primary source standard BESSY II. However, accurate
source calibration requires almost equal radiant intensities of the two sources to be compared.
As radiation of commonly used secondary source standards in the UV and vacuum-UV like,
e.g., deuterium lamps generally is less intense than synchrotron radiation in normal operation
of BESSY I and BESSY II, calibration of the beamline, i.e. the SR measurements have to be
performed with reduced currents of the stored electrons during specific PTB operation peri-
ods.

In the upper part of Fig. 1, the arithmetic mean of two calibration curves of a deuterium
lamp is shown as measured in 1999 at BESSY I and in 2000 at BESSY II in the spectral range
from 170 nm to 400 nm. The data are given on a spectral radiance scale as well as on a spec-
tral radiant power scale, the latter allowing a comparison with the emitted spectral radiant
power at BESSY I and BESSY II as accepted by the beamline for the calibration at reduced
current of the stored electrons, respectively. In the bottom part of Fig. 1, both calibration
curves are shown after normalisation to the arithmetic mean. Due to the limited stability of
deuterium lamps, their calibration cannot be performed with relative standard uncertainties of
less than 2 %. Therefore, the
agreement within 1 % of the two
calibration curves in Fig. 1 is better
than expected. The measurements
may be regarded as a comparison
between the two primary source
standards BESSY I and BESSY II at a
1 % standard uncertainty level via
deuterium lamps as transfer standards.

The second NIM beamline in the
radiometry laboratory of PTB at
BESSY II allows the calibration of
photodetectors with the help of the
cryogenic electrical substitution radi-
ometer SYRES II as a primary detec-
tor standard [3]. SYRES II is a ther-
mal detector based on the equivalence
of radiant and electrical heating of a

FIG. 2. Measured radiant power available at the focus
of the NIM beamline for detector calibration at
an electron current of 200 mA at BESSY II, to-
gether with the calculated incident radiant
power within a band pass of 1 % at BESSY I: E
= 0.8 GeV, with (dashed-dotted line) and with-
out central beam stop (dashed line), and at
BESSY II: E = 1.7 GeV, in (solid line) and out
of plane (long-dashed line), as accepted by the
beamline, respectively.
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cavity absorber. Radiant power of dis-
persed synchrotron radiation in the range
from 0.01 µW to 10 µW can be determined
with a relative standard uncertainty down
to 0.1 %. Detector calibration is realised by
comparison of the detector signal with the
incident radiant power of the dispersed syn-
chrotron radiation determined by SYRES
II.

In order to reduce the heat load on the
normal-incidence optics, the synchrotron
radiation is accepted by 1.6 mrad out of the
horizontal plane where the SR spectrum is
softer. Fig. 2 shows the transmitted radiant
power available at that beamline after
transfer to BESSY II, measured at a stor-
age-ring current of 200 mA. The data are
compared with the calculated radiant power
at BESSY I and BESSY II as accepted by
the beamline, respectively. At BESSY I,
the reduction of the heat load was realised by using a central beam stop of  + 0.8 mrad.

In the upper part of Fig. 3, two calibration curves of a so-called TRAP detector, consisting
of three silicon photodiodes, are shown as measured in 1999 at BESSY I and in 2000 at
BESSY II in the spectral range from 250 nm to 400 nm. The solid line displays the arithmetic
mean. In the bottom part of Fig.3, both calibration curves are shown after normalisation to the
arithmetic mean. The agreement within 0.2 % between calibration and re-calibration after one
year, again, is much better than expected.
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FIG. 3. Upper part: calibration data of a silicon
TRAP detector as measured in 1999 at
BESSY I (crosses) and in 2000 at BESSY
II (circles). The solid line displays the
arithmetic mean. In the bottom part,
both calibration curves are shown after
normalisation to the arithmetic mean.
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Metrology of 157 nm laser radiation for lithography

M. Richter, U. Kroth
Physikalisch-Technische Bundesanstalt, Abbestraße 2-12, 10587 Berlin, Germany

K. Vogler, E. Bergmann
Lambda Physik AG, Hans-Böckler-Straße 12, 37079 Göttingen, Germany

Current developments in optical lithography refer to the step in spectral range from the UV
to the vacuum-UV (VUV). In particular, feature sizes of below 100 nm are promised by the
use of radiation at a wavelength of 157 nm as emitted by F2 lasers [1,2]. In this context, the
stability of the F2-laser radiation with respect to wavelength and intensity is a fundamental re-
quirement. In order to realise the detector-based intensity stabilisation of F2-laser radiation,
photodetectors of sufficiently high spectral responsivity that is stable under radiant exposure
at 157 nm are urgently needed. However, the stability of photodetectors in the (V)UV below
250 nm is not a trivial requirement as came out in degradation measurements on various types
of semiconductor photodetectors using spectrally dispersed synchrotron radiation [3,4]. There-
fore, in close co-operation with industry and within the framework of the European Initiative
for 157 nm - Lithography, the Physikalisch-Technische Bundesanstalt (PTB) has investigated
recently the performance of semiconductor photodetectors with emphasis to their stability un-
der intense exposure to pulsed F2-laser radiation.

The work is based on the use of synchrotron radiation of the electron storage rings BESSY
I and BESSY II for photon metrology and radiometry in the spectral ranges of UV and VUV
radiation and X-rays [5,6]. At the normal-incidence monochromator (NIM) beamline for de-
tector calibration and reflectometry [7,8], the spectral responsivity of various photodetectors
was measured. As the primary detector standard the synchrotron-radiation electrical substitu-
tion radiometer SYRES II [7] was used. The calibrations were performed at wavelengths be-
tween 120 nm and 250 nm
with a relative standard un-
certainty down to 1 %. After
calibration and before re-
calibration, the photodetec-
tors were exposed to intense
F2-laser radiation at 157 nm
in an experimental set-up
that is schematically shown
in Fig. 1. Total exposure
doses of 350 kJ cm-2 were
achieved.

FIG. 1. Scheme of the experimental set-up for the exposure ex-
periments. The initial exposure dose per laser pulse of
10 mJ cm-2 is reduced with the help of beam splitters.
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The results are summarised
in Fig. 2 which shows for dif-
ferent photodiodes the meas-
ured relative change of the
spectral responsivity at 157 nm
normalised to the applied total
dose after exposure to F2-laser
radiation. The standard uncer-
tainty for the detector degrada-
tion is indicated by the grey
colour, respectively. The degree
of degradation covers more than
three orders of magnitude for
the detector types investigated
although they already represent
a selection of detectors found to
be almost stable under radiant exposure in the VUV [3,4]. However, detector 1 and detector 2
can be regarded as sufficiently stable with respect to a detector-based intensity stabilisation of
F2-laser radiation at 157 nm.
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FIG. 2. Relative change of the spectral responsivity at 157
nm normalised to the applied total dose for different
photodiodes after exposure to F2-laser radiation. The
grey areas display the respective ranges of uncer-
tainty.
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Calibration of EUV portable diagnostic tools for the comparison of
different EUV source concepts

R. Klein,  F. Scholze, J. Tümmler and G. Ulm
Physikalisch-Technische Bundesanstalt (PTB), Abbestr. 2-12, 10587 Berlin, Germany

K. Bergmann and O. Rosier
Fraunhofer Institut  Lasertechnik (ILT), Steinbachstr. 15, 52074 Aachen, Germany

One of the essential question still not answered for future EUV lithography (EUVL) stations is the
concept of the EUV source to be used. Currently competing designs are investigated, among them
laser produced plasma sources  and gas discharge based sources [1].
Moreover, the source conversion efficiencies, the figure of merit that allows to scale the possible
output power of future sources, quoted in literature show large discrepancies even for similar source
concepts. This was mostly due to the fact of insufficiently calibrated equipment for radiation
measurement in the  EUV spectral range.
Therefore, within the framework of a BMBF supported urgent promotional measure (“vordringliche
Maßnahme”) portable tools have been developed by ILT and calibrated by PTB for the comparison of
different source concepts. A consortium of industrial companies, among them Carl Zeiss, Jenoptik,
Lambda Physik and TUI laser acted as a steering committee. A similar measure has been undertaken
by Philips, ASML and FOM [2].

One tool, a spectrometer, consisted of a 100 nm period transmission grating [3] and a backside
illuminated CCD camera for spectral characterization of the source spectra. The second type of tools,
so called multilayer mirror tools, consist of two Si/Mo multilayer mirrors in a z-shape geometry which
serve as a bandpass filter followed by a GaAsP photodiode. If needed a Zr-filter can be introduced for
the suppression of visible light. The latter design was fabricated twofold, one with 10° deflection angle
and one with 18° deflection angle, resulting in a bandpass filter with a center wavelength of 13.6 nm
and 13.1 nm, respectively. These tools are used for a quantitative measurement of the radiant power in
the relevant bandpass.

The main role of PTB within this collaboration was to calibrate these tools before and after they were
used for measurements at different EUV sources around Germany.
This was done in the following way: The diffraction efficiency of the spectrometer grating, that has a
size of 50 µm times 500 µm only,  was determined by placing the grating in front of a CCD camera
and illuminating it with a beam of monochromatic photons in the range of 70 eV to 110 eV at the PTB
SX700 monochromator beamline [4]. The total counts in the diffraction spots were then compared to
the total counts measured without grating at the location of the 0. order for the same photon beam. The
result is shown in figure 1, the relative uncertainty is well below 5 %.

The sensitivity of the CCD camera and the ML-tools were determined by comparing its spectral
responses to monochromatic photons with that of a calibrated reference photo diode. In the case of the
CCD camera, due to its high sensitivity as compared to the reference  diode, the intensity of the photon
beam had to be reduced after the reference measurement in a controlled way. This was done by
reduction of the electron beam current in the electron storage ring, as is described in detail in [5].  The
CCD sensitivity at the spot measured is shown in figure 2. At this spot the relative uncertainty of the
calibration is below 2 %, but the CCD showed an inhomogeneity of approximately 10 % when
measured at different surface positions.
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Figure 1: Spectrograph grating efficiency Figure 2: Spectrograph CCD sensitivity

The sensitivity of the 10° deflection ML-tool is shown in figure 3. Since this tool has been extensively
used since the first calibration (upper line), its sensitivity decreased dramatically until the time of
recalibration (lower line). This change in sensitivity also shows the importance of the prevention or
mitigation of degradation of the optics during EUV irradiation [6] or due to source debris.

Figure 3: Sensitivity of the ML tool. The solid curves show results of the calibration of the complete tool
before (upper curve) and after (lower curve) usage at the different EUVL sources. The marks show the
corresponding results for the calibration of the single parts.
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To double check the calibration of the ML-tool, the tool was taken apart and the reflectivity of the two
ML mirrors were measured separately, for each ML mirror at a location of the surface that was
exposed to EUV radiation and at a location that was unexposed because it was covered by a mounting
frame. The sensitivity of the GaAsP photodiode was also measured before and after usage of the tool.
The marks in figure 3 show the results obtained when these measurements of the single components
are combined. The measurements are extremely consistent, the slightly shifted energy axis is due to a
small deviation in angle incidence for the calibration of the complete system as compared to the single
multilayers.
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Lifetime testing of EUV optics using intense synchrotron radiation
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EUV lithography, using radiation of 13 nm wavelength, is currently regarded as the most promising
candidate for the next generation lithography for feature sizes below 70 nm. Therefore the degradation
of EUV optics during illumination [1,2, 3] is a critical topic regarding lifetime and performance:
Anticipated EUV lithography stations will have approximately 10 mirrors in the optical path and a
degradation in reflectivity of only 1% for each mirror is regarded the upper limit tolerable for the
performance. This tight limit makes the prevention of contamination a key issue in the development of
future EUV systems, and is even regarded as a possible show stopper.

Within this framework, in collaboration with Carl Zeiss and TNO TPD, experiments are performed at
the PTB radiometry laboratory at BESSY II to systematically investigate the influence of different
vacuum conditions during EUV illumination on the performance of EUV optics and so to understand
the relevant physical or chemical mechanisms responsible for it. This basic understanding will
substantially aid the development of strategies for contamination prevention or mitigation.

To simulate irradiation conditions present at future lithography tools, PTB currently uses undispersed
undulator radiation from its long period undulator U180 [4] that is deflected by an angle of 13° by a Pt
-coated mirror. This undulator is well suited for this purpose since, because of its period length of 180
mm, the first undulator harmonic has the desired wavelength of approximately 13 nm when operated
at a K-parameter around K=1. So higher harmonics are still less dominant as they would be for an
undulator of smaller period length. The higher harmonics present are still further suppressed by the
mirror reflection. If needed, specially designed filters on the basis of Si/Zr can be introduced to further
reduce the influence of higher harmonics and to suppress stray light in the lower energy range. Figure
1 shows a typical undulator spectrum, calculated for a 5 mm by 5 mm illumination spot at the sample.
The upper spectrum corresponds to the situation without a Si/Zr filter, the lower with a filter,
respectively. The irradiance at the sample is typically several mW/mm2.

The experimental station consists of a differentially pumped vacuum chamber with a load lock system
that can hold up to 5 samples. The differential pumping allows operation of the chamber at pressures
as high as 10-3 mbar. Various gases can be introduced via precision  leak valves and the partial
pressures can be monitored by an attached residual gas analyzer.

The optical performance of the samples is determined before and after the illumination. This is done at
the PTB reflectometer, present in the same laboratory, with high accuracy. So reflectance e.g. can be
measured with a relative uncertainty of 0.25 % [5]. This insures that  even small trends already present
after some hours of illumination can be unambiguously qualified. Figure 2 shows a typical example
for the degradation of reflectivity of a Si/Mo multilayer mirror after several hours of irradiation in a
hydro-carbon rich environment. A map of reflectivity over the sample surface clearly shows the
illuminated spot.
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Figure 1: Typical spectrum in a 5 mm x 5 mm spot
present at the sample under irradiation; the lower curve
is with a Si/Zr-Filter

Figure 2: Typical degradation in reflectivity of a
Mo/Si multilayer mirror after irradiation

In the near future PTB will set up a new  beamline dedicated for these kinds of illumination
experiments to meet the growing demand for beamtime. Bending magnet radiation, focussed by an
elliptical mirror will be used. Due to the mirror deflection and subsequent filtering the spectrum will
be dominated by photons in the energy bandpass from 80 eV to 100 eV and thus has a suitable spectral
shape. Due to the focussing a power density comparable to the undulator beamline described above
will be realized.
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Re-installation of the PTB soft X-ray radiometry beamline
at BESSY II
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High-accuracy characterization of optical components has been one of the main services of
the PTB radiometry laboratory at BESSY I. Due to the shut down of BESSY I with the end of
1999, PTB has set up the soft X-ray radiometry beamline at their new laboratory at BESSY II.
After receiving the last light at BESSY I in November, the monochromator was ready for
operation in March and available for reflectometry in the extreme UV (EUV) spectral range in
June. EUV lithography (EUVL) is presently the most promising candidate for the Next
Generation Lithography. One of the enabling technologies for EUVL is the multilayer coating
process. Here, coatings with reflective properties approaching the theoretical limits are
meanwhile produced, and reflectometry with the PTB reflectometer[1] at the PTB soft X-ray
radiometry beamline[2] at BESSY I was successfully used within the European EUCLIDES
project[3] to experimentally verify even small improvements in the mirror performance.
Immediately after installation of the beamline at BESSY II, the relative uncertainty in the
region of the main maximum of the multilayer reflectance curve was reduced to u=0.25%[4].

Metrology development is also needed for the production of EUV light sources. Here, first
steps were made quite recently using the PTB soft X-ray radiometry beamline towards the
development of characterization tools whose calibration is traceable to the SI system of
units[5],[6].
Based on our experience at BESSY I, special emphasis in the design of the beamline for
BESSY II was put above all on maximum suppression of higher diffraction order radiation
and high radiant power rather than on maximum energy resolution. Secondly, a high
reproducibility of the photon flux and tunability of the photon energy is needed.

Figure 1 Scheme of the soft X-ray radiometry beamline (top: top view, bottom: side view):
Cooled apertures are used to define the incident beam. The first optical component is a water-cooled
toroidal mirror at 17 m, horizontally deflecting at a grazing angle of 2°. It collimates vertically and
focuses horizontally to a spot 33 m from the source. The next elements are the plane mirror and plane
grating followed by a spherical mirror which focuses vertically onto the exit slit.
The last elements shown in the scheme are the higher-order suppression filters and the entrance aperture
of the reflectometer.

The incoming flux is defined by cooled apertures in front of the first mirror, see Figure 1. The
natural opening angle of the SR is much wider than that aperture, which has a maximum
opening of 5 mm vertically and 32 mm horizontally. Any residual movements of the SR
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source therefore do not have any influence. None of the optical elements arranged behind or
none of the apertures cuts the beam in front of the exit slit. The flux behind the exit slit must
therefore be proportional to the stored ring current. The sensitivity of the energy scale to
source movements in the (vertical) dispersion direction is only low. The element most critical
for stability is the entrance aperture of the measuring station, e.g. the reflectometer. This
aperture is placed close to the horizontal focal position. Here the sensitivity to any horizontal
movements of the source as well as possible vibrations of the premirror is minimised if the
aperture is sufficiently wider than the photon beam. A horizontal beam size of about 0.3 mm
is achieved, see Figure 3. Small movements of the electron beam position should, therefore,
not affect the signal in the reflectometer if a 1.2 mm wide aperture is used.
The available radiant power is shown in Figure 2 for an exit slit width of 0.6 mm. The exit slit
width can be increased up to 3 mm at the expense of energy resolution. For practically all
photon energies above about 80 eV, a radiant power of at least 1 µW is thus available. With
this radiant power, high-accuracy detector calibration with relative uncertainties of u=0.25%
is possible by a direct comparison with PTB's primary detector standard[7],[8].

Figure 2 Radiant power of
the monochromatized
radiation at the soft X-
ray radiometry
beamline:
The data (filled
circles) are
normalized to a stored
electron current of
150 mA. The
discontinuities are
caused by use of
different cff and filters
for the suppression of
higher diffraction
orders.
The corresponding
spectral bandwidth
(dashed line) is shown
on the right scale.

Resonance lines of the rare gases Kr, Ar, and Ne were used to check the energy scale and the
energy resolution. Minor residual differences of the absolute energy values could be corrected
for high-accuracy wavelength determinations. Data for the energy resolution were derived
from the measured line widths.
Very low contributions of higher diffraction orders are essential for highly accurate
radiometric measurements. The direct measurement of contributions below about 1% is,
however, difficult. Therefore, we first measured the higher diffraction orders of the
monochromator without filters while varying the fixfocus parameter[9] cff to find the optimum
settings for high spectral purity. Afterwards, the transmittance of the filters was measured.
Now, with the transmittance of the filters known, which includes any effects of contaminants
(i.e. oxides) or pinholes, the remaining higher-order contribution for the optimised
monochromator setting was calculated, see Figure 4.
Another critical issue for the spectral purity is the presence of diffusely scattered light. It is
much more difficult to detect due to its broad spectral distribution. At discrete energies of
absorption edges, however, a punctual test is possible. If the thickness of a foil is chosen such
that the transmittance above the absorption edge should be essentially zero, any detectable
signal in that region is due either to higher orders, diffusely scattered light of longer
wavelength or pinholes in the filter. Such measurements, were used to establish an upper
bound of 0.1% for the longer wavelength scattered light contribution around the Si L3-edge at
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99.8 eV and the Be K-edge at 111.9 eV. Assuming a symmetrical distribution, the total
contribution of diffusely scattered light must be less than 0.2%.

Figure 3 Profile of the
SX700
monochromatized
photon beam at the
position of the
reflectometer entrance
aperture. The contours
are drawn in a
logarithmic scale, at
relative levels of ½ to
1/1024. The innermost
contour indicates the
FWHM of the beam,
0.35 mm horizontally
and 0.45 mm
vertically.

Figure 4 Relative
contributions of
higher diffraction
orders at the soft X-
ray radiometry
beamline.
The contributions of
2nd diffraction order
(filled circles) and 3rd
diffraction order (open
circles) with filters are
calculated using the
measured
transmittance of the
filters and the optimal
setting of the
monochromator.

With the installation and successful commissioning of the soft X-ray radiometry beamline,
PTB offers high-accuracy reflectometry and detector characterisation at BESSY II in the soft
X-ray region, with special emphasis on at-wavelength metrology for EUV lithography in co-
operation with various industrial partners.
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Abstract

A novel superconducting tunnel junction X-ray detector system including a 23 cm long cold finger
was designed to match current energy resolution, count rate and UHV requirements in soft X-ray
spectroscopy. This cryogenic detector system was characterized in the energy range from 100 eV to
900 eV with respect to its energy resolution ranging from 12 eV to 25 eV FWHM, its high count rate
capability and its absolute detection efficiency using the PTB plane grating monochromator beamline
for undulator radiation at BESSY II.

Introduction

In early 1999, the Physikalisch-Technische Bundesanstalt (PTB), Germany’s national metrology in-
stitute, began operating a plane grating monochromator (PGM) beamline [1,2] for undulator radiation
at BESSY II offering high spectral purity radiation in the photon energy range from 30 eV to
1900 eV. A first spectroscopic objective was to determine the detection sensitivities of X-ray fluores-
cence (XRF) trace element analysis for low Z elements. The detection limits of total reflection XRF
between C and Al were found to be in the low pg or even sub-pg range [3]. In the corresponding en-
ergy range between 270 eV and about 1500 eV, the energy resolution of conventional semiconductor
detectors is not sufficient to discriminate simultaneously K-shell fluorescence lines of light elements
from L-shell fluorescence lines of transition metals. Cryogenic superconducting tunnel junction (STJ)
detectors may contribute to overcoming this restriction due to their high energy resolution. PTB began
operating such a cryogenic STJ detector system, based on a two-stage adiabatic demagnetization re-
frigerator (ADR), provided by Lawrence Livermore National Laboratory [4] in late 1999. The STJ is
operated at temperatures between 80 mK and 400 mK at the end of a cold finger inside a liquid He
and a liquid N2 cooled shield with a total length of 23 cm and a diameter of 33 mm, allowing for ef-
fective XRF detection in a UHV environment. Here, the initial characterization experiments for this
STJ detector system using undulator radiation monochromatized by the PGM beamline are presented.

Superconducting tunnel junctions

Only a brief outline of the basic detection principles [5] of STJ detectors shall be given here. The STJ
detector layout is shown in Fig. 1. The detector is operated at temperatures of about 100 mK, where
all metallic layers within the detector are superconducting. Incident X-ray photons are absorbed in the
top Nb layer and transfer their energy to charge carriers called quasiparticles being essentially broken
Cooper pairs. The number of quasiparticles generated is proportional to the photon energy. Due to the
smaller energy gap of Al as compared to Nb, the quasiparticles are trapped within the Al layer, lead-
ing to a concentration of the excess quasiparticles close to the tunnel barrier. Whenever these quasi-
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particles tunnel through the oxide barrier, the current increases. This excess current is detected by a
preamplifier with the signal height proportional to the energy of the incident photon. The most promi-
nent feature of STJ detectors is their improved energy resolution. The average energy required to pro-
duce an electron-hole pair in a Si(Li) detector is 3.8 eV, i.e. a 1 keV photon will produce about 260
charge carriers. The energy required to produce an excess quasiparticle in Nb is only about 2.71 meV,
being 1.75 times the superconducting energy gap of Nb [6]. Hence, a 1 keV photon produces about
3.7 × 105 charge carriers. Due to the better statistics, the energy resolution can, in principle, be im-
proved by a factor (1400)1/2 ≈ 37. Measured energy resolutions of 5 eV FWHM at 300 eV photon en-
ergy for Ta based STJs [7], of 6 eV FWHM at a photon energy of 277 eV for Nb based STJs [5] and
of 12 eV FWHM at an energy of 5.9 keV [8,9] for Al based STJs have been reported.

Fig. 1: Schematics of an STJ detector showing a
cross section of a Nb/Al/Al2O3/Al/Nb tunnel
junction. Four such junctions with areas ranging
from 70 × 70 µm2 to 200 × 200 µm2 are located
on one detector chip.

Experimental arrangement and initial results

A Nb-based STJ (cf. fig. 1) with an area of 141 × 141 µm2 was investigated. The STJ is operated in
the two-stage ADR cryostat with the detector at the end of a 23 cm long Cu cold finger carrying also
the magnet needed to suppress the DC Josephson current for stable STJ operation. It is surrounded by
both a liquid He and a liquid N2 cooled Cu radiation shield. With this design, it is possible to operate
the STJ detector in flexible UHV geometries allowing for distances as small as 30 mm between sam-
ple and detector. Three infrared radiation (IR) blocking windows, one at each shield and one on the
0.1 K cold stage, were used to reduce the heat load and IR noise. Each window is composed of 200
nm parylene-N coated with 20 nm Al.

The choice of bias voltage and the field of the detector magnet are important for the performance of
the detector. Here, a bias voltage of 290 µV was chosen. At this voltage setting, the energy resolution
is high and does not change significantly for small drifts of the bias voltage of order ±1 µV during
operation. With this setup, we have examined the energy resolution ∆E of our Nb-based STJ detector
as a function of the photon energy (cf. Fig. 2). The electronic noise was measured from the width of
an electronic pulser, and the intrinsic resolution was obtained by subtracting the electronic noise con-
tribution in quadrature from the measured total resolution. The beam size on the site of the detector
was about 0.5 × 0.5 mm2, which is approximately ten times larger than the detector area. Without col-
limation of the incident beam, an energy resolution well below 20 eV can be obtained for photon en-
ergies up to 700 eV. The present energy resolution is poorer compared to results obtained with same
size STJ detectors from the same wafer located in the center of a conventional ADR cryostat [5]. The
resolution has been improved using thicker IR blocking windows and reducing the solid angle of ac-
ceptance of the detector for IR radiation. Collimating the incident radiation to the detector area im-
proves the measured energy resolution by about 10 % suggesting that some of the increase of ∆E is
caused by contact and substrate events, i.e. by photons absorbed near the STJ detector. We have ob-
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tained promising results for the performance of STJs at high count rates at an incident photon energy
of 280 eV. Starting from 14 eV at 200 cps, the energy resolution degrades to 20 eV at 40 kcps. For
higher count rates, the resolution degrades to about 33 eV at a count rate of 80 kcps due to pile-up.

Fig. 2: Energy resolution of the STJ detector measured
as a function of photon energy. Two experiments are
shown. The first experiment was performed at a beam
size of about 0.5 × 0.5 mm2. The measured energy reso-
lution in this case (solid squares) increases strongly with
photon energy. The measured electronic noise (solid line)
and calculated intrinsic energy resolution (open squares)
refer to this experiment. The second experiment was con-
ducted using a collimating pinhole in front of the detector
reducing the spot of the beam to the detector area. In this
case (solid triangles), not only the energy resolution is
improved, but also the slope of the measured energy
resolution with photon energy decreases.

The determination of the absolute detector efficiency [1] requires special operation shifts at BESSY II
allowing for adapting the photon flux by reducing the stored electron beam current to the STJ detector
count rate capability. To ensure that the total incident radiant power is detected by the STJ, we have
reduced the beam size to the detector area by placing a pinhole with a diameter of 70 µm in front of
the detector. A transfer detector standard behind the pinhole, i.e. a calibrated photodiode, first records
the radiant power of monochromatic radiation of high spectral purity at conventional electron beam
currents. Fig. 3 shows the result of the first calibration of the whole STJ detector system obtained at
reduced electron beam currents. The efficiency was obtained by comparing the incident radiant power
detected by the calibrated photodiode behind the pinhole with those detected by the STJ taking the
reduced electron beam current into account. The error bars of the data points are dominated by the
error of the determined radiant power by using a calibrated photodiode and are assumed to be ± 5 %
of the measured value. The measured efficiency follows roughly the transmittance of the three IR
blocking Al coated parylene N windows as determined experimentally at room temperature.

Due to their high count rate dynamics and their high energy resolution, STJ detectors can also be a
very valuable tool for beamline characterization. To illustrate this, we have measured the spectral pu-
rity of the U180 PGM beamline of the monochromator at a constant energy. It is expected that the
spectral purity and flux change with cff [2]. A representative result for an undulator setting of 5 eV for
the first harmonic and the monochromator tuned to 116 eV is shown in Fig. 4. We used a 1200 l/mm
Au coated grating for this experiment. In addition to the first and second diffraction order of the grat-
ing, artifacts are probably due to photons absorbed in the degraded surface of the STJ detector [5]. To
determine quantitatively the spectral purity at the U180-PGM beamline, the cff value has to be varied
and slight deviations of the chosen undulator harmonics from the selected monochromator setting are
to be included, too. In the near future, a more detailed investigation of STJ response functions over a
broad energy range of interest shall be performed. Furthermore, STJ detectors calibrated absolutely
may contribute effectively to monochromator beamline characterization and XRF applications.
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Fig. 3: Absolute detection efficiency of a 141 x141 µm2

area Nb based STJ detector including three 200 nm thick
parylen N IR blocking windows, each of which is coated
with a 20 nm thick Al layer. For comparison, the experi-
mental transmittance at room temperature of these 3 IR
windows is plotted.

Fig. 4: STJ spectrum showing the detector response at
 the photon energies of 116 eV (first PGM order) and
 of 232 eV (second PGM order) registered at cff-value
 of 1.5. The respective energy resolutions and some of
the artifacts are depicted, too.
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Energy-dispersive compound semiconductor detectors
for operation near room temperature

A. Owens, M. Bavdaz and A. Peacock
Astrophysics Division, ESA/ESTEC, Postbus 299, 2200AG Noordwijk, Netherlands

M. Krumrey
Physikalisch-Technische Bundesanstalt, Abbestraße 2-12, D-10587 Berlin, Germany

Si(Li) and HPGe detectors are widely used energy-dispersive detectors in the X-ray range. The

energy resolution can be as good as ~ 100 eV at 6 keV, but both detector types require

cryogenic cooling which limits their use in space flight applications, where power, mass and

weight are critical constraints. Wide gap compound semiconductors offer the potential of

room temperature operation, whilst still maintaining sub-keV spectral resolution. Within a

joint project of the Astrophysics Division of ESA and the PTB laboratory for X-ray

radiometry, several compound semiconductor detectors have been investigated at the four-

crystal monochromator beamline at BESSY II in the photon energy range from 2 keV to 11

keV [1]. A number of materials have been studied, including GaAs, CdZnTe, HgI2 and TlBr.

Here we report on X-ray measurements on prototype GaAs and TlBr detectors.

GaAs detectors

GaAs was chosen for the detection medium because its band gap is sufficiently large to allow

room temperature operation, but small enough so that its Fano limited spectroscopic

resolution is close to that of Si. An increased bandgap also increases the energy of defect

formation making GaAs intrinsically radiation hard compared to Si - which is a useful

attribute for synchrotron radiation applications. Additionally its density is the same as that of

Ge. This allows much thinner detectors to be fabricated to achieve the same stopping power as

a Si detector, with proportional improvements in radiation hardness, which is a bulk effect.

A prototype array has been produced by growing an ultra pure 40 (m epitaxial layer onto a n+

semi-insulating substrate using chemical vapor phase deposition techniques. To reduce

leakage currents, a 10 µm p+ layer was then deposited directly onto the epi-layer forming a

p-i-n structure. This layer was patterned by etching to form a 3 ( 3 pixel structure surrounded

by a guard ring. The pixel sizes are 100 µm ( 100 µm with an inter-pixel gap of 50 µm. This

detector was fabricated as part of a larger research program in order to produce near Fano

limited, room temperature mega pixel imaging arrays.
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The detector response to monoenergetic radiation is shown in Fig. 1. At a temperature of

-20°C, a constant resolution of ~ 300 eV FWHM was obtained, limited mainly by electronic

noise, which was measured to be 259 eV FWHM. This is a factor of 3 improvement over first

generation devices initially investigated at the PTB laboratory at BESSY I [2]. The small peak

at 1.8 keV which appears for incident radiation of 11 keV is the Ga escape peak. The low

energy continuum for incident energies below 4 keV is probably due to photons interacting in

the p+ layer which give rise to photoelectrons that escape into the depleted volume.

FIG. 1. Pulse height spectra of monoenergetic radiation measured by as GaAs pixel detector at -20oC.
The beam size was 50 (m2 diameter, incident at the center of the detector.

TlBr detectors

For room temperature hard X- and (-ray applications, thallium bromide has emerged as a

particularly interesting material in view of its wide band-gap (2.5 times that of Si) and high

atomic numbers (Tl=81, Br=35) of its constituent atoms. Its large band-gap implies that

detectors should operate at or above room temperature with low noise performance. However,

early devices could only be operated at reduced temperatures because of crystal impurities.

The mono-crystalline material used here is extremely pure, having impurity concentrations

< 100 ppm. The measured electron and hole mobility-lifetime products were found to be

3(10-4 cm2 V-1 and 1(10-5 cm2 V-1, respectively, which are about an order of magnitude higher

than previously reported values [3].



86

FIG. 2. Pulse height spectra of monoenergetic radiation measured by a TlBr detector at -35oC. The
beam size was 50 ( 50 (m2, incident at the center of the detector.

In Fig. 2, we show the response of a 2.7 ( 2.7 ( 0.8 mm3 TlBr detector to monoenergetic
radiation. The recorded events are confined almost entirely to the photopeaks, which are very
nearly Gaussian. The energy resolution is about a factor of 4 better than that previously
reported for similar sized detectors. It was found to be constant (~ 830 eV) across the entire
energy range and is dominated by electronic noise which was measured to be 550 eV FWHM.
The results obtained for TlBr are encouraging, yielding performances similar to other well
established compound semiconductors. Although, TlBr is generally only considered for hard
X- and gamma-ray detection, our results show that it also makes an excellent low and medium
energy X-ray detector which can be operated near room temperature.
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Multiplet structure of the 3p photoelectron spectrum
of atomic Titanium

K. Godehusen1, S. Brünken1, B. Kanngießer1, M. Martins2,
 P. Zimmermann1

1 Technische Universität Berlin, Institut für Atomare und Analytische Physik, Hardenbergstr.
36, D-10623 Berlin, Germany

2 Freie Universität Berlin, Institut für Experimentalphysik, Arnimallee 14, D-14195 Berlin,
Germany

Systematical studies of the direct photoionization of the 3d metal atoms encounter several

experimental difficulties like the high temperature for the evaporation of the metals or the

much smaller photoionizaton cross sections in comparison with those of the ‘giant’ 3p-3d

resonances. Improved atomic beam techniques and the tremendous increase in photon flux of

the high-brilliance light source BESSY II, however, have enabled us to obtain the direct 3p

photoelectron spectrum of atomic titanium.

The 3p multiplet structure of the photoelectron spectra for the 3d metal atoms is dominated by

the Coulombic 3p-3d interaction due to the large overlap of the 3p hole state and the

(collapsed) 3d wave functions of the valence electrons. Previous experiments on heavier 3d

metal atoms [1,2] have shown that the subsequent Auger decay has a distinct influence on the

linewidth of the different components giving rise to a near suppression of the so-called low-

spin components.

In the case of Titanium the photoionization process starts from the ground state Ti 3d24s2 3F

leading to a complicated multiplet structure of different quartet and doublet terms  (Fig. 1).

Similar to the  other 3d elements with higher Z we expect a characteristic term-dependence of

the linewidth of these terms due to the subsequent Auger decay. A more detailed analysis,

however, shows that the dominating SCK Auger decays 3p-13d2 → 3p6 εl can be restricted by

the parity selection rule since the parity of the outgoing electron wave determines the

corresponding Auger channel of the different components. Furthermore, shake-up satellites

and the influence of the nearby 3s ionisation must be considered.
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Figure 1: Photoelectron spectrum of atomic Ti, hνννν= 110 eV.
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High Resolution Molecular Core Level Photoelectron Spectroscopy.
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For this project in the year 2000 two weeks of beamtime at the conventional undulator beam-
line U49-SGM and three weeks at the helical undulator UE56-2 were allotted. The latter allo-
cation time was primarily used for investigation of circular dichroism effects in photoemission
from chiral molecules (see next report). At the U49-SGM, however, our main aim was to re-
solve open problems in core level photoionisation by employing high-resolution photoelectron
spectroscopy. To this end, we have used a large radius hemispherical electron spectrometer
(SES-200) in the dipole plane perpendicular to the light propagation axis, under an angle of
54.7° with respect to the orbit plane of the synchrotron. Generally, the high intensity at high
resolution and the beam stability at the spherical grating monochromator enabled us to per-
form a number of investigations that seemed unfeasible on second generation sources. Some
examples for our work are reported below.
We have measured the inner shell (1s) photoelectron spectrum of gaseous N2 with an appara-
tus resolution totalling 55(5) meV. This enabled us to spectroscopically separate the two N2
N 1s−1 final states with gerade and ungerade symmetry. A photoelectron spectrum taken at
430.7 eV is shown in Fig. 1. The two component structure is clearly seen, particularly on the
high kinetic energy flank. By analysing the photon energy dependence of the two components,
the selective amplification of the gerade component due to a continuum resonance (shape
resonance) of u symmetry could be directly observed and is shown in Fig. 2. We have deter-
mined a value of 97(3) meV for the g/u splitting. This is proof that the 1s vacancy eigenstates
of the molecular ion are delocalised, in contrast to the assumption of localised core holes often
made a priori.
C 1s photoelectron spectra of the aromatic molecules benzene (H and D) and furan have been
resolved sufficiently to disentangle the underlying vibrational structure into two significant
vibrational progressions, as can be seen in Fig. 3. In both benzene and furan the excitation to a
low energetic mode dominates and has a coupling constant unusually high for inner shell
photoionisation. A comparison between the vibrational progressions resolved in the benzene
(125 (ν1) and 407 (ν2) meV) and deuterated benzene (107 (ν1) and 291 (ν2) meV) spectra did
not show a significant frequency change upon deuteration. Hence we have assigned the low
energy vibration to deformations of the carbon ring structure, where C-H stretching/bending
does not play a significant role. The lifetime broadening for benzene (H and D) was found to
be ~95 meV. This value compares well to other known hydrocarbons. Spectra of a similar
quality have been taken for furan.
While in N2 a value of the symmetry split for the two different inner shell vacancy cations of
97 meV was found, from symmetry considerations in benzene a more complex structure with
four cationic energy levels and a relative spacing of 1:2:1 is expected. However, the spacing
between these cationic states can be influenced by coupling between vibrational and electronic
structure. If this coupling is active, the eigenstates of the cationic Hamiltonian are not the
proper eigenstates of the molecular point group, but mixtures of them which rather describe
partially or fully localised core holes. An example is the O 1s photoionisation of CO2. Pre-
liminary results for the substructure of the C 1s line of benzene give an experimental spacing
only slightly smaller than the value of 14.5:32:16 meV from a static calculation (not taking
into account vibronic coupling) [1]. By that it can be presumed that the role of vibronic cou-
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pling in benzene is not as big as in the showcase example CO2, and that localisation of core
holes by vibronic coupling cannot be taken for granted.

Fig. 1: N2 N 1s photoelectron
spectrum. Crosses depict the
measured data while the solid line
approximating them is from a
least-squares fit. The remaining
solid and broken lines are fit re-
sults for the single v’=0 and higher
vibrational components, resp.

Fig. 2: Cross section of the N2 N
1s photoelectron lines. Crosses are
results totalled over the g and u
final states from our earlier work
[2], circles and squares are the
symmetry resolved results ob-
tained at BESSY II. The lines de-
note different theoretical results
[3].

Fig. 3: C 1s photoelectron spectra of
benzene (H and D). The dashed lines
indicate the individual vibrational states.

DFG-gefördert, HE 3060/3-3.

[1] H. Köppel, private communication.
[2] B. Kempgens et al., J. Phys. B 29, 5389 (1996).
[3] MSM: J. L. Dehmer and D. Dill, J. Chem. Phys. 65, 5327 (1976); RCHF+RPA: N. A. Cherepkov et al., Phys.
Rev. Lett. 84, 250 (2000); MRCI: P. Lin and R.R. Lucchese, J. Synch. Radiation, in print.
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Decay of Innershell Hole States of Atomic Magnesium Studied by

Photoelectron-Photoion Coincidence Spectroscopy

B. Kanngießer∗, S. Brünken, K. Godehusen, W. Malzer, N. Schmidt, P. Zimmermann

Technische Universität Berlin, Institut für Atomare und Analytische Physik, Hardenbergstr. 36,

 D-10623 Berlin, Germany

The photoelectron-photoion coincidence technique has been shown to be a very versatile

method for the investigation of the decay channels of atomic innershell hole states. In this

technique an initial hole state is identified by a signal of the electron energy analyser which

simultaneously serves as a start signal for a time-of-flight measurement for the coincident

photoion with respect to its charge state. The ratio of the differently charged photoions then

gives information about the decay routes.

For the case of non-cascading transitions the ratio of radiative to non-radiative transitions or

the ratio of single to double Auger transitions can be directly related to the corresponding

ratios of the differently charged photoions. For cascading transitions, however, additional

coincidence measurements are needed. As the first element in the periodic table Magnesium

(1s22s22p63s2) shows these cascading transitions.

We investigated the whole cascade of Magnesium by using our photoelectron-photoion coin-

cidence technique on the 1s-, 2s-, and 2p-decay. The new undulator beamline U41-PGM at

BESSY II delivered enough flux to realize these measurements on free Magnesium atoms in

the whole energy range needed, i.e. at 1400 eV for the 1s- and at 170 eV for the 2s- and 2p-

decay.

Figure 1 shows an overview electron spectrum for the excited L-shell at 173 eV. The respec-

tive coincidence spectra were not only taken at the maxima of the 2s and 2p photoelectron

peak but also at other electron energies in the peak and on the background. Additionally, the

decay of the 2p satellites were investigated in the same manner. Thus, the energy region be-

tween 100 eV and 117 eV of the electron spectrum is resolved into contributions correlated

with the different final ionic charge states. We call this procedure FIRE-spectroscopy (final

ion-charge resolving electron spectroscopy) with which various photoionization processes can

be disentangled in the electron spectrum. The continuous background due to direct double

                                                
∗ Corresponding author: bk@atom.physik.tu-berlin.de
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Auger decay or direct double photoionization  can then be taken into account for the determi-

nation of decay probabilities. Figure 2 shows the FIRE spectra of the 2p decay. The 2s decay

was investigated in the same way. Here, only the 2s photopeak was resolved into the different

final ionic charge states, but not the respective satellites because they were too weak to start

coincidence measurements on it.

The investigation of the 1s decay showed, then, the sensitivity limit of our coincidence tech-

nique. A correct detection of the 1+ photoions was not possible, because the sensitivity of the

coincidence technique is not high enough for transition probabilities in the sub-promille re-

gion due to the cascade character of the 1s decay. In contrast to lighter elements the final state

of the radiative decay is predominantly the 2+ ionic state, which is reached by the cascade

decay through the Auger decay of  the 2p hole state Mg+2p-13s2→ Mg2+2p6εp.  The 1+ final

ionic state can be reached by cascade processes through Lη- and Ll-transitions only (Mg+1s-1

→ Mg+2p-1 → Mg+3s-1), which show transition probabilities in the sub-promille region. Thus,

the fluorescence yield of the K-shell could not be determined.

The way to circumvent the difficulties with detection of the 1+ photions is the alternative

measurements of KLL-Augerelectron-photoion coincidences. For this purpose we have to use

another electron spectrometer with a higher resolution which will be done in the future.

The new U41-PGM beamline at BESY II made it possible to investigate the whole cascade

decay of free Magnesium atoms for the first time. These measurements showed that also more

complex decay routes can be investigated by the photoelectron-photoion coincidence tech-

nique. The decay probabilities measured are not only important for the test of modern many

body perturbation theory but also for analytic methods. For example the fluorescence yields
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of elements in the sub-keV region are of great interest for the X-ray fluorescence analysis of

semiconductors. This energy region is now accessible with the 3rd generation synchrotrons.

We like to thank the BESSY staff for the excellent support.
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Fig. 2: 2p FIRE spectra.
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FINE-STRUCTURE SELECTIVITY OF NEUTRAL DISSOCIATION
OBSERVED IN O2

H. Liebel, R. Müller-Albrecht, S. Lauer, F. Vollweiler, A. Ehresmann, H. Schmoranzer

Fachbereich Physik, Universität Kaiserslautern, D-67653 Kaiserslautern, Germany

Abstract. The absorption cross section of O2 and the OI (4S
o
)3s 3S

o
1 →2p4 3PJ emission cross

section were investigated near the threshold for neutral dissociation in the OI (4S
o
)3s 3S

o
1  state

with a very narrow bandwidth of the exciting radiation (0.9 meV).

Motivation. The knowledge about the decay mechanisms of superexcited states - states

whose internal energy exceeds the lowest ionization energy - is presently far away from being

complete [1]. Superexcited states have several possible decay paths such as formation of

electrons and molecular ions through autoionization and of neutral atoms through dissociation

where their internal energy is distributed among the arising fragments. Electrons and ions

formed in the course of the decay of superexcited molecules are usually investigated by

photoelectron spectroscopy (PES) or photoion spectroscopy (PIS) (see, e.g., [2, 3]).  If a

neutral fragment emerges from the dissociation process in an excited state which can decay

further by fluorescence, photon-induced fluorescence spectroscopy (PIFS, see, e.g., [4, 5]) -

measuring the exciting-photon energy dependence of the fluorescence spectrum - can be

applied.

Experimental. Synchrotron radiation from BESSY I at a bending magnet was

monochromatized by a 3m-normal-incidence monochromator (3m-NIM-2) equipped with a

2400 lines/mm grating and focused into a liquid nitrogen cooled target gas cell. The target cell

contained molecular oxygen at a pressure of 40 µbar. For detecting the atomic fragment

fluorescence a VUV-photomultiplier with a CsI coated photocathode and a MgF2 entrance

window was used, so that the photomultiplier was sensitive in the wavelength region from

115 nm to 200 nm. The exciting-photon flux transmitted through the gas cell was monitored

using an open-window GaAsP Schottky-type photodiode which enabled to determine the

absorption cross section simultaneously with the fluorescence spectrum of the dissociation

fragment as a function of the exciting-photon energy. For slit widths of 20 µm a bandwidth of

the exciting radiation of 0.9 meV was achieved. The exciting-photon energy was varied from

14.6 eV to 16.3 eV in steps of typically 0.2 meV. Due to the absence or weakness of other
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fluorescence channels in the detection range the determination of a state-selective cross

section was possible, in the above mentioned exciting-photon energy range, by detecting the

undispersed fluorescence radiation.

Results. The O2 absorption cross section and the emission cross section for OI (4So)3s 3S
o
1

→2p4 3PJ (see figure 1) were investigated using photon-induced fluorescence spectroscopy

(PIFS) in the vicinity of the threshold for neutral dissociation leading to the OI (4So)3s 3S
o
1

state with a very narrow bandwidth (0.9 meV) of the exciting radiation. Both cross sections

are found to be structured by the vibrational progressions of the O2 Rydberg states I, I' and I"

Figure 1: Measured absolute absorption and emission cross sections of O2. Vertical

lines indicate energy positions of the vibrational progressions of the I, I‘ and

I‘‘ states of O2 with their fine-structure components. The vibrational

quantum numbers written in bold type indicate the newly assigned

structures. In the lower spectrum the positions of the dissociation thresholds

have been marked by two vertical lines .
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which converge to the a 4Πu state of O
+
2. In the present investigation the fine-structure

components of the vibrational progressions of the I, I‘ and I‘‘ states were resolved for the first

time in a fluorescence excitation spectrum. A certain degree of selectivity in the population of

fine-structure components was observed (see figure 1). The measured relative cross section

was put on an absolute scale using absolute values of [6, 7].
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Chirality effects in the C 1s Photoionisation of Camphor.

T. Lischke,1,3 U. Hergenhahn,1,2 E. E. Rennie,1,2 O. Kugeler,2 A. Rüdel1 and A. M. Bradshaw.2

1. Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
2. Max-Planck-Institut für Plasmaphysik, Boltzmannstr. 2, 85748 Garching, Germany

3. Fakultät für Physik, Universität Bielefeld, 33501 Bielefeld, Germany.

A chiral molecule exists in two different forms called enantiomers, which are mirror images
of each other. A number of biologically important molecules are chiral, with a natural prefer-
ence for one or the other handedness. We have performed photoionisation experiments on chi-
ral molecules to find proof of a forward-backward asymmetry in the photoelectron angular
distribution produced in C 1s photoionisation using circularly polarised radiation. For these
experiments the tunable helicity of the radiation produced at the BESSY II UE56-2 undulator
was decisive.
It has been a long standing prediction that in photoemission of chiral molecules a forward-
backward asymmetry of the photoelectron angular distribution is possible even if the mole-
cules are not oriented [1]. A prerequisite of this effect is circular polarisation of the ionising
radiation. The angular distribution in this case can be given by

I(θ) = σ/(4π) [1 − (1/2)βP2(cosθ) ± D cosθ].
The angle θ is referred to the light propagation axis. Since the asymmetry changes sign with
the helicity of the light, from measurements with both helicities a circular dichroism in the
angular distribution (CDAD) can be defined by

A = (I+(θ) −=I−(θ ))/(I+(θ) +=I−(θ )),
where I+ and I− denotes intensities recorded with opposite helicity of the ionising light. Re-
cently the first observation of this effect in the valence photoionisation of bromocamphor
molecules has been reported [2].
We have measured the analogous forward-backward asymmetry in the core level photoionisa-
tion of camphor (C10H16O). Only the 1s line of one carbon atom near to the chiral centre of
the molecule exhibits a notable chemical shift, where the pertaining carbon site is of carbonyl
character. Most of the carbon sites in this molecule are chemically equivalent and of methyl
character. The spectra were measured under a 54.7° forward scattering geometry with a hemi-
spherical electron analyser (Fig. 1).
For a first analysis of our C 1s spectra with regard to a possible asymmetry, we have assumed
that the bulk of C 1s electrons from the methyl sites have vanishing asymmetry. Under this as-
sumption, asymmetries A up to approx. 0.05 result for the carbonyl C 1s photoelectron line,
which change sign when the camphor enantiomer of opposite handedness is ionised (Fig. 2).
An asymmetry of a roughly similar size and at roughly similar kinetic energies has been ob-
served in the valence photoionisation of bromocamphor [2] and camphor [3]. This points to-
wards a final-state effect as the cause for the asymmetry.
While in the case of the camphor enantionmers a clear proof to the effect was possible, we
have failed to observe an effect outside of the apparatus asymmetry in another molecule,
namely the chiral alcohol Butan-2-ol. Future measurements we hope to carry out with a
greatly lowered detection limit by employing chopped beams of opposite helicity from both
UE-56 undulators.

This project was partially funded by the DFG under contract no. HE 3060/3-3.
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Figures:

Fig. 1: C 1s photoelectron spectra of camphor (R) ionised with circularly polarized light of
opposite helicity. Spectra were normalized to equal height of the methylic C peak (see text).
Here, σ+

=and σ−
=denote the sign of the shift of the UE56-2 undulator structure.

Fig. 2: Normalised photoelectron intensity difference for carbonyl C 1s ionisation of gaseous,
unoriented camphor with left -and right-handed circularly polarised light for a 54.7° forward
scattering geometry. σ+

=and σ−
=denote the sign of the shift of the UE56-2 undulator structure.
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Alignment of Ar+ ions produced after resonant Auger decay  of Ar* 2p5 3d resonances

M. Meyer(a), R. Flesch(b), A. Marquette(a), and E. Rühl(b)

(a) LU.R.E, Centre Universitaire Paris-Sud, Bâtiment 209D, F-91898 Orsay cedex, France
(b) Fachbereich Physik, Universität Osnabrück, Barbarastr. 7, D-49069 Osnabrück, Germany

Photoexcitation of atomic Ar in the photon energy regime 240 eV = hν = 250 eV is
characterized by pronounced structures attributed to the resonant excitation of a 2p-electron
into unoccupied n  Rydberg orbitals of s- or d-symmetry. These states decay predominantly
by resonant Auger transitions to Ar+ 3p4 n  final states, which have been studied extensively
by means of electron spectroscopy (e.g.[1-3]). Fluorescence spectroscopy in the UV-visible
regime has been proven to be a suitable tool to obtain complementary information on the
Auger process [4, 5], in particular on the final, singly charged ion. In the present work, we
have used the spectral analysis of the fluorescence and its degree of linear polarization to
determine directly the alignment of Ar+ ions produced after the resonant Auger decay.

The experiments have been performed at the U49-1-SGM beamline of BESSY II using
monochromatized synchrotron radiation with a high degree of linear polarization. The high
resolution of the monochromator (E/∆E > 5000) allows selective excitation of the 2p-
resonance. UV-visible fluorescence is produced in the interaction region between the
synchrotron radiation and an effusive argon gas jet.  It is collected by a set of optical
elements and is analyzed with a high-resolution spectrometer (Jobin Yvon HR460) [6].
Emission in the wavelength regime 320 nm = λ(fluo) = 530 nm is investigated with a
spectral resolution of about ∆λ(fluo) = 0.5 nm. Similar to studies on excited Xe+ ions [4], the
polarization of the fluorescence is measured by a commercial sheet polarizer, which is
rotatable around an axis defined by the photon emission.

A part of the fluorescence spectra is displayed in Figure 1. It shows the variation of
line intensities for parallel and perpendicular orientation of the polarizer with respect to the
polarization vector of the incoming synchrotron radiation. The spectra are recorded after
excitation of the Ar* 2p5 (2P3/2) 3d resonance at hν(SR) = 246.9 eV and show mainly
transitions of the type Ar+ 3p4 4d --> 3p4 4p and 3p4 4p --> 3p4 4s. Compared to earlier low-
resolution experiments performed at BESSY I [5], the present data allow us to resolve all
fine-structure components of the complex Ar+ 3p4 (1S, 1D, 3P) n  multiplets and to identify
unambiguously the observed transitions [7]. In the upper part of Figure 1 the total angular
momenta of the initial (J) and final (J') states of the fluorescence transitions are indicated and
the intensity differences for each individual line are visualized graphically. From these
values, together with tabulated anisotropy parameters αi [8] for the involved states, the
alignment of final ionic state can be determined. A first qualitative analysis demonstrates the
consistency of the results. The difference is negligibly small for the strong line at λ(fluo) =
484.8nm, which is attributed to the Ar+ 3p4(3P2) 4p 4P (J=1/2) --> 3p4(1D) 4s 4P (J'=3/2)
transition [7] and which cannot produce any polarization dependence due to the initial J=1/2
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value. Furthermore, Figure 1 clearly shows that the same initial state, for example J = 5/2 at
λ(fluo) = 480.5 nm and 488nm, can result in a different sign of the polarization. This
difference is only related to the angular momenta of the final states. The same alignment is
obtained by using the corresponding anisotropy factors [8], which have opposite signs for
5/2-5/2 and 5/2-3/2 transitions. Transitions between states with the same J and J' result in the
same sign of the polarization. This can been seen for the transitions 5/2-5/2 at λ(fluo) =
408.5 nm and 463.6 nm. In order to determine the absolute value of initial alignment of the
fluorescing Ar+ ion, the measured differences have to be normalized to the intensity of the
lines. A detailed analysis of the data is under progress where depolarization effects and
contributions from radiative cascades are taken into account.

             
Figure 1: Part of two dispersed fluorescence spectra recorded after resonant Ar* 2p5 (2P3/2)3d
excitation for parallel and perpendicular orientation between the polarization vector of the
fluorescence and the synchrotron radiation. The differences between the intensities of the
individual lines are given as a histogram on top of the Figure.
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Photoionisation studies of atomic Scandium in the
region of the 2p excitation

B. Obst1, T. Richter1, M. Martins2, P. Zimmermann1
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2 Freie Universität Berlin, Institut für Experimentalphysik, Arminallee 14, D-14195 Berlin

The photoionisation cross sections of the 3d metal atoms show strong resonances below the

2p thresholds. These resonances are due to discrete transitions 2p6 3dn → 2p5 3dn+1 of the 2p

core electrons to the unoccupied 3d orbitals of the valence electrons. The large overlap of the

2p and (collapsed) 3d orbitals channels the main part of the oscillator strength into these 2p-

3d resonances.

Figure 1: Ion yield spectrum of the differently charged photoion Scn+ (n=1-4) observed in
the region of 2p-3d excitation
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In the case of atomic Scandium the resonances can be attributed to the discrete transitions Sc

2p6 3d 4s2 → 2p5 3d2 4s2. Similar to the 3p-3d resonances [1] the coupling of the 2p hole state

with the 3d2 subshell of the valence electrons give rise to a complex resonance structure

[Fig 1]. Calculations show that in contrast to the 3p-3d resonances of Sc with the dominant

3p-3d electrostatic interaction (LS coupling) and in contrast to the 2p-3d resonances of the

heavier 3d elements like Cr [2] with the dominant 2p spin-orbit coupling, for the Sc 2p-3d

resonances an intermediate coupling scheme must be used which implies large mixing of the

corresponding quartet and doublet terms within the LS-notation. Comparison with the

neighbouring element Ca, however, shows that for the assignment of the resonances not such

a strong 3d-4s mixing is necessary. This facilitates the calculations and gives a surprisingly

good agreement between the experimental and theoretical results.
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Spectral Analysis of the Fluorescence Decay of the (3.0) Doubly Excited He State

K.–H. Schartner, B. Zimmermann, S. Kammer, S. Mickat
I. Physikalisches Institut, Justus–Liebig–Universität, D–35392 Giessen

H. Schmoranzer, H. Liebel, A. Ehresmann
Fachbereich Physik, Universität Kaiserslautern, D–67663 Kaiserslautern

R. Follath, G.Reichardt
BESSY mbH, D-12489 Berlin

The doubly excited states of He are fundamental for the study of electron correlations. The
pioneering synchrotron radiation absorption experiments by Madden and Codling [1]
revealed narrow structures described by Beutler–Fano profiles . Only recently the importance
of the radiative decay of the doubly excited states with N = 2 for a correct description of the
profile width and of the intensity pattern was pointed out, supported by observation of the
spectroscopically unresolved fluorescence detected by a micro channel plate detector [2].
The ion yield was measured with high resolution by Domke et al. [3]. No spectroscopic
techniques were applied so far to the radiative processes reported in [2]. Due to the dipole
selection rule for photon excitation only excited states of 1Po symmetry will be populated.
This should facilitate the assignment of the expected fluorescence lines.

Using the technique of photon–induced fluorescence spectroscopy (PIFS) we carried out a
first spectral analysis of the radiative branch of the (3.0) resonance . It has an excitation
energy of 64.116 eV and is close to the (4,-1) resonance at 64.132 eV. In fig. 1 we present
the ion yield and the channel plate detected fluorescence signals, measured at the
postmonochromator chamber of the U125/1–PGM. The undulator radiation with a bandwidth
of  4 meV was focussed into the gas target cell of our PIFS setup. The narrow photon beam
replaced the entrance slit of the 1m–normal–incidence spectrometer which disperses the
fluorescence radiation. It was equipped with a 1200 line/mm grating blazed at 80 nm and
used in the present experiment in second order.

Fig. 1: Ion yield (� � �) and undispersed fluorescence signal (ooo) when scanning the
exciting photon energy through the (3.0) and the (4,-1) He resonances.
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In fig. 2 we present two VUV–spectra accumulated for 66 eV and for 64.116 eV exciting
photon energy. 66 eV allows to produce He+ in the 2p state. Correspondingly we observe the
2p–1s–transition at 30.38 nm in second order (fig 2a). This line is not observed on the (3.0)
resonance (fig. 2b). For this energy we observe two lines which we attribute to the 2p3d 1P–
1s3d 1D– transition and the 1s2p 1P–1s2 1S–resonance transition at 58.43 nm. The latter
should be a second cascade and follows the 1s3d 1D–1s2p 1P first cascade. The wavelength
of this one amounts to 667.8 nm and was not studied in our first experiment.

Fig. 2: VUV–spectra for 66 eV (a) and (b) 64.116 eV eV exciting photon energy. (c) radiative
decay scheme of the 2p3d1P (3.0) resonance.

For the 2p3d 1P–1s3d 1D transitions we determine a wavelength of 30.21 nm. This is in
agreement with the wavelength based on the (3.0) resonance energy of 64.116 eV and the
energy of 23.076 eV of the 1s3d 1D state of He.

In a second experiment we used a fluorescence spectrometer for the visible range in parallel
to the VUV–spectrometer. The 1s3d 1D–1s2p 1P–transition at 667.8 nm was observed when
scanning through the (3.0) resonance (fig. 3), however, it was also observed on the (4,-1)
resonance. Th eion yield was registered by biasing the entrance diaphragm of the target cell.

The present studies show clearly that further experiments are promising to record and
disentangle all the decay paths of the photon induced doubly excited states of He. Especially
when additional to the Visible and the VUV range, high resolution grazing incidence
spectroscopy will applied.
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Fig. 3: The intensity of the 1s3d 1D–1s2p 1P–transition (667.8 nm) when
scanning across the (3.0) and (4,-1) resonance.
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Angular distribution of the transferred spin polarization
for the Kr M4,5N1N2,3  1P1 Auger decay.

B.Schmidtke, M.Drescher, T.Khalil, N.Müller, and U.Heinzmann
Universität Bielefeld, Fakultät für Physik, Universitätsstr. 25, 33615 Bielefeld

The angular distribution of the transferred spin polarization has been measured for the Kr
M4,5N1N2,3 1P1 Auger transitions after primary ionization with circularly polarized radiation from
the helical undulator UE56/1 at BESSY-II. These Auger transitions with (4s)-1(4p)-1-holes are
especially interesting since they are known to be strongly influenced by configuration interaction.

Figure 1: Experimental setup.

The measurements have been performed by use of our new experimental setup shown in figure 1
which allows the rotation of the whole vacuum chamber around two axes perpendicular to each
other (only angle Θ was varied for the measurements presented here). Therefore a rotated
coordinate system which is related to the direction of electron emission rather than the direction of
the photon beam becomes natural for description of the spin polarization vector. From these
measurements values for the intrinsic parameters δ1 and ξ1 characterizing the dynamics of Auger
decay within this electron coordinate frame can been determined. The parameters δ1, ξ1 are simply
related to the parameters β1, γ1 determined in our previous experiment [1]. The angular dependence
of the two measured components Px and Pz is given by the following relations:
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where P2 is the second Legendre polynomial and α2 is a third intrinsic parameter describing the
anisotropy of Auger electron emission. A10 and A20 are the ionic parameters for orientation and
alignment of the core hole.

Figure 2: Electron spectrum of free krypton atoms with photon energy hν=140 eV at the reaction
angle Θ=90°.

Figure 2 shows a krypton intensity spectrum recorded using  the detectors in the Mott polarimeter
with the high voltage being turned off. The (3d)-1 photo electrons are separated by 1.2 eV due to
spin-orbit splitting and reflect the large photon bandwidth as a result of an optimization of the
beamline settings for high flux rather than narrow bandwidth. The 1P1 peaks of the (4s)-1(4p)-1

Auger group at lower as well as the 1S0 peaks of the (4p)-2 group at higher kinetic energies are well
resolved (peak width: FWHM = 340 meV).

Table 1: Intrinsic parameters determined from the spin polarization measurements.

Transition δ1 ξ1
KrM4N1N2,3 1P1 0.07(05) 0.72(10)
KrM5N1N2,3 1P1 0.51(04) -0.79(10)

From spin polarization measurements of the Kr M4,5N1N2,3 1S0 Auger lines the orientation of the
(3d)-1 core hole can be determined to be  A10=-0.53(07) at the photon energy of hν=140 eV. The
analysing power of the Mott polarimeter has been determined to be Seff=-0.20(03). Figure 3 shows
the measured angular distribution of the spin polarization components Px and Pz. As can be seen
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from the figure the qualitative behavior of the angular dependence of the two spin polarization
components reproduces the analytical form of equations (1).

Figure 3: Angular distribution of the transferred spin polarization components Px and Pz. Solid
curves: Theory LS-HF [2]; dotted curves: Result of a least squares fit to experimental data.

For a quantitative discussion the equations (1) can be applied for least squares fitting. Together
with reference data derived from the measurements of the Kr M4,5N1N2,3 1S0 Auger lines values for
the intrinsic parameters can be obtained. They are given in table 1. A comparison with theoretical
predictions as well as a detailed analysis in terms of Coulomb matrix elements will be presented in
[3].
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Vibrational Fine Structure in High-Resolution NEXAFS Spectra of
NTCDA and PTCDA

A. Schölla, Y. Zoua, B. Richterb, Th. Schmidta, R. Finka and E. Umbacha

a Experimentelle Physik II, Universität Würzburg, Am Hubland, D-97074 Würzburg
b Fritz-Haber-Insitut der MPG, Abt. CP, Faradayweg 4-6, D-14195 Berlin, Germany

The availability of high-brilliance synchrotron radiation in combination with soft x-ray
monochromators with high spectral resolution offers new possibilities in many fields. A
detailed spectroscopic analysis of soft matter materials using near-edge x-ray absorption fine
structure (NEXAFS) in many cases so far has suffered from limitations in the spectral
resolution of the exciting photons and from inhomogeneous broadening of the NEXAFS
resonances due to structural inhomogeneities in solid films.

As demonstrated during the past few years, the sublimation of large organic molecules under
ultrahigh vacuum conditions onto single crystal metal substrates is suitable to produce organic
films of high structural quality [1,2], which in some cases may even result in epitaxial films
(e.g., for PTCDA/Ag(111)). Thus, inhomogeneous broadening becomes negligible, e.g. in
conventional optical experiments, yielding the complete vibrational fine structure. During the
past two runs at the meanwhile available U49/1-PGM beamline (UFF-CRG) we have started
to analyse the NEXAFS fine structure of NTCDA and PTCDA multilayers, two
heteroaromatic molecules with identical functional groups but different aromatic core
(naphthalene versus perylene). The U49/1-PGM beamline at BESSY II is presently operated
at a resolving power E/∆E of more than 10000 (cff = 10) at the N K-edge at a photon flux of
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Fig. 1: Comparison of high-resolution CK-NEXAFS spectra of  NTCDA multilayers adsorbed on
Ag(111) recorded at the  PM6-beamline at BESSY I (upper spectrum)  and at the U49/1-PGM
beamline at BESSY II. The lower two spectra differ in the film preparation: the annealed film
(lower spectrum) shows improved spectral resolution as compared to the as-deposited film
(middle).
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approximately 1*109 photons/s/100mA at the C-K edge. The NEXAFS spectra were recorded
in the total electron yield modeand normalized to constant edge jump.

Fig. 1 compares the C-K NEXAFS spectra of NTCDA multilayers recorded at the PM6-
beamline at BESSY-1 (E/∆E=5500 @ 400 eV) with recent data recorded at BESSY-II. There
is a very pronounced difference in the fine structure of the various resonances. Although
already from the previous PM6-data (upper spectrum) we attributed the appearance of
shoulders to the vibrational fine structure, the features become much  clearer in the new data
sets. The rich fine structure in the U49/1-PGM spectra can definitely be interpreted as
coupling of core-electronic transitions to vibronic excitations since a peak fitting analysis
yields vibrational progressions, i.e. peaks with equal distances. So far, no similar
experimental observations are available for such large molecules. The existing literature data
on  vibrational fine structure in NEXAFS spectra focus on smaller molecules, usually in the
gas phase. The quality of the present spectra will allow the identification of additional
electronic transitions, an exact analysis of the relative energetic distances, and a description of
the vibrational coupling to core-excited states. Such an analysis would benefit  from
accompanying theoretical calculations, which at present are not available for large
heteroaromates in the required quality.

It is another exciting fact, that a significant influence of the layer morphology on the vibration
fine structure can be observed (lower spectrum in Fig. 1). Annealing the low-temperature
prepared film of flat lying NTCDA molecules (no long-range order observed in LEED) leads
to a crystalline film (i.e. randomly oriented polycrystals, as derived from the dichroism). This
is accompanied by a reduction of the inhomogeneous broadening; it is remarkable that such a
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Fig. 2: Comparison of the high-resolution C K-edge NEXAFS spectra of  NTCDA and
PTCDA multilayers condensed on a Ag(111) surface. The inset shows the third resonance
(c) on an enlarged scale reflecting the identical vibronic fine structure.



118

change in a van-der-Waals coupled systems can be followed by an x-raytechnique. The
change can be easily observed for resonance (b) and the fine structure peaks of resonance (c)
and (d) that show a decreased FWHM. In addition, our data show a hardening of the vibronic
potential upon annealing. For instance, the low-energy shoulders of resonances (a) and (b)
(Fig. 1, insert), which are due to transitions  to molecular orbitals mainly located on the
naphthalene core, shift towards lower energy. Hence this effect must be interpreted as a
morphology induced change in the intermolecular interaction that affects the intramolecular
bonding and thus the vibration energies.

NEXAFS spectra showing a vibrational fine structure have also been recorded for PTCDA
multilayer films, which grow epitaxially on Ag(111). Since there are no differences in the
anhydride subunits in both molecules, their fine structure should be very similar . Fig. 2
compares the C K-NEXAFS spectra of NTCDA and PTCDA multilayers condensed on
Ag(111). The vibrational energies for the electronic transitions to molecular orbitals located
on the aromatic ring system (resonances (a) and (b)) differ strongly in naphthalene and
perylene. The carbonyl resonances (c) and (d) show a somewhat different electronic structure
but a very similar splitting of the finestructure (see inset of fig. 2) reflecting the identity of
transition (c) and hence justifying the attribution of this resonance to the anhydride group.
This interpretationis consistent with Xα-SW calculations on the related molecule NDCA [3].

There are still many aspects which have to be studied in detail, e.g. the differences between
the vibronic states in the ground state (as derived from HREELS) and those coupling to core
excitations.  In addition, an exact analysis of the different lineshapes is presently underway
which may provide information about the intermolecular interaction in weakly coupled
systems and about the influence of functional groups on the structure of molecular orbitals.

This work was funded by the Bundesminister für Bildung und Forschung (project 05 SF8 WWA 7)
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Core level excitation of clusters has become recently a field of research which has been
shown to provide unique information on size effects of matter. Excitations in the near-edge
regime are most sensitive to size- and composition-dependent changes in the electronic
structure of variable size atomic clusters. Various molecular cluster systems have been
investigated to date in the core excitation regime. Most of these studies made use of low
(E/∆E≤500) or medium energy resolution (500≤E/∆E≤5000) in the soft x-ray regime, where
K- or L-shell excitations of light elements occur. Recently, we have reported first results on
the vibrationally resolved N 1s→π*-transition in the molecule and in clusters [1]. We extend
this work to other molecular clusters, such as those of carbon monoxide.
Variable size CO-clusters are prepared by adiabatic expansion, where neat CO is expanded
through a 50 µm nozzle. The experiments were performed at the U49-SGM-1 at BESSY-II.
Total and partial cation yields of mass-selected cations were recorded as a function of the
photon energy near the C 1s→π*-transition (E=287.40 eV). Small spectral shifts were
measured by measuring the (CO)2

+-yield, that reflects the electronic structure of clusters,
simultaneously with the C+-yield, that reflects properties of the isolated molecule. Further
details can be found in [2].

Fig. 1 shows a comparison of the
C 1s→π* (v=0)-resonance of molecular
and clustered carbon monoxide. The
molecular spectrum is dominated by an
intense resonance at 287.40 eV,
corresponding to the C 1s→π* (v=0)-
transition, which is in agreement with
earlier work [3].
The spectral line shape of the molecular
C 1s→π* (v=0)-transition is
approximated by a Voigt profile, with a
Lorentzian line width of 85±1 meV and
a Gaussian width of 41±1 meV, which
is at least partially the result of the band
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Fig. 1: Photoion yields of C+ (molecule) and (CO)2
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(cluster) recorded at <N>≈150 in the C 1s→π*(v=0)-regime.
The lines connect the experimental data points. For clarity
every fifth data point is indicated by a diamond (molecule:
open diamonds, clusters: filled diamonds).
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width of the X-ray monochromator. Both contributions yield the total width of the Voigt
profile of 102±1 meV in FWHM, similar to previous work [4]. The spectral line shape also
contains a minor asymmetry, where the cation intensity is slightly increased at the low energy
part of the line profile. This is an indication for asymmetric broadening effects that are likely
due to thermal excitation of molecular rotations. The spectral shape of the C 1s →π*-
transition of the (CO)2

+-yield is remarkably similar to that of the isolated molecule (cf. Fig.
1). The Franck-Condon factors are essentially unchanged and there occur only minor spectral
changes indicating that the C 1s→π*-transition is primarily governed by intramolecular
properties rather than by intermolecular interactions. However, there are characteristic
differences between the molecular- and cluster-C 1s→π*-transition. The (CO)2

+-yield shows a
characteristically broadened C 1s→π*(v=0)-transition, where 113±1 meV are found in
FWHM (cf. Fig. 1). It can also be represented by a Voigt profile, however, the Lorentzian and
Gaussian line widths are increased to 90±1 meV and 50±1 meV, respectively. This
broadening is assumed to be related to the occurrence of intermolecular vibrations giving
evidence for phonon-like broadening in clusters.
In addition, we observe a small, but clearly identifiable redshift of 2±1 meV of the maximum
of the C 1s→π* (v=0)-transition in clusters relative to the bare molecule. This effect correlates
with previous results on the vibrationally resolved N 1s→1πg

*-transition in nitrogen clusters,
where a redshift of 6±1 meV was found relative to the bare molecule. This finding supports
the assignment of dynamic stabilization of the core-excited molecule in a cluster [1]. This
phenomenon is regarded to be tightly related to intermolecular dynamics and breaking of the
inversion symmetry in core-excited N2*. Its dynamic dipole moment induces changes in
radius of intermolecular interactions and self-trapping of the core-excited molecule in
displaced positions in a deformable cluster. However, this stabilization effect should be small
in molecular clusters that contain moieties with permanent dipole moment. This is in
agreement with the experimental results on CO-clusters, where it is found that the excitation
energies of both core-to-valence transitions (1s→π* and 1s→σ*) remain practically
unchanged in the gas phase and in clusters [5].
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Core level excitation is a unique way to obtain element- and site-selective excitation in
molecules [1] and clusters [2]. This field has considerably advanced since high resolution and
high flux beam lines have become available. Previous work has concentrated on clusters of
homonuclear diatomic molecules [3]. Recently, we focused our interest on heteronuclear
species, so that element-selective excitations can be studied [4]. The present work extends
recent studies on C 1s-excited CO clusters [4], where we report on recent results on high-
resolution spectroscopy of carbon monoxide clusters ((CO)n) excited in the O 1s-regime.
Partial ion yield spectra are recorded, where molecular properties are reflected by the C+-
channel, cluster properties are obtained from the (CO)2

+-yield. Both cation yields are
measured simultaneously, so that energy shifts as small as ≥1 meV can be determined without
any ambiguity [3, 4]. The energy regime of interest is near the O 1s→π* (1Π) core-to-valence

excitation (E=532–537 eV). Additionally,
high-resolution spectra in the O
1s→Rydberg regime (E=538-543 eV) are
recorded. Fig. 1 shows the central portion of
the O 1s→=π*-band of molecular (open
circles, solid line) and clustered (solid
triangles, dashed line) carbon monoxide.
The cluster spectrum corresponds to an
average cluster size <N>=150. Evidence of
vibrational fine structure is found for the
clustered and isolated species. The
vibrational spacings of the neat molecule are
obtained from a least square fit, using a
spectral de-convolution similar to ref. [5],
yielding ωe=145 meV. There is no energy
shift between the vibrational maxima of
isolated and clustered molecules. This is
unlike the C 1s→=π*-transition, where a
small, but distinct redshift of 2±1 meV is
found [4]. We observe for the O 1s→=π*-
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Fig. 1: Photoion yields of C+ (molecule) and (CO)2
+

(cluster) recorded at <N>≈150 in the central portion of
the O 1s→π*-transition. The lines connect the
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band no changes in vibrational spacings upon cluster formation. This result is consistent with
previous work, where we have shown that dynamic stabilization following core-level
excitation will preferentially occur in clusters of homonuclear molecules, leading to
substantial energy shifts of core-to-valence transitions [6]. The following spectral changes
between isolated and clustered molecules are observed:
(i) The relative intensities of individual vibrational transitions are changed so that the
maximum of the band is closer to the origin and the intensity of higher vibrational transitions
falls off more rapidly in clusters. As a result, the vibrational quantum number of the transition
with maximum relative intensity is decreased by ∆v = –1. This is assigned to a change in
Franck-Condon factors, indicating that the difference of the intramolecular equilibrium
distance is likely smaller in clusters compared to the isolated molecule. This is in agreement
with earlier results on N2-clusters, where a shortening in intramolecular bond length in
clustered molecules by 150 fm was deduced from changes in Franck-Condon factors [3].
(ii) The shape of the individual vibrational transitions differs significantly between clusters
and molecules. It is noted that the vibrational structure of the O 1s→=π*-band is obscured by
substantial line broadening of ca. 180 meV for isolated molecules with comparably small
vibrational spacings (ωe=145 meV), yielding a poorly resolved band for both clusters and
molecules. However, Fig. 1 clearly indicates that the vibrational structure is more distinct in
the case of clustered molecules. A tentative de-convolution by using Voigt profiles with a
fixed Gaussian contribution of 25 meV for both isolated molecules and clusters yields a
decrease of the Lorentzian width from ~180 meV for molecules to ~165 meV for clusters.
The apparently narrower shape is likely due to a longer lifetime of the core-excited valence
state in the chemically different cluster environment, where additional intermolecular
interactions and vibrations exist. Indeed, recent results on core-excited molecules indicate that
changes in line width are related to different relaxation pathways [7]. The present results are
unlike those obtained from the C 1s→π*-band [4], where substantial phonon-like line
broadening was observed in clusters and give first evidence for site-specific dynamic
properties in core-excited molecular clusters.
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Soft X-ray magnetic circular dichroism (XMCD) is a valuable tool to investigate
magnetic properties because of its element specificity and the possibility to determine spin
and orbit magnetic moments separately /1/. At third generation synchrotron sources, this
technique can even be used to study highly diluted systems such as sub-monolayer coverages
of clusters on a substrate. These supported nanoclusters have recently received considerable
interest for their potential future application in high-density information storage media or as
novel catalysts.

Magnetic properties of size selected transition metal clusters have so far been studied in
Stern-Gerlach type experiments on free cluster beams, where magnetic moments for iron,
cobalt, and nickel clusters have been observed which are considerably larger than the
respective bulk values /2/. For potential applications, however, these clusters have to be
supported on substrate materials, which may substantially alter their properties. To gain
fundamental insight into the cluster size dependence of these properties, it is necessary to
investigate size selected, deposited clusters under well defined conditions where
fragmentation of clusters upon deposition as well as diffusion on the substrate or
contamination with adsorbates after deposition can be ruled out.

In a recent experiment at BESSY II, we have used XMCD to study the magnetic
behaviour of small, size selected Fen clusters (n=2-9) deposited onto a Ni/Cu(100) substrate at
the undulator beamline UE56/1-PGM. To obtain additional information on the geometric and
electronic properties of deposited iron clusters, we have also performed X-ray absorption
(XAS) experiments on Fen/Ru(001) and Fen/Ni/Cu(100) clusters at beamline U41-PGM.

The basic idea of the experiment is to study transition metal clusters on a ferromagnetic
substrate that provides the necessary magnetic field to align the magnetic moments of the
clusters. Therefore we have chosen ultrathin Ni films (≈ 20 layers) deposited in situ on
Cu(100) as a substrate for the clusters, since these films are known to exhibit preferential
magnetisation perpendicular to the surface /3/ and can easily be remanently magnetised by
using a small coil.

The ultrathin Ni/Cu(100) films were prepared under UHV conditions at an evaporation
rate of 2 monolayers/minute and subsequently annealed at 400 K to obtain a smooth Ni
surface. Film quality was checked in situ by thermal desorption spectroscopy of rare gas
adsorbates. For magnetisation, a magnetic field of ≈85 mT was applied perpendicular to the
sample surface.

Small Fen clusters generated by a sputter source were size selected in a magnetic dipole
field and deposited under "soft-landing" conditions onto the Ni/Cu(100) substrate precovered
with argon. Upon deposition under UHV conditions, kinetic energies of the clusters were less
than 1 eV/atom. No more than the cluster equivalent of 0.03 atomic monolayers was
deposited onto the substrate. After Fen deposition at 20 K, the sample was heated to 100 K for
complete Ar desorption. Experimental details about  the cluster source can be found in two
recent papers on deposited Crn clusters /4,5/.

 Polarisation dependent X-ray absorption of small Fen cluster was studied systematically
from Fe2 through Fe9 at the Fe L2,3 edges. All XAS spectra were taken in normal incidence
geometry at a temperature of 20 K with a fixed degree of 90% circular polarisation using a
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partial yield detector. The
spectra were normalised to the
photocurrent on the
refocussing mirror, which was
used as a measure of photon
flux. For every Fen cluster that
was deposited, the
magnetisation of the
Ni/Cu(100) substrate was
monitored via XMCD at the
Ni L2,3 edges.

The resulting XMCD
spectra of magnetised Fen
clusters show large
asymmetries at the L2,3 edges.
All Fen clusters are
ferromagnetically coupled to
the Ni/Cu(100) underlayer. As

an example, Fe8 XMCD spectra are shown in Figures 1 and 2. Careful analysis of the data
which is currently under way
shows size dependent
variations in the ratio of
orbital to spin magnetic
moments for the different
clusters. These results can be
compared to related
experiments on ultrathin
films and multilayer systems
as well as to theoretical
predictions, from which an
increased orbital magnetic
moment is expected in
systems with reduced
dimensionality.

In the near future, we
plan to extend our XMCD studies on supported clusters to Crn clusters. Chromium clusters
should be particularly interesting because of the antiferromagnetic properties of the respective
solid.
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 The low energy ion implantation in metal oxides has been widely studied because its
fundamental and applied interest for the preparation of thin films and other technological
materials1. Nitrogen (i.e. N2

+) bombardment of metal oxides has been reported to produce
changes in stoichiometry by substitution of oxygen by nitrogen ions2. Recently we have
reported about the N2

+ bombardment processes in Al2O3
3. We have found by XPS that more

than one type of nitrogen species are formed when Al2O3 is subjected to low energy (0.5 < E
< 2 keV) ion bombardment. We proposed that the photoelectron peaks should be attributed to
atomic nitrogen occupying lattice and/or vacancy positions of an altered Al2O3 network and
nitride species.

With the aim of giving more support to this assignment we have carried out
experiments by X-ray absorption spectroscopy (XAS) recording the near edge fine structure
spectrum (NEXAFS) of nitrogen implanted Al2O3 samples. NEXAFS spectra of elemental
atomic species of nitrogen implanted in solids are typically characterised by sharp resonance
peaks.4-6 So, in principle, its identification should be easy, as the spectra are characterised by
narrow and sharp peaks, in contrast with the broader structure of typical nitride species.

XPS spectra for nitrogen implanted in Al2O3 were recorded on a LHS-10
spectrometer. N2

+ bombardment in the energy range 0.5 < E < 2 KeV was carried with a
hollow cathode ion gun (IQP-10) for 30 min (total dose 0.9 and 5.8*1016 ions*cm-2 for 0.5 and
2 KeV respectively) up to saturation of the N 1s signals. After preparation the samples were
exposed to the air and stored without special precautions. These samples were investigated by
NEXAFS together with other untreated Al2O3 samples that were bombarded in-situ in the
UHV chamber used for the NEXAFS experiment. No noticeable differences in the shape of
the spectra were detected for the “ex-situ” or “in-situ” samples subjected to nitrogen
bombardment at the same energies.

NEXAFS spectra at the N K edge were recorded at the PM-1 beam line at the BESSY
II synchrotron in Berlin (Germany). Photon energy was selected with a SX-700 plane grating
monochromator and the spectra recorded by total electron yield (TEY), by measurement of
the drain current through the sample or by channeltron detection.

Fig. 1 shows N 1s photoelectron spectra for nitrogen implanted at 0.5 and 2 KeV on
the Al2O3 thin films. By low energy bombardment a N 1s peak at 403.4 eV is the majority
species detected. Besides, a badly defined structure appears al lower BE. Meanwhile, by
bombardment at the high energy, two  peaks at 403.4 and 396.4 eV are clearly  detected. In
this second case an asymmetry in the high B.E. side of the 396.4 eV peak still suggests the
presence of a minority species with an intermediate value of B.E. These two samples were
then examined by NEXAFS and their corresponding spectra are shown in Fig. 2. In the
sample bombarded with 0.5 KeV ions a sharp peak at 398 eV with a full width at half
maximum (FWHM) of ∼ 1eV is the most noticeable feature observable in the spectrum. This
signal must be originated by the same nitrogen species producing the N 1s photoelectron band
at 403.4 eV. Meanwhile, in the XAS spectrum of the sample bombarded with 2 KeV ions this
sharp peak, together with a much broader signal, are detected. This second signal is
characterised by main maxima at around 404 and 411 eV and is similar to the N 1s  NEXAFS
spectra of nitride species reported in many metal nitride systems7 (note that these energy
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values refer to the approximate position of the maxima and not to the energies of the
absorption thresholds and that, therefore, they cannot be directly compared with BEs of
photoemission peaks). Some hints of a similar species can be also seen in the 0.5 keV
spectrum.

We attribute the sharp resonance line to atomic nitrogen species located in empty
positions of the lattice. A similar sharp resonance has been reported by Soriano et. al. for N2

+

bombarded Zr and Hf or for TiN heated in O2 at high temperatures.4-5 Recently, Jiménez et. al.
have attributed the appearance of a sharp peak at 398 eV to nitrogen atoms in interstitial
positions of sp3 BN6 where only by outgassing at T > 1000K removal of this species occurred.

Thus, the present NEXAFS results supports our previous assignment of the two XPS
peaks at 403.4 and 396.4 eV to atomic (i.e. N) and nitride species of nitrogen implanted in
Al2O3. It seems that at low energy (i.e. E ∼ 0.5 keV) , nitrogen ions are not able to
preferentially remove oxide ions from the Al2O3 lattice. However some atoms of nitrogen
may become incorporated within the very rigid Al2O3 network, likely at interstitial or vacancy
positions. At a higher energy (i.e. E ∼ 2 keV) preferential removal of oxygen must occur, and
their lattice positions become occupied by nitrogen in the form of nitride species (i.e. Al-N
bonds).
Acknowledgment:
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Introduction

Half-metallic ferromagnets exhibit a majority spin (up) band which is metallic and a

minority spin (down) which is semiconducting or even insulating. These very special

electronic properties are of great interest for possible applications in spin- polarized

electronics.

One of the first predicted half-metallic ferromagnets is the semi- Heusler compound

NiMnSb, which crystallizes in the C 1b structure. It exhibits a high value of the magnetic

moment per Mn atom (4µB) and a high Curie temperature (TC = 730 K) [1]. Magnetic circular

dichroism (MCD)  in X-ray absorption spectroscopy (XAS) provides element- and symmetry-

selective information on the polarization of the electronic states at the Fermi level and

information about the local spin and orbital magnetic moments of the absorbing atoms [2].

Here we report MCD measurements of a well oriented and well prepared single-

crystalline surface of NiMnSb (100).

Experimental

The investigated NiMnSb single crystal was provided by Prof. Bucher (Universität

Konstanz). The LEED measurements revealed a clean and well oriented (100) surface. The

Mn 2p XAS and MCD spectra of the (100) surface of the NiMnSb single crystal were

measured at the UE56/1-PGM beamline at BESSY II. The absorption spectra were recorded

by means of total electron yield (TEY) by directly detecting the sample current while

scanning the photon energy. Within the experimental setup, the sample could be magnetized

before acquisition of the spectra by filed pulses from a nearby coil.
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Results and discussions

The Mn 2p X-ray absorption spectra of the NiMnSb single crystal for the parallel and

antiparallel alignments of the photon helicity and sample magnetization directions are shown

in Fig. 1(a) [3]. A sharp peak at 642 eV accompanied by a clear tail at the high energy side

and a doublet structure at 653.5 eV correspond to the Mn L3 and Mn L2 absorption spectra,

respectively. The relative intensity of the two peaks is 1:4.8. The calculated spectrum (b) of

the ground state of NiMnSb does not show the doublet structure at the L2 edge. An

experimental absorption  spectrum of atomic Mn (c), however, exhibits the doublet structure

of the Mn L2 peak. In Ref. [4] the splitting is related to the different possible final states.

Fig. 1. Mn L2,3 XAS (a) and MCD (d) experimental spectra of NiMnSb, together with the

corresponding calculated spectra (b and e). For comparison, an experimental XAS Mn L2,3

spectrum of atomic Mn [4] is also shown (c).  
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The X-ray MCD signal, defined as the normalized difference in absorption between

right and left polarized X-rays, depends on the exchange splitting and the spin-orbit coupling

of both initial core and final valence states. In the MCD spectrum of the investigated single

crystal, a negative signal was found within the 2p3/2 core excitation region and a small wide

positive one in the 2p1/2 region. Unfortunately, the magnetic sum rules [5] could not be

applied in order to determine quantitatively the spin and orbital moments. The remanent

magnetization of the sample was rather small. Measurements of the magneto-optical Kerr-

effect (MOKE) indicated a remanence of less than 15%. This explains the small MCD effect

in the experimental spectrum.

A pronounced MCD effect has been observed in the X-ray emission spectra of the

NiMnSb crystal, and it was attributed to a strong exchange splitting of the spin-up and spin-

down Mn 3d states [6].
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HoFe - Garnet soft XMCD measurements below and above the compensation
temperature
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Abstract

We have investigated the magnetism of Holmium-Iron-Garnet (Ho3Fe5O12) at the Ho M4,5- the Fe L2,3-
and the O K - edges. As expected switching of the sub-lattice magnetization is observed at the
compensation temperature. At the oxygen K edge two different structures are observable. Those
structures show different temperature dependencies. Therefore we address these features separately to Fe
and Rare Earth contributions.

Introduction

Rare earth iron garnets (ReIG or Re3Fe5O12 ; Re = Ce,
Pr, Nd, Pm...), are the most common textbook standard
example for complex ferrimagnetism 1,2. The structure
is complicated and 8 formula units are in a single cubic
cell (160 ions). Using X-ray Magnetic Circular
Dichroism (XMCD) the ferrimagnetic sub-lattice
magnetization could be studied quantitatively by sum
rules. Three different sub-lattices are magnetically
interacting and coupled with superexchange by
oxygen. In a formula unit 5 Fe3+ ions are present, two
Fe3+ are positioned at octahedral sites (A) and three
Fe3+at tetrahedral sites (D), while the Re3+ ions are
located at pseudo dodecahedral places (C) 3. Different
temperature dependencies of the RE and the Fe
sublattices lead to a flipping of the sub-lattice
magnetization at the so called compensation
temperature Tco. This is directly observable in XMCD
measurements (Fig.1).

Oxygen K edge XMCD spectra are influenced by the
hybridization to the magnetic neighboring ions and
Fe3+ and Ho3+ contributions could be separated by
different temperature dependencies.

For all spectra the total drain current was measured. An I0 grid for normalization was positioned in a µ -
metal cylinder, to prevent influences of the magnetic field. A split coil superconducting magnet system
was used, with a center bore of 5 cm and a maximal field of 30kOe. The used magnetic field was ± 5 kOe.
Samples were measured at 80K and at room temperature (RT). To prevent small XMCD offsets signals,
we measured at 80K with an asymmetric magnetic field variation, which does not influence the sample
magnetization4. All data were recorded by flipping the magnetic field at each data point, to get a
derivative free XMCD signal.

Fig. 1a shows Fe L2,3 edge XAS at RT and Fig. 1b XMCD spectra for RT and 80K. The flip of the
magnetization above and below TCO and changes in Fe3+ sub-lattice magnetization are directly observable.
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Figure 1: a) Fe L2,3 edge normalized absorption spectra
at room temperature for antiparallel (line) and parallel
(dashed) magnetic fields. b) Corresponding XMCD
signal at room temperature (dotted) and 80K (line).
(From Ref.7)
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The shape of the XMCD signal is quite different compared to bulk Fe metal 5.
Fig. 2 shows O K edge XAS (Fig. 2 a) and XMCD (Fig. 2 b) spectra at RT and 80K. No single spectra for
↑↑ and ↑↓ magnetic field alignment are shown, because the XMCD signal is in the range of the line
thickness. Spectral changes are observable in XAS and XMCD spectra. In the XMCD spectrum, the
lowest energy feature at 530 eV changes sign and intensity comparable to the Fe L2,3 edge structures in
Fig. 1b. Between 535 eV and 540 eV a new magnetic feature is appearing with opposite sign, compared
to the first feature at 530 eV.

Discussion

As mentioned above, in Fig. 1 and 2 the ferrimagnetic
behavior of HoIG is clearly observable. A sum rule
analysis of Fe3+ L2,3 edge spectra yields to a projected
spin moment for Fe 3d electrons of 0.44µB = Sz(0K).
The observed XMCD value is smaller by a factor of 2
compared to ex situ bulk measurements. We believe
that this reduction in projected moments is due to
Fe3+ hybridization with neighboring O2- ions.

We focus now on the observed temperature
dependence of our O K edge spectra (Fig. 2b). The
behavior is unusual, because a rising new feature at
536 eV is present for low temperatures. We identify
near edge spectral features to Fe3+ related magnetic
interactions and the new feature at 536 eV with
negative sign to the Ho3+ 5d band magnetization6.
This is the first time, where O K edge spectral
XMCD features could be identified to
antiferromagnetic coupling for different sub-lattices.

Comparing the shape of the Fe L2,3 XMCD spectra in Fig. 1b with bulk Fe XMCD spectra 5, an additional
strong positive (negative for 80K) feature at 709 eV is observable. Two Fe3+ sub-lattices with different
crystal symmetry and nearest neighbor coordination are present. Corresponding spectral features could be
slightly separated in energy. We could quantitatively separate those two sub lattice magnetizations by the
use of momentum analysis. This separation and the quantitative discussion of the Ho XMCD will be
published soon7.
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Figure 2: O K edge normalized spectra for room
temperature (line) and 80 K (dotted) . a) XAS b) XMCD
(From Ref. 7)
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Photoemission and X-ray emission study of the native sulfur oxidation on
Cu(In,Ga)(S,Se)2 thin film solar cell absorbers
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The investigation of the electronic and chemical structure of buried interfaces in
Cu(In,Ga)(S,Se)2-based thin film solar cells is one of the primary tasks to further improve the
already remarkably high conversion efficiencies commonly obtained with such systems (up to
18.8 % on a laboratory scale [1] and 14.7 % for large-area modules [2]). In recent publications
we were able to demonstrate that the combination of X-ray emission spectroscopy (XES) and
Photoelectron Spectroscopy (PES) is a unique tool to study the chemical and electronic
structure of buried interfaces which are particularly important for these solar cells, e.g., in
view of intermixing and impurity localization effects [3,4]. Such experiments will soon also
be viable at BESSY by utilizing a new rotatable spectroscopy apparatus (ROSA). In the
present study, we combine PES results obtained during the commissioning beamtime of
ROSA at the U41/PGM beamline in December 2000 with XES experiments performed at
beamline 8.0 of the Advanced Light Source [5] in order to shed light on the native surface
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Fig. 1: Sulfur Lα X-ray emission spectra of CdSO4,
Cu(In,Ga)(S,Se)2, and 20 nm/Cu(In,Ga)(S,Se)2 thin
films.

Fig. 2: Sulfur 2p photoemission spectra of CdSO4
and two different Cu(In,Ga)(S,Se)2 thin films.
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oxides of industrially produced CIGSSe thin film surfaces and their behavior during the
interface formation with CdS in a chemical bath deposition step.

Fig. 1 shows S Lα XES spectra for a thin CdSO4 film, both pristine (bottom spectrum)
and after 140 min of irradiation (second spectrum). These spectra were recorded to give a
reference for the CIGSSe and CdS/CIGSSe spectra (upper two spectra). While the pristine
CdSO4 spectrum is dominated by the filling of the two possible S 2p core holes by electrons
from S 3s-related states (at photon energies of about 155.6 and 156.9 eV) as well as S 3d-
related states (around 163.0 eV), we observe an X-ray induced reduction of CdSO4 towards
CdS, as evidenced in the S 3s related states at and above 148.7 eV and the Cd 4d-related
states around 152 eV. Both spectral components give a clear fingerprint spectrum indicating
the presence of CdS and/or CdSO4, respectively. These fingerprint spectra are now compared
with the spectra obtained for the CIGSSe thin film and the 20 nm CdS/CIGSSe interface. In
both cases, we find a signature of sulfur oxidation (e.g., around 156 eV), but the absence of S
3d-derived states at 163 eV reveals that the sulfur atoms are not in a distinct sulfate
environment (the broad feature at 161 eV is ascribed to Cu-S bonds). Furthermore, the
CdS/CIGSSe interface sample exhibits a reduced intensity in the sulfur oxide peaks,
indicating that the interface formation with CdS possibly reduces, but not removes, the sulfur
oxide species at the CdS/CIGSSe interface (i.e., on the former CIGSSe surface). Note that this
information is obtained "through" the 20 nm CdS top layer, as can be derived from the
presence of the CdS features in the uppermost spectrum, and from the fact that no sulfur oxide
spectral features could be found for CdS on sulfur-free CIGSe (not shown).

To gain more insight into the binding energies of the S 2p core levels of the oxidized
sulfur species, we have performed PES experiments of the CdSO4 and CIGSSe thin films
(Fig. 2). Again, we find a reduction of CdSO4 to CdS during the course of the experiments.
This enables us to recalibrate the energy scale in a very suitable way, namely to align the
main peaks (i.e., S 2p in CdS and in CIGSSe) and to compare the relative position of the
respective sulfur oxide components. As shown in Fig. 2, we find a 0.7 eV difference in
relative binding energy between sulfur in a sulfate environment and the native sulfur oxide on
the CIGSSe surface, hence corroborating the bulk-related information obtained from the XES
spectra. The observed reduction of the S 2p binding energy and the absence of S 3d-related
features in the XES spectra is in accord with the formation of SOx with x significantly smaller
than 4.

Note that suitable preparation conditions of the CIGSSe film can also lead to a
strongly reduced sulfur oxidation at the CIGSSe surface, as shown in the upper spectrum in
Fig. 2. Apparently, the oxidation behavior of industrially produced CIGSSe thin film surfaces
is very complex, and the soon-to-come availability of both experimental techniques in one
experimental chamber (ROSA) promises a deeper insight into this complex behavior. This, in
turn, will allow the investigation of some of the most puzzling questions with regards to the
optimization of CIGSSe thin film solar cells, in particular in view of the interplay between
oxygen and sodium "doping" atoms and the impact of humidity and wet chemical deposition
processes on the chemical and electronic structure of the thin film solar cell device.

We gratefully acknowledge the support of the BESSY staff, in particular of C. Jung,
M. Mast, and W. Braun, as well as funding by the BMBF within project 05 SR8OL1 2.
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XAS study of the valence electron distribution in SrMn1-xRuxO3
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The manganite oxides have received much attention due to their remarkable physical

properties such as electronic, spin- and orbital-order, colossal magnetoresistance, metal-

insulator transition, double-exchange and cooperative Jahn-Teller lattice distortion. Many of

these characteristics are connected with the doping level in the basic R1-xAxMnO3 (R3+ =

trivalent rare-earth, A2+ = divalent alkaline-earth ion) systems. RMnO3 is a typical Mott

insulator. Upon hole doping the system enters a metallic state accompanied by ferromagnetic

spin ordering through the double-exchange mechanism. Formally, replacement of R3+ by A2+

leads to increase in the Mn valence. It was shown previously that the extra charges induced by

A2+ doping for R1-xAxMnO3 have a mixed transition-metal 3d- oxygen 2p character /1/.

The purpose of this work is to explore the valence electron distribution upon replacement of

Mn4+ by the 4d transition metal Ru in SrMn1-xRuxO3. Both Mn and Ru are tetravalent in

SrMnO3 and SrRuO3, respectively, however the electronic and magnetic structure in these

mixed materials remains essentially unknown.
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We expect to answer this question using high resolution soft-x-ray absorption spectroscopy

(XAS) at the Mn-L2,3 and O-K thresholds, which is an ideal tool due to its site and symmetry

selective character. The multiplet features in the 3d TM-L2,3 XAS spectra give a fingerprint of

the 3d configuration and spin state as well as the local symmetry /2/. On the other hand the O-

K spectra are usually used to map the TM 3d-related unoccupied states, which become visible

through the strong TM3d-O2p hybridisation. The multiplet effects are less important in the O-

K spectra, therefore they are usually interpreted within the framework of a partial density of

electronic states (DOS).

Fig. 1. shows Mn-L2,3 XAS spectra of the mixed materials SrMn1-xRuxO3, with increasing Ru

contect from the bottom to the top of the figure. One can see a gradual shift of the spectra to

the lower energy and systematic changes of the multiplet features with increasing x. This low-

energy shift indicates that the Mn ion does not retain its tetravalent state, but decreases its

valence /2/. The multiplet features for x = 0.8 at the top of Fig. 1 are very similar to those of

LaMnO3, thus we can say that Mn is trivalent above x > 0.8.

Fig. 2. shows the O-K XAS spectra of SrMn1-xRuxO3 shown in the same sequence as the Mn-

L2,3 spectra. The first pre-edge peak in the O-K spectrum of SrRuO3 at the top of Fig. 2 very

sharp, and is assigned to a localized, half-filled t2g-related state (4d3). The broader spectral

feature from 531 eV to 535 eV is attributed to delocalized eg-related states. The lowest lying

spectral feature of SrMnO3 at the bottom of Fig. 2 is much broader than that in SrRuO3 due to

the high-spin state in the former, meaning that this feature represents poorly resolved eg
↑ and

t2g
↓ states. The higher energy peak in SrMnO3 is attributed to eg

↓ state, which have a small

dispersion and thus give a narrower feature as was the case with the eg-related states in

SrRuO3. For the mixed systems, the spectra consist of a superposition of the x = 0 and x = 1

spectral profiles and the detailed lineshape becomes more complicated, Nevertheless one can

still see a contribution from Mn3+O6 clusters at low x, where a new weak feature appears at

534. 2 eV (see x = 0.2), since the pre-edge peak in the O-K spectrum is known to be shifted to

lower energy with increasing valence in transition metal systems /2/. In conclusion, the

measurements presented here represent the first thorough characterisation of the valence and

spin states of the Mn in the novel SrMn1-xRuxO3 system.

We mention for completeness that measurements at the Ru-L2,3 edges (E~2840 eV, conducted

at HASYLAB) showed that the Ru valence changes from 4+ to 5+ on increasing the Mn

content. Thus in the mixed Mn/Ru system the Ru valence increases (4+→5+) and the Mn

valence decreases (4+→3+) compared to the pure end members.

1. M. Abbate et al, Phys. Rev. B, 44, 5419 (1991).

2. Z. Hu et al. Chem. Phys. Lett. 297, 321 (1998).
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N K edge EXAFS characterization of AlxGa1-xN samples.
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Group III nitrides (GaN, AlN, InN) and
their ternary alloys find applications in
optoelectronics due to their direct band gap that
covers the spectrum from orange to UV1.
Although the ternary alloys crystallize in the
hexagonal structure, as their parent compounds,
the mixing of two or three different types of
atoms in the cation sublattice would distort
locally the lattice. More specifically, Vegard's
law (according to which the lattice constants a
and c depend linearly on the composition of the
alloy), is valid in the case of diffraction
techniques such as XRD. This linearity is not valid in the case of nearest neighbor distances
(bond lengths) and thus EXAFS (which is based on scattering effects) is a proper technique to
detect deviations of the bond-lengths from the values predicted by Vegard's law.

In this report, AlxGa1-xN samples with Al composition in the range 0<x<0.5 are studied
using EXAFS. The growth conditions of the under study samples are described in Table I.
NEXAFS characterization results of the same samples has been published in the BESSY
Jahresbericht (year 1997).2 The EXAFS spectra were recorded at the SX700-I monochromator at

Table I: Growth conditions for the under
study AlxGa1-xN samples. All the samples
were grown on Al2O3 (0001) substrates.

Sample
name

x Growth
technique

Tgr (oC)

465 0.50 ECR-MBE 750
410 0.25 ECR-MBE 750
HA3 0.13 MOVPE 1050
427 0.06 ECR-MBE 750
179 0.00 ECR-MBE 600
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Table I: Fitting results of the EXAFS spectra of the AlxGa1-xN samples. Νi are the
coordination numbers, Ri the nn distances and Αi the Debye-Waller factors. ∆R is the
difference R2-R1.

Sample name 179 427 Ha3 410 465
x 0 0.06 0.13 0.25 0.50
T1 Al Al Al Al
N1 0.2 0.5 1.0 2.0
R1(Å) 1.91 1.91 1.90 1.90
A1×10-3(Å2) 2.8 1.0 4.7 4.0
T2 Ga Ga Ga Ga Ga
N2 3.1 2.9 2.8 2.6 2.0
R2 (Å) 1.94 1.94 1.93 1.92 1.91
A2×10-3(Å2) 3.7 4.0 4.4 4.7 3.1
T3 Ga' Ga' Ga' Ga'
N3 0.9 0.8 0.7 0.4
R3 (Å) 2.19 2.19 2.14 2.22
A3×10-3(Å2) 7.1 4.3 4.7 4.4
T4 N N N N N
N4 12 12 12 12 12
R4 (Å) 3.19 3.18 3.14 3.16 3.13
A4×10-3(Å2) 2.4 8.8 8.1 7.5 17.2
∆R (Å) - 0.03 0.02 0.02 0.01

BESSY-I. For the reasons detailed previously3, the spectra were recorded in the fluorescence
yield mode, using a high purity Ge detector positioned at 90o relative to the beamline. The
EXAFS spectra were normalized for the transmission function of the monochromator using the
TEY spectrum of a clean Si sample. The spectra were subjected to subtraction of the atomic
absorption using the AUTOBK4 program. After their correction for self-absorption effects5 and for
energy shifts induced by the monochromator, the spectra were fitted using the FEFFIT4 program.
The model for the fitting was constructed using the FEFF8.04 program.

The χ(k) spectra of the under study samples are shown in Fig. 1 while the corresponding
Fourier transforms are shown in Fig. 2. The experimental curve and the fitting are shown in thin
and thick solid lines, respectively. The fitting results for the 4 neighboring shells are listed in
Table II. The nearest neighbors (nn) are cation atoms while the next nearest neighbors (nnn) are
N atoms (4th subshell). The nn shell is divided in 3 subshells (paths): the 1st nn shell that consists
of Al atoms, and the 2nd nn and the 3rd nn shells that consist of Ga atoms. The splitting of the nn
Ga subshell in two shells (2nd and 3rd shell that is denoted as Ga') is not predicted by the model
but it was observed in most of the GaN samples examined up to now (about 15).6 This distortion
could be attributed to thermal and/ or inhomogeneous stress and/or the preference of N for sp2

than sp3 hybridization. This distortion has also been detected with measurements at the Ga edge
and it is verified by theoretical calculations7.

The same distortion has been detected in the AlxGa1-xN samples for x<0.50. During the
fitting the coordination numbers for the 1st and 4th shell are kept constant according to the
composition of the sample. The total number of atoms in the 1st, 2nd and 3rd nn shells (nearest
cation neighbors of N) is kept fixed to the value of 4 (the tetrahedral coordination is conserved).

According to Vegard's law the Al-N and Ga-N bonds should be of equal length, i.e. the
tetrahedron around N should be symmetric. Generally, in the case of a random alloy there will
exist five different types of tetrahedra around N: ΝGanAl4-n for n=0,…,4. From the results listed
in Table II we observe that the N-Al and N-Ga distances are not the same as expected from the
virtual crystal approximation (VCA) as it is also observed in other cases of ternary alloys 8,9,10.
Only for the sample 465 (Al0.5Ga0.5N) the bond lengths N-Al and N-Ga are almost the same and
equal to 1.90-1.91Å. This is the only AlGaN sample in which the splitting of the nn Ga shell was
not detected. The dependence of the additional Ga' path coordination number on the
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composition, is shown in Fig. 3. As in can be seen, there is a linear dependence of the ΝGa' on x

while for x≥0.5 the additional path has not been used. It can be concluded that, the
additional shell is a characteristic of the samples with high Ga concentration.

Contrary to the nn shell distances (N-cation) the nnn shell distance (N-N) obeys Vegard's
law, as it is shown in Fig. 4. The decrease of the N-N distance as the Al concentration increases
could be explained if we take into account that the tetrahedra around Al (AlN4) are smaller than
the tetrahedra around Ga (GaN4). This is verified by the results of the nn shell: the N-Ga and N-
Al distances are not equal and tend to keep the values they have in the pure GaN and AlN
compounds, respectively. As the Al concentration increases, the concentration of the smaller
AlN4 tetrahedra increases and thus the average N-N distance (which is the edge of the Al(Ga)N4
tetrahedra) decreases.

In conclusion, EXAFS measurements on AlxGa1-xN samples show that the chemical
bonding character of the Al-N and Ga-N bonds dominates Vegard's law. For the samples with
0<x<0.5 the Ga nn subshell is splitted in two as it is also observed in pure GaN samples. Finally,
contrary to the nn shell distances, the nnn shell distance (N-N) obeys Vegard's law due to the
averaging nature of the EXAFS technique.
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Fig. 1:
Self-normalzed [7] EDCs from the antinodal point of
Pb/Bi-2212 as a function of T. TC  is marked with an
arrow.
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(Pb,Bi)2Sr2CaCu2O8+δδδδ

S. Legner, S. V. Borisenko, M. Knupfer, M. S. Golden, J. Fink
Institute for Solid State Research, IFW Dresden

L. Forró, H. Berger
Institut de Physique Appliquée, Ecole Polytechnique Féderale de Lausanne, Switzerland

C. Janowitz, R. Müller
Institut für Physik der Humboldt-Universität, Berlin

R. Follath
BESSY GmbH, Berlin

Angle-resolved photoemission spectroscopy (ARPES) has provided important insights into
the electronic structure of the high temperature superconductor (HTSC) Bi2Sr2CaCu2O8-δ (Bi-
2212), such as the topology of the Fermi surface in the normal state [1] or the d-wave-
symmetry of superconducting phase [2]. Below the critical temperature, TC, the Fermi surface

remains unchanged along the nodal
direction of the superconducting gap,
which is the Γ-X direction of the
Brillouin zone [3], whereas it takes its
maximal value at the so-called
antinodal (or A) point - the k-point of
the normal state Fermi surface
nearest to the M-point.
The investigation of k-space regions
around the M and A points using
ARPES is currently a hot topic and
conflicting interpretations have been
offered to explain the observed
temperature and doping dependence
of the sharp peak observed in the
spectra [4,5]. One interpretation is
based upon a sharp increase in the
scattering rate on going through Tc
starting from lower temperatures [6].
The 'exotic' alternative interpretation
[5] is that the spectral weight of the
sharp peak tracks the superfluid
density, ns, a quantity not formally
accessible in the one particle
excitation spectrum.  In all cases, the
physical conclusion depends
sensitively upon the details of the
doping and temperature dependence
of the width and the weight of the
sharp feature seen in this area of k-
space at low temperatures. As we
have pointed out before [1], the

interpretation of ARPES spectra of
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Fig. 2:
FWHM and superconducting peak ratio (spectral weight of the peak divided by the total spectral
weight) extracted from the dataset shown in Fig. 1.

pure Bi2212 is hampered by diffraction replicas due to the Bi-O plane modulation, thus
making Pb-doped Bi2212 (Pb/Bi-2212) - which does not exhibit this incommmensurate
modulation - ideal for such experiments. The ARPES experiments were carried out at the
U125/1-PGM beamline at BESSY using the Verbund05's ARPES system [8], consisting of a
goniometer-mounted analyser with an angular resolution of 1° and an overall energy
resolution of 13 meV. High-quality single crystals of lightly overdoped (TC=89K) Pb/Bi-2212
were cleaved in-situ to give mirror-like surfaces.

In Figure 1 we show a series of self-normalized [7] EDCs taken at the A point in k-space over
a broad range of temperatures from deep in the superconducting phase to well above the
phase transition. The FWHM of the sharp feature seen at lowest temperatures is 22 meV,
which represents the narrowest feature seen to date in the ARPES spectra of the HTSC
around the A point.

An analysis of the data of Fig. 1 reveals that as the temperature is raised from low to high:
(i) the spectral weight of the peak steadily decreases
(ii) the FWHM of the peak increases
(iii) the BE position of the peak decreases such that it lies exactly at EF for T=Tc.

Dealing firstly with the last point, this shift of the peak away from EF for T<Tc is clearly related
to the opening of the superconducting gap on the Fermi surface of this system. The maximal
BE for T=18K is some 20 meV. Symmetrisation of the spectra (not shown) indicate without a
doubt that the gap closes at Tc, in keeping with the overdoped nature of the sample.

Fig. 2 shows the results of a quantitative analysis of the FWHM and the area of the peak as a
function of temperature. The  EDC's were fitted following a procedure described in Ref. [4]
and the so-called superconducting peak ratio (or SPR: this is the ratio of the weight of the
peak to the total spectral weight of the EDC after a background subtraction) was used as a
measure of the spectral weight of the sharp feature.

Striking is that neither of the quantities shows a discontinuity or very strong change in the T-
dependent behaviour at Tc. The FWHM does appear to increase slightly faster with
increasing temperature above Tc, although this change in slope is only just out of the error
bars (which get quite sizable at higher T as the intensity of the peak gets very low).

If one takes the presence of this sharp peak to signal the presence of paired electrons, then
this shows that phase coherence survives in this system until about 120K, a temperature
roughly in keeping with the results of other methods. The superfluid density, however, should
disappear at Tc (the system is simply no longer superconducting). This is seen, for example
in µSR and microwave penetration depth data, but not in the ARPES data. Thus the roughly
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linear decay in the SPR observed here with increasing temperature - which is very different
indeed to what is seen in classical probes of the superfluid density - would argue against this
feature in the single particle excitation spectrum being somehow related to the collective
quantity ns.

In any case, the absence of a strong 'Tc' signature in either the intensity or width of the sharp
structure argues irrefutably against the proposition that there are only quasiparticle
excitations in the HTSC for T<Tc [9].

A more detailed picture of the behaviour of the sharp peak in this region of k-space should
result from our planned systematic study of the temperature and doping dependence of this
structure in Pb-doped BSCCO samples. Crucially, it is vital in this question to compare data
from the M (not on the Fermi surface) and the A points (on the Fermi surface) in the analysis
of the data, a point which has been overseen to date.
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Introduction:
Conducting polymers experience a growing interest in applications of organic electronics [1].
The possibility to construct organic field effect transistors (OFET) was already demonstrated
[2], [3]. The scientific interest originally was based on the nature of the charge carriers [4]. It
is established that the electrical and magnetic properties are associated with polarons and
bipolarons [5]. However, the atomic parentage is still discussed controversially [1]. Especially
the role of heteroatoms in polymerized cyclic monomers is of interest.
In this work we observe the atomistic contribution of the heteroatom sulphur to the valence
band states of regioregular Poly(3-Hexylthiophene)-2,5-diyl (P3HT). This material is used as
semiconductor in organic diodes [6] and organic field effect transistors [7], [8]. We record
energy distribution curves (EDC) of the valence band at different photon energies across the
S-L and C-K absorption edges using a hemispherical electron spectrometer (Omicron EA125)
[10] at the BESSY-II undulator beamline U49/2-PGM2.
Poly(3-Hexylthiophene)-2,5-diyl was dissolved in fresh distilled dry chloroform and stirred
under argon athmosphere for 14 days. 15µl of P3HT solution were spin-coated on cleaned
stainless steel (Goodfellow 1.4401) substrates at 2000 rpm. The thickness of the films was
chosen to be sufficient to mask the signal from the substrate while avoiding charging effect

problems. The produced films were
transfered under argon athmosphere
into the vacuum system. After
pumping solvent residues for half an
hour the investigation began at a
pressure of 9 x 10-9 mbar.

Results and Discussion:
In Figure 1 we show the valence band
spectrum of a P3HT-film at a photon
energy of 160eV. Assuming an
intrinsic semiconductor with a band
gap of 2.3eV we find valence band
structures at binding energies of
-20.45eV (A), -15.45eV (B), -11.85eV

(C), -7.25eV (D), -4.75eV (E), and -2.85eV (F). These values are in good agreement with the
literature [11]. Signal C and D are explained as originating from the polymer backbone and
hexyl side chain carbon σ-bonds [12]. Signal E is interpreted as to arise from pure π-character
S3p contribution. Signal F is due to C2p highest-occupied electronic states [11]. In Figure 2
we show valence band spectra excited in the photon energy range of the C1s absorption edge
as contour plot. We find the π*-resonance at a photon energy of 285eV and the σ*-resonance
at 293eV. Unfortunatelly the intensity of the second order photon energy is not negligible.
Therefore we observe a peak moving to higher positive binding energies upon increasing the
photon energy. The origin of the carbon KVV-Auger signal determined by extrapolation to the
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Figure 1: Valence band spectrum of P3HT at
hν=160eV



π*-resonance appears to be at a binding energy of -22.6eV. Due to the appearance of the
carbon KLL-/KVV-Auger signal the range of valence band analysis is restricted to binding
energies between -15eV and Fermi level. In this range we do not find resonances, but the
intensity (I/I0) of the valence band structure D is reduced to a third when the photon energy is
tuned above 287eV. This is in contrast to the behaviour at the S2p absorption edge.

In conclusion we cannot assign single valence band structures with the heteroring atom. In
fact, this is an indication that all valence band states are delocalized over several thiophene
rings. Surprisingly this behaviour was not expected for the valence band signal E when the
photon energy is tuned to the sulphur absorption edge.
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Introduction:
Near edge X-ray absorption fine structure (NEXAFS) is a well established synchrotron
radiation spectroscopy method [1]. Recently, we installed this method at the undulator
beamline U49/2-PGM2 and used Polypyrrole-Tosylate as test system. Polypyrrole, a
conductive polymer is used in applications like corrosion protection [2], sensor devices [3],
[4], microactuators [5], and as active layer in organic field effect transistors [6]. Tosylate

doped polypyrrole was already
studied by photoemission spectros-
copy [7], [8] and photoabsorption
spectroscopy [9], [10]. The
conduction mechanism was already
discussed [11], [12].
In this work we present X-ray
absorption spectra (XAS) utilizing a
photoemission electron microscope
(PEEM) [9] operated at the BESSY
undulator beamline U49/2-PGM2.
This beamline was operated at
Cff=3.0 with a pinhole of
1mm x 0.4mm and a slit width of
20µm. The undulator gap was
simultaneously changed with the
monochromator settings to obtain
an almost constant photon flux. All
spectra were devided by separately
recorded reference spectra of a fresh
prepared gold film on Si(100).
The Polypyrrole-Tosylate (Popy)
films were prepared electro-
chemically as described elsewhere
[9]. After the electrolysis the
samples were rinsed several times
with acetonitrile, and immediately
locked into the vacuum. After
pumping solvent residues for one
hour the investigation began at a
pressure of 2 x 10-8 mbar.

Results and Discussion:
Figure 1 shows the Sulphur 2p
absorption edge. We find two main
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Figure 1: X-ray absorption spectra at the S2p edge of
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Figure 2: X-ray absorption spectra at the C1s edge of
polypyrrole tosylate



signals at photon energies of 172.3eV (A) and 181.2eV (B) which are already known [9], [12].
Based on the literature [13] we assign signal A as 2p1/2→3b1π* transition. The lower energies
side of signal A exhibits a shoulder at 170.9eV (C) and a clearly resolved peak signal at
169.4eV (D). We assign signal (C) to result from 2p3/2→3b1π* transitions [13].
In Figure 2 we present the Carbon 1s absorption signal. The π*-resonance is found at a photon

energy of 285.2eV. The low energy
side of the π*-signal exhibits a
signal at 283.4eV which is due to
the unoccupied states of bipolaron
character [12]. The high energy side
shows a peak at 286.3eV which
results from a σ*(C-S) resonance.
The signal at 291.9eV photon
energy is interpreted as σ*(C-C)
resonance.
Figure 3 shows the Nitrogen
absorption edge of polypyrrole
tosylate. Here we find the
π*-resonance at 400.7eV photon
energy and the σ*-resonance at
405.7eV. This is in good agreement
with the literature [14]. Remarkable

is the clearly discernible shoulder at the low photon energy side of the π*-resonance, which is
found at 399.5eV. We interpret this signal to appear from the unoccupied part of bipolaron
states which correspond to the main charge carriers in polypyrrole [12].
In conclusion we have demonstrated that near edge x-ray absorption spectroscopy is possible
with an undulator beamline. We obtained a high energy resolution and could resolve detailed
absorption structures in the S2p-, C1s-, and N1s-ranges. However, at present we have no
explanation for a few signals found in the Carbon absorption spectra. In future we have to rule
out beamline instabilities and computer communication problems in order to improve the
signal to noise ratio and to come to more reasonable data aquisition times.
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Spin-resolved photoelectron spectroscopy from paramagnetic Gd at the 4d →→→→ 4f
resonance using circularly polarized radiation, a cross comparison with MCD
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a Universität Bielefeld, Fakultät für Physik, D-33501 Bielefeld, Germany
b BESSY GmbH, Albert-Einstein-Strasse 15, D-12489 Berlin, Germany

Atomic theory in electric dipole approximation claims that the (magnetic) circular dichroism (MCD)
in photoabsorption and the circular dichroism in the photoelectron angular distribution (CDAD) for
free polarized individual atoms are both directly correlated to the spin polarization of photoelectrons
from unpolarized atoms excited by circularly polarized radiation [1]. This theory does not involve the
case of resonant photoemission in which two emission channels, the direct emission into the
continuum and the emission via the super Coster-Kronig decay of an excited core-hole state, are
coherently superposed. In the case of the 4d → 4f resonance in Gd [2], the direct channel is the 4f-
photo ionization

(4d104f 7) 8S7/2 → (4d104f 6) 7FJ + εe
and the indirect autoionizing channel the sequence of transitions

(4d104f 7) 8S7/2 → (4d94f 8) X → (4d104f 6) 7FJ + εe-.
The strong localization of the 4f-electrons in Gd-metal favors an atomic-like treatment of the
resonance. As effects of electron spin and spin-orbit interaction are involved in the direct emission and
especially in the indirect emission [2,3], it is interesting to study the 4d → 4f resonance in a spin-
resolved photoemission experiment at paramagnetic Gd-metal using circularly polarized radiation and
to compare the results with the extensive MCD-studies being performed at this system [3].
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Fig. 1:  Upper panel: N4,5 x-ray absorp-
tion total-yield spectra measured in
the 4d  →  4f excitation region at
(a) paramagnetic and (b) ferromagnetic
Gd(0001)/W(110). The spin-independent
spectrum (b) is derived by averaging
total-yield spectra measured by Starke et
al. [3] using σ+- and σ−-radiation. The
arrows mark the photon energies used for
our spin-resolved measurements (see
Fig. 2). The assignments of the total
angular momentum character of the
excited (4d94f8) configurations X showing
up as absorption peaks are taken in
according to Ref. [3]. The photon-energy
scale of spectrum (a) is fitted to the one of
spectrum (b).
Lower panel: electron spin polarization
(diamond) in the main 4f-emission peak
(7F) at paramagnetic Gd(0001)/W(110)
(see Fig. 2) compared with the MCD-
asymmetry in absorption derived from
data of Starke et al. [3]. The scale of the
MCD-asymmetry is inverted to compen-
sate for the different sign. A positive spin
polarization corresponds to a preferential
spin direction parallel to the photon spin,
a negative MCD-asymmetry to a preferen-
tial absorption for magnetization
antiparallel to the photon spin. The
statistical error of the spin polarization is
smaller than the height of the symbols.
The polarization scale contains a calibra-
tion uncertainty of ± 15%.
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Fig. 2:  Spin-resolved spectra of the main 4f-photoemission peak (7F) measured with circularly
polarized radiation at paramagnetic Gd(0001)/W(110). The photon energies used are marked by
arrows in Fig. 1. The measurement at hν = 130 eV is performed off-resonance. Displayed are the
partial intensities I + , I − of the electrons with spin parallel and antiparallel to the photon spin, respec-
tively. The spin polarization given in Fig. 1 is connected to the partial intensities used here by
P = ( I + − I −)/( I + + I −). All spectra are corrected for a spectrometer background distorting the low
energy tail of sharp lines.

We have performed such spin-resolved measurements at paramagnetic Gd-metal using circularly
polarized radiation from the helical undulator beamline UE 56/1-PGM. In our experimental setup the
incoming circularly polarized radiation hits the target at normal incidence. Electrons emitted along the
direction of the surface normal are analyzed with respect to their energy and their spin polarization by
a 90° spherical-field spectrometer (mean radius 84 mm) followed by a spherical-field Mott-
polarimeter. Clean epitaxial Gd(0001) films were grown by evaporating Gd onto a W(110) crystal.
After annealing (5 min. at about 500°C) the films showed the sharp hexagonal LEED pattern of
Gd(0001). In measuring the Gd layer was held at room temperature, i.e. above the Curie temperature
Tc = 294(± 1) K [4,5].

The upper panel of Fig. 1 shows a N4,5 x-ray absorption total-yield spectrum (a) measured at
paramagnetic Gd(0001)/W(110) in the 4d → 4f excitation region using circularly polarized radiation at
normal incidence, and a corresponding spin-independent total-yield spectrum (b) for ferromagnetic
Gd(0001)/W(110) derived from MCD data measured by Starke et al. using a 15° grazing-incidence
geometry with the in-layer component of the photon spin parallel and antiparallel to the in-plane
magnetization of the layer [3]. The arrows mark the energies of the circularly polarized radiation used
for the spin-resolved measurements displayed in Fig. 2. These energies are preferentially chosen at
peak structures appearing in the absorption spectrum. Following Ref. [3] the main absorption peaks are
assigned by the LS angular momenta of the dominant part of the mixed (4d94f8)-configurations X
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reached in the excitation from the (4d104f 7)  8S7/2 ground state of the Gd3+-ions in the Gd metal. The
photon-energy scale of our spectrum (a) is fitted to the one of spectrum (b) [6].

In the lower panel of Fig. 1 the electron spin polarizations measured in the main 4f photoemission
peak (4d10 4f 6) 7F at paramagnetic Gd(0001)/W(110) (see Fig. 2) are compared with the MCD-
asymmetry in absorption derived from data from Starke et al. [3] for ferromagnetic Gd. The spin
polarization points are revealed by averaging the data at the top of the 4f-peaks in the spin-separated
4f-photoelectron spectra displayed in Fig. 2. It is conspicuous that the general spectral dependence of
the spin polarization and the MCD asymmetry including sign change coincide, some minor
discrepancies remain, however. A proportionality of the two effects has already been theoretically
predicted for the giant resonance in Gd on the basis of LS-coupling, which does not contain the pre-
edge absorption [7].

The spin polarization measured in the (4d10 4f 6) 7F emission peaks (see in Fig. 2) is connected to
preferential participator emission processes (autoionization). Therefore after the primary resonant
transition (4d104f 7) 8S7/2 → (4d94f 8) X, the two 4f-electrons participating at the super-Coster-Kronig
(sCK) decay (4d9 4f 8) X → (4d104f 6) 7FJ are coupled to a singlet, and the spin polarization of the
indirect excited outgoing electron partial wave reflects the spin polarization of the involved 4d core-
hole. But besides this sCK part the resonant emission process studied here contains the direct
photoemission 4f → εg, εd as the second coherently superposed part. The spin-resolved off-resonance
photoemission spectrum measured at the photon energy 130 eV (see Fig. 2 top row left) reveals a spin
polarization of only + 4.2 (±1.0) %. This positive spin polarization parallel to the photon spin proves
the direct transition to be preferentially of type 4f → εg as theoretically derived by van der Laan et
al. [7], and is a measure of the spin polarization of the direct excited partial wave in the resonant
4d → 4f emission process. Therefore the significantly larger spin polarization effects found in the pre-
edge region, i.e. for photon energies of 138 − 144 eV, are mainly determined by the indirect emission
process and therefore by the spin polarization of the 4d core-holes within the excited (4d94f 8)
configurations X. The identical (non spin-dependent) total-yield absorption-spectra displayed in Fig. 1
demonstrate the excitation step to be identically involved in the MCD in photoabsorption at
ferromagnetic Gd and in the spin-resolved photoemission at paramagnetic Gd. The excitation in both
processes is determined by the relativistic dipole-selection rules for the spin-orbit coupled initial and
final states. Hence spin-orbit coupling substantially determines the similarities between the electron
spin polarization measured at paramagnetic systems and the MCD asymmetry measured at
magnetically ordered systems, as already predicted by atomic theory for non-resonant absorption and
emission processes [1].
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Fermi surface of n=3-Bi2Sr2Ca2Cu3O10+δδδδ - single crystals

R. Müller, M. Schneider, C. Janowitz, R.-St. Unger, A. Krapf, H. Dwelk, R. Manzke
Humboldt-Universität zu Berlin, Institut für Physik, Invalidenstraße 110, 10115 Berlin

Angle-resolved photoemission spectroscopy (ARPES) is a powerful tool to resolve open
questions about the electronic structure of the cuprate superconductors. Since our
photoemission knowledge on high-Tc’s is established to a great extend on the two and
somewhat fewer one layer material this investigation deals with three layer material
Bi2Sr2Ca2Cu3O10+δ. To obtain the universal properties of this class of materials a number of
investigations such as on the Fermi surface topology defined by the CuO2 derived band
crossing EF were performed. The Fermi surface (FS) topology of Bi-based cuprates, which has
so far been accepted to be a hole-like pocket centred around the Brillouin zone corners (X,Y-
points) [1] has been challenged by a new study [2] on BSCCO with two CuO2 -layers per unit
cell. These authors report a different Fermi surface topology with a large electron pocket
centred on the Γ-point, when measured with higher photon energies (hν=32-33 eV). Several
groups used Fermi-surface-mapping with the light of a He lamp [3,4] and synchrotron
radiation [4-6] to show that the Fermi surface for one and two layer material is still hole like.
The aim of the present study is to show that there are strong indications for a universal
characteristic of all Bi-cuprates: the hole-like Fermi surface.
The crystal structure of Bi-2223 is almost identical to the well-known Bi-2212 and Bi-2201
systems, except for the three instead of two or one CuO2 planes per unit cell. The growth of
Bi-2223 single crystals has been reported Matsubara et al. [7]. We have obtained Bi-2223
single crystals by a conversion of Bi-2112 single-phase crystals through high temperature
annealing in a powder of composition Bi2Sr2Ca4Cu6Pb0.5Oy. The details of the growth of the
crystals will be described elsewhere [8]. The samples were rectangular shaped with the long
side along the crystallographic a-axis, as confirmed by Laue-diffraction and in situ LEED, and
have a typical size of (0.5×0.8) mm2. Characterization of the crystals was performed by EDX
and AC-susceptibility measurements. In contrast to previous Tc investigations the
superconducting transition occurs in one step, indicating a full conversion of the Bi-2112
phase to the Bi-2223 phase [9]. Tc was 108 K, and ∆Tc=3-4K.
The ARPES spectra presented here were recorded at BESSY at the U125-PGM beamline with
the new high-resolution photoemission station HIRE-PES [10]. The temperature of the sample
was T=120 K and the overall energy resolution was 35 meV.
On two well-characterized Bi2Sr2Ca2Cu3O10+δ -single crystals several ARPES cuts along high
symmetry lines were taken in the normal conducting state (T=120 K). The Fermi surface was
obtained from the bands crossings the Fermi energy by taking the k-values were the midpoint
of the leading edge has the largest energy. In Figure 1 (right panel) these crossing points (open
circles) are depicted together with the theoretical Fermi surface as given by Ding et al. [1].
The thick curves in the right panel stem from a crossing of the main CuO2 band (main FS).
The thin curves result from a umklapp of the main band by the reciprocal superlattice (SL)
vector associated with the reconstruction of the BiO planes in ΓY direction. Figure 1 (left
panel) shows an EDC series along ΓM. We see the dispersion of a flat band near M, also
reported for n=1 and n=2 material before [10,11], due to an extended saddle point located
close to the Fermi level. This agrees with photoemission data from n=1 and n=2 cuprates,
which reveals a striking correspondence between the position of the Fermi level relative to the
saddle-point singularity and their normal state properties. Along ΓM no Fermi surface
crossing is observable. Taking all measured Fermi level crossings and the flat band behaviour
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along ΓM together with Fermi surface crossings from recent measurements of our group along
ΓY [12] (filled circles in Figure 1) into account a Fermi surface similar to that found for the
other phases [1,3-6] is also valid for the n=3 samples. Therefore, it can be argued that the
hole-like Fermi surface is a universal characteristic of all Bi-cuprates.

Figure 1. High resolution ARPES series of Bi2Sr2Ca2Cu3O10+δ in the normal conducting state
(T=120 K). Shown is the dispersion direction ΓM (left panel). Right panel: comparison of the
theoretical FS [1] and experimental (filled circles: hν=18eV [12], open circles: hν=21eV [13])
FS crossing points.
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X-ray absorption studies on Bi-based superconductors

M. Schneider, R. Müller, R. Mitdank, R.-St. Unger, A. Krapf, C. Janowitz, R. Manzke
Humboldt-Universität zu Berlin, Institut für Physik, Invalidenstraße 110, 10115 Berlin

In the cuprates the electronic states near the Fermi energy EF, which are involved in the low lying
excitations leading to superconductivity, are mainly due to holes in the CuO2 planes. Over the last
years, soft x-ray-absorption spectroscopy (XAS) has been utilized to obtain information about
unoccupied states at both the O and Cu sites. In particular, polarization-dependent x-ray absorption
measurements provided detailed information of their symmetry and orbital character. Here we report
the current status of our investigations on the electronic structure of the bismuth-based cuprates by x-
ray absorption spectroscopy.
The aim of the investigations is twofold: First, the Bi-system with varying number of CuO2 planes
offers the opportunity to study 3D coupling effects. Even though the electronic structure in all these
compounds is highly two-dimensional, there is an enormous difference in the transition temperature
depending on the number of CuO2 layers. Second, we are interested in the influences of doping on the
number of holes, TC, and the electronic structure of the Bi-based cuprates.
The single crystals were grown out of the stoichiometric melt. The details of the growth of the crystals
and characterization will be described elsewhere [1]. In the last period we prepared several series:
Optimal doped crystals of the BiSCCO-family with one to three CuO2 planes per unit cell with Tc of
29K, 90K, 110K, resp., (see also [2-5]) and doped single crystals of n=1-3 where part of the Sr2+ is
replaced by La3+.
The x-ray absorption measurements have been carried out in the fluorescence mode at the VLS-PGM
beamline. The overall energy resolution at the O 1s absorption edge was 0.3 eV, the sample
temperature was 300 K. The fluorescence light was detected at an angle of 0° (E||a,b) and 85 ° (E||c)
with respect to the photonbeam using a Ge detector. The vacuum in the chamber was better than 10-9

mbar during the measurements.
In Fig. 1 the O 1s absorption spectrum of optimally doped n=1 Bi2Sr2-x LaxCuO6+δ is shown for two
polarization geometries. For E||a (normal incidence) the electrical field vector of the synchrotron
radiation lies within the sample plane aligned parallel to the crystallographic a axis and for E||c
(grazing incidence) E is about 85% parallel to the surface normal. The edge of the single-layer
material is compared to the double-layer and triple-layer material, which have been published
previously by our group [6]. All samples were optimally doped (i.e. reveal maximum Tc). A single
prepeak at 528.7 eV can be seen in the normal incidence spectra of all three systems, corresponding to
O 1s � O 2p transitions. Neglecting excitonic effects, one can conclude that oxygen-derived 2p final
states are located at the Fermi level. They have the well-known x,y-symmetry due to the polarization
dependence shown in Fig. 1 and may be viewed as empty states in a heavily p-doped O 2p-like
valence band. The main onset in the absorption at 530 eV photon energy corresponds to antibonding O
2p states.
The intensities of the prepeaks increase within experimental uncertainty linearly with n, the number of
Cu-O layers per unit cell. Thus it is found that Tc is not proportional to n (see above) and also not
proportional to the height or intensity of the prepeak. It has been therefore often argued that the
intensities of the prepeak should dependent on the density of doped holes in the Cu-O planes.
However, from additional results not shown here we cannot confirm this explanation. Measuring with
XAS a series of Bi2Sr2-xLaxCuO6+δ, where with La the hole concentration can be varied continuously
from the under-doping to the over-doping regime, the spectral weight of the pre-peak scales
unexpectedly with Tc and not with the hole density in the Cu-O planes. The interpretation of these new
results is in preparation [7].
In Fig. 2 we present first results of a La doped n=2 system Bi2Sr2-xLaxCaCuO8+δ. Here the intensity of
the pre-peak is highest for very low La doping (x=0.03, Tc=90K). With increasing La content both, the
height of the pre-peak and the transition temperature decrease. This is in agreement with the behavior
of  hole under-doped samples of the n=1 system discussed above.
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Fig. 1. X-ray absorption spectrum (XAS) of the O 1s prepeak of Bi2Sr2-x LaxCuO6+δ at optimal doping (x=0.4)
compared to Bi-2212 and Bi-2223 [7] for two polarization geometries. The spectra are normalized at 600 eV
photon energy.

Fig. 2. X-ray absorption spectra (XAS) of the O 1s prepeak of Bi2Sr2-xLaxCaCuO8+δ for various doping levels
(x=0.03, 0.12, 0.34, 0.46) for E||a,b . The Tc of the samples scales from 90K (x=0.03) down to 6K (x=0.43). The
spectra are normalized at 600 eV photon energy.
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RESONANT PHOTOEMISSION SPECTROSCOPY OF THE VERWEY
TRANSITION IN MAGNETITE

D. Schrupp1, M. Sing1, U. Schwingenschlögl1, S. Klimm1, V.A.M. Brabers2 and R. Claessen1

1Experimentalphysik II, Universität Augsburg
2Department of Applied Physics, Technical University Eindhoven

Magnetite, Fe3O4 is a mixed valent 3d transition metal
compound, which has been intensively studied since
the discovery of a first order transition1 at TV =121.5
K, the so called Verwey transition, reflected in the
resistivity by an increase by two orders of magnitude
(see Fig. 1).

Fig. 1: Electrical resistivity of magnetite (sample used
for measurements at BESSY II)
Fe3O4 forms in the inverse spinel structure, in which
trivalent Fe ions occupy the so-called A-sites which
are tetrahedrally coordinated by four oxygen ions,
while the rest of the Fe ions (Fe2+, Fe3+) on the so-
called B-sites are surrounded octahedrally by six
oxygen ions.
The divalent and trivalent Fe ions have t3

2g↑t2g↓e2
g↑

(S=2) and t3
2g↑e2

g↑ (S=5/2) configurations,
respectively. Above TV, hopping of electrons from the
Fe2+ to the Fe3+ ions on the B-site results in a rather
good electrical conductivity. Verwey2 interpreted the
change in conductivity as an disorder-order transition
(going from higher to lower temperatures) on the B-
sites. Anderson3, Ihle and Lorenz4 pointed out the
importance of short-range order (SRO) since the total
charge within a tetrahedral unit consisting out of two
Fe2+ and two Fe3+ ions has to be conserved.
Due to the semiconductor-like behavior of the
resistivity above TV  (see Fig. 1) one might argue that
due to the SRO which is maintained through the
transition a gap opens at the Fermi energy. This gap is
seen in the optical conductivity as derived from
reflectivity measurements by Park et al.5 whereas
Shepherd et al.6 did not find evidence for SRO in
measurements of the specific heat.
Contradictory results were obtained by measurements
using photoelectron spectroscopy  (PES). There was
claimed evidence both for a gap closing above TV 

7 and
a scenario where the gap persists through the Verwey

transition8, respectively. For the PES study of Ref. 7
the HeIα photons (hν=21.22 eV) of a discharge lamp
were used. Since the radiation was not
monochromatized the spectra may show a weak
emission at µ due to the HeIβ- and HeIγ-satellites at
hν=23.09eV and 23.75eV, respectively. Interfering
emission due to these lines is normally negligible.
However, in magnetite there is intense emission
around 2 eV below EF.
Our measurements at BESSY II are first steps to
achieve a microscopic understanding of the Verwey
transition. The UPS experiments were carried out
using an OMICRON AR65-spectrometer at the
U125/1-PGM-beamline. Since magnetite has no
natural cleavage planes the single crystals of Fe3O4
were broken in situ resulting in rough, non-uniform
surfaces. Therefore all spectra correspond to some
kind of angle integrated averaged signal. Fig. 2 shows
the valence-band spectrum taken with hv=55.5eV and
41meV resolution above (122.3K) and below (90K)
the transition temperature. As one can see in Fig. 2,
there is a gap at the Fermi edge (T=89.8K), which is
maintained through the Verwey transition (T=122K).
These measurements are in accordance with those
recorded by Park et al.8

Fig. 2: Valence-band PES of Fe3O4 at T<89 K (open
circles) and T>122 K (closed circles)

To enhance the photoemission signal of the Fe 3d
derived states at EF, we also performed resonant
photoemission spectroscopy (ResPES). The photon
energy was tuned in 0.5eV steps over the range of 50-
60eV which includes the Fe 3p�3d excitation
threshold at 58eV where strong resonant
photoemission is observed.
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Fig. 3: Normal-emission spectra taken with different
photon energies from 50 eV to 60 eV in 0.5 eV steps to
find the threshold of the resonant 3p – 3d excitation.
The arrows are indicating the M23M45M45 Auger
emission.

The intensity of the spectra in Fig. 3 is normalized to
the photon flux recorded by the drain current of the
Au-coated refocussing mirror of the beamline but is
not corrected for quantum efficiency9.
For iron oxides and other late transition-metal oxides
it is generally believed that the 3p�3d exitations are
quite localized and involve only 3d-derived states.
This opens the possibility to seperate the O 2p from
the Fe 3d contributions by taking the difference
between the spectra recorded above (on) and below
(off) the resonance.10  Fujimori et al.11 have observed
that the on and off resonance photon energies depend
on the valency of the Fe ions.

Fig. 4: Difference spectrum of valence-band PES in
order to derive a separation of Fe3+ and Fe2+ features

By taking a 57 – 54 eV difference spectrum, the
emission from the Fe2+ cations tends to be enhanced
whereas in the range of  55–58 eV the signal from the
Fe3+ ions appear more dominant in the spectrum (see
Fig. 4).
Although we could demonstrate by our first promising
measurements that our single crystals are of good
quality and basically show the salient features also
seen in the literature due to the rough, somewhat
undefined surfaces additional care has to be taken

regarding surface preparation in order to perform
angle resolved measurements e.g. of the (100)-plane.
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Ligand effect on Fe 2p core excitations in iron compounds
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The nature of the electronic structure
and chemical bonding in iron compounds as
well as of other 3d transition metal
compounds is of fundamental and
technological interest. These compounds
have many peculiar properties which are
strongly determined by the partly filled 3d
shell. In its turn, the configuration of the 3d
valence states in these compounds is
influenced by the oxidation state as well as
by the local environment (symmetry, nature
of the ligand, and metal-ligand distances).
This configuration is best probed in an X-ray
absorption experiment by excitation of metal
2p core electrons to unfilled electronic
states: in this case the dipole-allowed
transitions are 2p→3d and 2p→4s, but
transitions to 3d states dominate by a factor
>10÷20 over transitions to 4s states [1].
Owing to this, previously Fe 2p absorption
spectra of iron compounds, oxides and
complexes, were repeatedly measured
mainly in relation to effects of X-ray
magnetic dichroism and spin transition [2].
At the same time the role of the chemical
bond effects such as the Fe3d – ligand 2p
mixing (hybridization) in iron 2p absorption
is still not clearly understood. As a result, Fe
2p excitations are mainly treated in various
ionic multiplet approaches [3] neglecting the
effect of hybridization completely or taking
it into account in part and implicitly. In this
paper we present high-resolution Fe 2p
absorption spectra of various Fe (II) and Fe
(III) compounds with the metal atom
coordinated octahedrally (or nearly
octahedrally) to ligands (F, O, S, CN)
expecting changes in the absorption spectra
due to differences in the formal valence state
and in the character of the chemical bond.

The X-ray absorption measurements
on iron compounds were performed at the
VLS-PGM beam-line at BESSY II in the

total electron yield detection mode. All the
samples were in powder form. The estimated
resolution at the Fe 2p edge (~710 eV) was
better than 0.4 eV. The spectra were
normalized monitoring the incident photon
flux by means of the total electron yield of a
gold grid. The photon energy was calibrated
using the known positions of two first small
peaks, 683.9 eV and 686.5 eV, in the F 1s
absorption spectrum of K2TiF6 [4], which
was recorded simultaneously with the Fe 2p
spectrum. This calibration allows us to
compare energy positions of structures in
different iron spectra directly with an
accuracy of 0.1 eV.

Figures 1 and 2 show the measured
Fe 2p absorption spectra for the studied Fe
(II) and Fe (III) compounds. In order to
enable a comparison of the spectral features,
the relative intensities of the spectra have
been normalized to the same continuum
jump at the photon energy of 735 eV, after
subtraction of a sloping background which
was extrapolated from the linear region
below the Fe 2p absorption onset. For the
present discussion it is sufficient to consider
only the Fe 2p3/2 spectra.

Examining the series of Fe 2p3/2
absorption spectra of Fe (II) compounds
(Fig. 1) one can see that the spectra of FeF2,
FeS, and FeO have the similar absorption
band with the double-peaked structure A-B
which is shifted sequentially to a lower
photon energy: the main peak B is at the
energy of 709.91 eV, 709.69 eV and 709.31
eV, respectively. The free iron atom has the
electronic configuration [Ar]3d64s2.
Therefore, this low-energy shift of the
absorption band A-B associated with the
transitions of Fe 2p electrons to empty 3d
electronic states reflects a growing screening
of the initial and final states of these
absorption transitions by the increasing 4s
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valence electron charge along the FeF2 –
FeS – FeO series. Going to the next Fe(II)
compound, FeCO3, we observe a further
low-energy shift of the Fe 2p3/2 absorption
and a somewhat more rich structure of the
absorption band. Thus, only small chemical
effect on spectral shape and energy position
of the upper four Fe 2p absorption spectra of
Fig. 1 could be detected. As a consequence,
the Fe 2p53d7 excitations should have the
same origin for the respective four
compounds and may be considered within
the framework of various ionic multiplet
approaches developed for 3d metal
compounds with the strong ionic bonding,
such as FeF2 [3].

At the same time, the Fe 2p3/2
spectrum undergoes drastic changes in its
shape and energy position in going from
FeCO3 to K4Fe(CN)6: the spectrum of the
complex compound is dominated by two
sharp peaks, b and c, at photon energies of
710.09 and 711.74 eV, which exceed the
energy position, 709.91 eV, of the main
absorption peak B for the most ionic Fe(II)
compound, FeF2. This high-energy shift of
2p absorption of [Fe(CN)6]4- is especially
surprising because this most covalent Fe(II)
compound of the investigated series should
give a low-energy shift of the absorption
spectrum. Thus, the observed shift cannot be

associated with the change in the screening
of the 2pπ3d absorption transition by the
valence 4s electrons. The large high-energy
shift of the Fe 2p3/2 absorption (~ 3 eV for
the center of gravity) in going from the ionic
FeCO3 to the covalent [Fe(CN)6]4- complex
may indicate a decrease of screening of the
absorption transition because of a decreased
3d electron number on the Fe(II) atom in the
complex due to the π-back-donation effect
[5]. This 3dπ–2pπ* charge transfer between
the 3d atom and ligands (CN-, CO, NO, etc.)
with low-lying unfilled antibonding 2p=π*
molecular orbitals (MOs) is well known to
play an essential role in chemical bonding in
similar complexes. For our consideration it
is also important that we can easily explain
the double-peaked Fe 2p3/2 spectrum of
[Fe(CN)6]4- taking into account the back-
donation effect: in this case there are two
unfilled MOs with the 3d character, 1eg and
3t2g [6]. On the contrary, only one empty 3d
state, 1eg, is considered by the ionic
multiplet model for [Fe(CN)6]4- with the
fully filled highest MO 2t2g what probably
causes a failure of this model to calculate Fe
2p absorption spectra for hexacyano
complexes of iron [7].

An inspection of Fe 2p3/2 absorption
spectra of Fe(III) compounds (Fig. 2) leads
us to similar conclusions. The comparison
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Fig. 1.  Fe 2p absorption spectra of Fe(II)
compounds.

Fig. 2. Fe 2p absorption spectra of Fe(III)
compounds.
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between absorption spectra for Fe(II) and
Fe(III) hexacyano complexes (Fig. 3)
indicates that the back-donation is most
strong for the Fe(II) complex. This
conclusion correlates well with the ab-initio
LCAO SCF MO calculations [8]. A more
detailed discussion of the spectra obtained
will be presented elsewhere [9].
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Fig.3. Fe 2p absorption spectra of iron
cyano complexes.
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 The nitridation of AIII-BV semiconductors surfaces has been studied extensively during the
last years. This interest was partly stimulated by successful epitaxial growth of GaN on thin
nitride buffer layers on the technologically well-established substrate GaAs. Furthermore, thin
nitride layers can be used for semiconductor surface passivation. Among the various
nitridation processes, thermal nitridation using NH3 and plasma nitridation are very popular.
In this work we have focussed on the investigation of the surface nitridation by the bom-
bardment using low-energy N2

+ ions at room temperature

Commercially available (100) GaAs, InAs and InSb substrates were nitrided in situ in a
stainless steel preparation chamber (base pressure 7x10-10 mbar) using 300-1000 eV N2

+ ions
provided by a Kaufman-type broad
beam ion source. XANES
measurements were performed at
the nitrogen (and oxygen) K-edge
in total electron yield (TEY) mode
using the VLS-PGM. The energy
resolution was about 0.2 eV. The
energy scale was calibrated using
the known peak positions of
NaNO2. The spectra were subject
to subtraction of a linear back-
ground after normalization to the
photon flux curve as measured by
the TEY of Ar+-cleaned GaAs.

Fig. 1 (above) shows a comparison of  X-ray absorption spectra recorded for (a) a N2
+ ion

(500 eV) bombarded GaAs sample and (b,c) a wurtzite (0001) GaN sample (grown at (0001)
α-sapphire by MBE), which was (b) pre-cleaned by 1000 eV Ar+ ions, and (c) successively
bombarded with 1000 eV N2

+ ions.

The GaN absorption spectra exhibit all the spectral features (labeled P1-P8), which have been
reported for α-GaN in recently published studies [1,2]. An additional low energy shoulder at
398.3 eV points to defect states, related to incompletely coordinated nitrogen. The similarity
of the principal features in Fig. 1 (a) and (b,c) is striking, and it implies the presence of a
nitrided surface layer on the N2

+ bombarded GaAs. Note that very similar XANES were
obtained after nitridation of GaAs(100) by atomic nitrogen [3]. In striking contrast to the
typical brodening of all the other spectral features from nitrided GaAs compared to GaN, a
rather sharp peak appears at 401.0 eV. Indications for the appearance of a related sharp
spectral feature occur also in the XANES of N2

+  bombarded GaN, too.
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We have extended our X-ray absorption studies also to In-based III-V compounds:

Fig. 2 (below) presents N K XANES recorded on N2
+ ion bombarded InSb and InAs wafers.

Again, there are rather broad
main features induced by the
N2

+ bombardment which indi-
cate formation of a nitrided
surface layer on InAs and
InSb, too. This is supported by
XPS results not shown here
[4,5]. But in contrast to the
N2

+ bombarded GaAs and
GaN surfaces (Fig. 1) the
XANES shown in Fig. 2 are
now very strongly dominated
by an intense and sharp peak
near the onset of absorption.

The identical position of the sharp spectral features at 401.0 eV for the nitrided GaAs, InAs,
and InSb suggests a common origin. The peak is too narrow (0.7 eV FWHM) to be attributed
to either nitrides or oxynitrides. Therefore we assign this characteristic feature to a π*-reso-
nance related to interstitial nitrogen [5]. The good agreement with the 1s-π* transition energy
of molecular nitrogen let us suggest that the peak is due to N2 molecules. The higher relative
intensity of the 401 eV peak observed in case of the In-based III-Vs compared to Ga-based
compounds might be related to the larger lattice constants and thus the larger space on the
interstitial sites, that is available for a recombination of the nitrogen fragments (of the
impinging N2

+) to molecular nitrogen within the lattice. It is interesting to note, that similar
features in XANES and XPS spectra were observed by Esaka et al. [6] for the oxidation of
CrN, which were explained by the formation of molecular nitrogen due to an N - O exchange
reaction.
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N2O-Oxidation of Si(100)
P.Hoffmann1, R.P.Mikalo1, D.R.Batchelor1, D.Schmeißer1, R.Follath2

1BTU Cottbus / Lehrstuhl Angewandte Physik-Sensorik / Erich-Weinert-Str. 1 / 03046 Cottbus
2BESSY GmbH, Albert-Einstein-Straße 15, 12489 Berlin

The oxidation of Silicon by Nitrous Oxide (N2O) has been investigated for many years [1..7].
There the effect of different preparation regimes has been already described [2]. It was found
that smooth oxynitride layers as well as rough layers with different growth rates, depending
on the preparation parameters like pressure and temperature, could be grown. In contrast to
that former work we found growth of smooth layers at much lower pressures. Also coherence
between pressure/temperature and the growth of rough or smooth oxynitride was recognised.
It is possible to grow rough layers at a single
N2O-pressure by varying the temperature or at
a single temperature by varying the N2O-
pressure. This is illustrated in a schematic
phase diagram in figure1.
Due to the fact that an inhomogeneous growth
(growth of insulated particles) can be ob-
served, several work has been done on depth
profiling. In [2] this was done by etching the
oxynitride film and recording N1s-
photoabsorption spectra. Depth profiling by
SIMS was used in [6] and [7]. From these
measurements it is known that there is a
N-rich phase at the interface oxynitride-
silicon. But these experiments are not sensi-
tive to the chemical environment of the investigated atom. Depth profiling using synchrotron
radiation at various photon energies opens up new possibilities of gaining chemical-sensitive
information. Therefore the new beamlines combine high flux with high resolution over a wide
range of photon energies. So atoms with very different binding energies (e.g. Si2p and O1s)
can be probed with the same kinetic energy (i.e. the same escape depth and thus the same
depth information).
To investigate the different chemical states of nitrogen, oxygen and silicon in different depths
we have adapted the photon energy to every core level so that surface sensitive and bulk sen-
sitive PE-spectra could be recorded. The surface sensitive spectra were taken at a kinetic en-
ergy of photo electrons around 50eV and the bulk sensitive spectra with an energy of around
350eV (for O1s 450eV where taken).
Spectra where taken at 3 different preparation regimes indicated in figure1 by filled symbols.
The first two preparations are in the “smooth regime” which means that smooth homogenous
oxynitride layers where grown. Both preparations were done at 850°C and 1 10-4mBar N2O-
pressure, but the first (figure2 top, in the following called prep. ) for only 30 seconds and the
second preparation (figure2 middle, in the following called prep. ) for 25 minutes. The third
preparation (figure2 bottom, in the following called prep. ) was also done at 850°C for 2
minutes at 1.1 10-3mBar N2O-pressure.
The initial growth stages of the oxynitride can be seen in the Si2p emission. The emission at
102.5eV (3.0eV shift relative to Si2p±0) leads to a thickness of 0.3Å or 1/10 monolayer for
prep.  (at an assumed bond length of 1.6Å) and 11.5Å or 3.6 monolayer for prep. . For
prep.  the emission at 102.5eV stays nearly the same. Only an additional emission at around
107.5eV appears. Due to a shift with photon intensity and a stronger emission for bulk sensi-
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tive spectra we assume
charged oxidic particles next
to the Si-Oxynitride interface
as the origin of that emission.
In addition a difference in the
oxynitride composition be-
tween preparation  and 
was observed: The thin film
of prep.  consist only of one
Nitrogen component
(398.5eV) but two Oxygen
components (533.1eV and
532.1eV) where the compo-
nent at 532.1eV must be lo-
cated at the surface. Whereas
the thick film of prep.  con-
tains two Nitrogen compo-
nents (398.5eV and 397.6eV)
where the component at
398.5eV must be located at
the surface. First line decom-
positions show an increase of
the component at 398.5eV
only by a factor of 1.4
whereas the component at
397.6eV increases by a factor
of 3.7 when increasing the
escape depth from 3.5Å to
14Å. The two components of
the oxygen nearly disappear-
ing. For prep.  no change in
the oxynitride film  can be
observed except the appear-
ance of the charged particles
with emission 3..4eV towards
higher binding energies.
In conclusion, the Nitrogen is
concentrated at the interface
Oxynitride-Si, this is in good
agreement with the literature
[6,7]. Moreover we are able to derive the depth structure of this Nitrogen-rich layer from our
data by a line decomposition of all spectra.
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Figure 2: O1s-, N1s, and Si2p-spectra at two different escape depths (3.5
and 14Å) for the preparations  (top),  (middle), and  (bottom).
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Investigation of the ammonia oxidation over copper with in situ NEXAFS in the

soft X-ray range

R.W. Mayer, M. Hävecker, A. Knop-Gericke, and R. Schlögl
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany

Introduction

Ammonia containing exhaust gas is still a problem in many chemical processes, e.g. in the ammonia slipstream

treatment after deNOx-SCR [1] or in the purification of reformats for fuel-cell applications [2]. Besides the

decomposition of ammonia to nitrogen and hydrogen the selective catalytic oxidation to nitrogen and water

4NH3 + 3O2 � 2N2 + 6H2O (1)

is relevant for a wide range of applications [3] and the subject of this investigation. In addition to reaction (1) the

total oxidation

4NH3 + 5O2 � 4NO + 6H2O (2)

is preferred in oxygen containing feed gas. Copper and its oxides were found to be potential catalysts for this

reaction [1-3]. We studied the ammonia oxidation over copper by means of in situ NEXAFS in the energy range

of the N K-edge, the copper L-edge and the O K-edge. This element-specific method allows to investigate the

electronic structure of the copper surface in situ, i.e. while the reaction occurs in the mbar pressure range and a

significant conversion of the feed can be observed by mass spectrometry.

Experimental

All experiments were carried out in a two chamber UHV system, of which one chamber with a base pressure of

<5×10-9 mbar was connected to the U49/1-SGM beamline of BESSY II. The second chamber used as reactor is

separated from the first by a 300 nm polyimide window (Ø 8 mm aperture), withstanding a pressure of at least

100 mbar in the reaction chamber. The used detector system is described in detail in refs. [4,5]. The sample was

a polycrystalline copper foil (99.99+%, Goodfellow) the size of ca. 25 mm × 12 mm.

For all experiments the copper foil was pre-oxidized in 1 mbar O2 at 770 K for approx. 30 min, leading to a

reproducible initial state of the catalyst of copper (II) oxide. The investigations were performed in the continuos

flow mode with ammonia and oxygen flows of 0.38 ml/min and 4.5 ml/min, respectively, controlled by

calibrated mass-flow-controllers. The pressure in the reaction chamber (pabs) was adjusted with a valve at the

reactor outlet to a foreline pump. A quadrupole mass spectrometer is connected to the reaction chamber via a

capillary (Ø 3 mm) sucking off the gas phase just above the sample.

Results

At an total pressure of pabs = 0.4 mbar no conversion of ammonia was detectable below 470 K  and an initial

ammonia oxidation occurred at 570K, but within 45 minutes the conversion dropped to 20% of its maximum

value. At 670K the activity, yield and deactivation are different with 90 minutes duration until complete

deactivation. The N K-edge NEXAFS spectra show that a nitrogen-containing species grow on the catalyst

surface, which is blocking the surface with respect to a continous conversion. Additionally, a new resonance at

the copper L3-edge at 467.1 eV (second order) appears after 70 min. at 670 K, which can not be assigned to any
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copper oxide, but identified by comparison with reference data as copper (I) nitride. Therefore the deactivation

of the copper catalyst is ascribed to the formation of copper (I) nitride in the ammonia oxidation at p = 0.4 mbar.

At pabs = 1.2 mbar the reaction profile is completely different from that at pabs = 0.4 mbar. The ammonia

oxidation ignites at 570 K and remains in steady operation at this temperature. A rise in steady state conversion

of ammonia and a change in selectivities are detected after increasing the temperature to 670 K. In the NEXAFS

spectra of the N K-edge no resonances were detectable, thus no nitrogen-containing species are present on the

copper oxide surface. The copper L3-edge exhibits only resonances at 465.6 eV and 466.7 eV which can be

assigned to copper (II) oxide and copper (I) oxide, respectively. The typical resonance for copper (I) nitride at

467.1 eV is missing which is in good agreement with the NEXAFS data at the N K-edge and the conversion

data, indicating no copper (I) nitride formation and hence no deactivation [6].

A comparison of the selectivities with the copper oxide detectable from the Cu L3-edge NEXAFS spectra reveals

that a high N2 selectivity like at pabs = 0.4 mbar appears along with an intense copper (I) oxide signal (466.7 eV)

whereas high NO selectivity is linked to a strong copper (II) oxide resonance (465.6 eV).  This leads to the

assumption that the production of N2 and

NO, respectively, are catalyzed by these

different copper oxides. To substantiate

this, an additional experiment was carried

out under the same conditions except of

the pressure which was set to

pabs = 0.8 mbar. At this intermediate

pressure, a steady but slow change of the

catalyst surface composition from CuO to

Cu2O is detectable in the NEXAFS

spectra together with a simultaneous

transition in the reaction product mix

from NO to N2 [6]. A correlation of

nitrogen and nitric oxide production with

the surface abundance of copper (II) oxide

is presented in Fig. 1. This correlation gives clear evidence that the partial oxidation of ammonia to nitrogen is

catalyzed by Cu2O, whereas CuO is the active phase in the total oxidation to NO.

References

[1] H. Bosch and F.J.J.G. Janssen, Catal. Today 2 (1988) 369

[2] Lu Gang, J. van Grondelle, B.G. Anderson, and R.A. van Santen, J. Catal. 186 (1999) 100

[3] T. Curtin, F. O'Regan, C. Deconinck, N. Knüttle, and B.K. Hodnett, Catal. Today 55 (2000) 189

[4] M. Hävecker, A. Knop-Gericke, T. Schedel-Niedrig, and R. Schlögl, Angew. Chem. Int. Ed. 37 (1998) 1939

[5] A. Knop-Gericke, M. Hävecker, T. Schedel-Niedrig, and R. Schlögl, Topics in Catalysis 10 (2000) 187

[6] R.W. Mayer, M. Hävecker, A. Knop-Gericke, and R. Schlögl, submitted to Catal. Lett.

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 N2
 NO

In
te

ns
ity

 N
2 [r

el
.u

.]
In

te
ns

ity
 N

O
 [r

el
.u

.]

Intensity CuO [rel.u.]

Fig. 1: Correlation of the relative intensities of N2 (�, solid line) and NO (�,
dashed line) with the intensity of CuO for the ammonia oxidation at 0.8 mbar,
670K and NH3:O2 = 12.



169

Formation of iron silicide on Si(111)7x7

M. Probst, R. Denecke, C. Whelan, M. Kinne, D. Borgmann and H.-P. Steinrück
Physikalische  Chemie II, Universität Erlangen-Nürnberg, Egerlandstr. 3, 91058 Erlangen

We have investigated the formation of iron silicide on the Si(111)7x7 surface by high
resolution photoelectron spectroscopy at the beamline U125-1/PGM at BESSY II using the
high resolution AR 65 spectrometer of BMBF Verbund 5 [1]. The growth of iron on Si(111)
and the formation of iron silicides of different stoichiometries have been investigated in the
past [2-5]. In this study we focus on the change in electronic structure that are observed upon
deposition of Fe onto the Si(111)7x7 surface at room temperature and subsequent heating to
higher temperatures.

The sample was prepared in a specially constructed preparation chamber which was
connected to the analyser chamber via a sample transfer system. The Si(111) substrate was
cleaned by Ar-ion bombardment and flash annealing to obtain the (7x7) superstructure. Iron
was deposited using an electron beam evaporator and the growth rate was measured by quartz
crystal balance. Heating of the deposited layers took place in the preparation chamber. Due to
the special design of the sample holder, the temperature could not be directly measured, but
had to be calibrated in a separate experiment.

For each layer we measured the Si 2p, Fe 3p and the valence band spectra. The
corresponding data are shown in Fig. 1 after deposition of 7 ML Fe on Si (111) at 300 K and
after subsequent heating to higher temperatures. The Si 2p spectra of the clean surface show
the typical spin orbit splitting of the 2p1/2 and 2p3/2 levels. After Fe deposition at 300 K no
ordered LEED pattern  is observed. The Si 2p spectra (B) show an overall reduced intensity
due to damping the iron layer and the formation of a new species at lower binding energy that
is attributed to FeSi.  The Fe 3p spectra (B) show a broad peak centered at 53 eV. Upon
heating to 410 K for 420 s, a well ordered (1x1) structure is observed in LEED (one should
note that the temperature for the formation of the ordered LEED pattern is by 100 K lower
than observed in our lab measurements, which is most likely due to problems with the
temperature calibration). In  the corresponding photoemission spectra (D) we find a small
shift in binding energy for the Si 2p spectra, and a sharpening of the Fe 3p spectra and the
valence spectra. This observation is consistent with the formation of a well defined FeSi
species. The Si 2p spectra are in good agreement with the results shown in ref. [6]. Upon
further heating to 500 K (E) a clear transition is observed in all spectra: the Si 2p sharpens
significantly and gains intensity, the Fe 3p peak as well as the valence band is strongly
reduced in intensity. This behaviour is most likely due to the formation of an FeSi2 species
that has also been reported in the literature for higher temperatures [2].
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Fig.1: Si 2p, Fe 3p and valence band
(VB) spectra of Si(111)7x7, after
deposition of 7 ML Fe on Si(111) at
300 K and after subsequent annealing
to higher temperatures. All spectra were
collected in normal emission at a
photon energy of 170 eV; the only
exception is VB spectrum B, where a
photon energy of 100 eV was used.
A: Si (111) 7x7;
B: after deposition of 7 ML Fe at 300 K
C: after annealing to 410 K for 150 s
D: after annealing to 410 K for 420 s
E: after annealing to 500 K for 150 s
F: after annealing to 800 K for 90 s
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Atom selective bond breaking by π-resonant core electron excitation:
A comparative study of diatomic molecules chemisorbed on transition metal

surfaces.
R. Romberg, M. Ecker, R. Weimar, P. Feulner, D. Menzel

Physikdepartment E20, Technische Universität München, 85747 Garching

Perpendicularly adsorbed diatomic molecules are the simplest systems for investigations of
atom selectivity in bond breaking by core electron excitation. The primary excitation can
either be allocated to the inner or the outer atom, and breaking of the intramolecular or the
adsorbate bond will yield either fragments or intact molecules which are emitted along the
surface normal. We have studied chemisorbed N2 and CO because both molecules adsorb per-
pendicularly in well ordered layers on a variety of metal substrates, and because the electronic
nature of the adsorbate bond is very similar for both as shown by XES experiments and cal-
culations1,2. In case of N2, the asymmetry brought about by the surface suffices to split the π-
resonance excitation energies for the two atoms by more than 0.4 eV, which in combination
with narrow bandwidth synchrotron radiation sources allows atom selectivity in the primary
excitation step3,4. According to previous experiments, neutrals are expected to be the majority
product species for π-resonant dissociation and desorption of chemisorbed N2 and CO5. We
detect them by a highly sensitive mass spectrometer described in detail elsewhere6,7.

Fig.1 shows photoabsorption (PY) and photon stimulated desorption (PSD) data previously
obtained for N2/Ru(001) for π-resonant N1s excitation4. The PY signal is bimodal with the
low/high energy component belonging to the outer/inner N atom (see ref. 4 for details of the
assignment). The PSD signals are clearly atom selective. Excitation of the outer atom desorbs
mainly intact molecules, whereas that of the inner atom breaks the intramolecular bond. We
have explained these findings by different valence states that are created upon core decay.
Those obtained for primary excitation of the inner atom preferentially contain double holes in
orbitals bonding for the molecular and the surface bond, and yield enhanced fragmentation4.
The N+ signal which also shows atom selectivity (Fig.1) is very small for π-resonant excita-
tion. Compared to the neutrals, ions are minority species in PSD which cannot be unambigu-
ously traced back to the majority channels of core decay.

Comparing results for N2/Ru(001) and N2/Ni(111) (Fig.2; BESSY, U41-PGM) we find inter-
esting differences. In core excitation (PY in Figs.1,2) and decay (not shown), similar degrees
of atom selectivity are observed for the two systems. The selectivity seen in PSD for Ru is still
present for Ni, albeit weakened. Furthermore, the relative yield of fragments is increased for
Ni (Fig.2), and the relative enhancement of dissociative [2hole]2electron states which has
been observed for Ru in the fragment signal4 does not exist for Ni (not shown). We can ex-
plain these experimental results as follows: For π-resonant excitation of either atom core de-
cay states are available that cause breaking of the inner or/and the surface bond. However, the
dissociative character of these states may differ. For strongly dissociative states faster bond
breaking and more energetic products are expected. For the more strongly chemisorbed
N2/Ru(001) only the fast channels succeed in breaking the inner bond as the slow ones are
quenched because of the strong coupling, whereas for N2/Ni the slow ones are observed as
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well and a part of the atom and excitation selectivity ([2h]2e vs. [1h]1e) is lost. The strong
atom selectivity seen for N2/Ru(001) is obviously brought about by the surface, i.e. by the
imaginary part of the substrate/adsorbate potential which governs the decay of the electroni-
cally excited states driving dissociation and desorption. A similar surface mediated enhance-
ment of distinct channels is well known producing the isotope effect in MGR8. If we want
enhanced atom selectivity, we obviously have to select systems with escape probabilities
smaller than one.

Comparing chemisorbed N2 and CO, we note that similar decay spectra result from π-resonant
excitations of the C/O atom and the outer/inner N atom, respectively, as expected from the
(Z+1) picture. (We note that the excellent photon flux of the U41-PGM beamline was decisive
for the success of our experiments at the C1s edge.) In a first approximation, one would then
expect the same correlation in the fragmentation behavior. This is, however, not seen experi-
mentally. The relative fragment yield is larger for π-resonant excitation of the C atom which
according to (Z+1) corresponds to the outer N atom, for which the fragment yield is small.
Obviously the symmetry imposed by the surface is important and an analysis of the asymptotic
nature of the post decay states alone (bonding or antibonding) does not suffice. Further theo-
retical work is necessary. We note that recording PSD of ions would lead to completely dif-
ferent results: At the C1s edge PSD of fragment ions does not exist9.
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     ARPES study of the surface states from Au/Ag(111):
evolution with coverage and photon energy.
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 The L-gap “Shockley-type” surface states (SS) of  the (111) surfaces of noble metals have been
extensively investigated. They are particularly interesting as models of two-dimensional (2D) electron
systems, and lateral confinement of such 2D electrons has recently offered the possibility to study
quantum-derived electronic properties of nanosized structures. Most of the studies reported on SS
correspond to single crystal surfaces, while only few describe the behaviour in layered thin film
structures. We present here angle-resolved photoemission spectroscopy (ARPES) results from the
Shockley-type SS observed in Au layers epitaxially grown on Ag(111), paying special attention to the
evolution of the SS binding energy and line shape as a function of Au coverage, for different photon
energies. Layered Au-Ag (111) systems are interesting since the electronic structure of both metals is
well known, and nearly ideal layer-by-layer growth has been reported for the interfaces formed at
room temperature. In addition, the Au(111) SS seems to be highly confined in the surface, whereas
the Ag SS wave function extends longer into the bulk [1,2].

Experiments were performed at the TGM6 beamline of BESSY I.  The Ag(111) crystal was cleaned in
situ by repeated cycles of Ne-ion bombardment and soft annealing, resulting in a surface with a sharp
(1x1) LEED pattern. Gold overlayers were grown in situ (operating pressures of 1x 10-10 mbar) by
successive timed depositions at constant flux rates (0.1 nm/min, and 0.3 nm/min). The evaporation
source was a resistively heated tungsten basket containing a gold droplet, and evaporation rates were
estimated by means of a quartz-crystal microbalance. All quoted thicknesses are nominal values given
in terms of atomic monolayers (ML).

To evaluate the possible influence of temperature our crystal holder was in thermal contact with a
liquid-nitrogen (LN2) reservoir. We performed two series of experiments: gold depositions and
ARPES measurements were carried out by helding the sample at room temperature in one case (RT
experiments), and at low temperature in the other case (LT experiments). Note, however, that due to
several constraints it was difficult to achieve very low temperatures, and the values measured (200 K -
220 K) might be subject to a fairly large error. One intermediate step of annealing to RT was included
in the LT experiments after the first LT deposition, since for Ag/GaAs(110), Ag/Si(111) and
Ag/Fe(100) interfaces, growth protocols based in the LT-RT pathway (deposition at LT and
subsequent annealing to RT) have shown to produce high quality epitaxial films with large regions of
uniform thickness. The films (about 12-15 ML thick) grown in both series of experiments exhibited
good (1x1) LEED patterns.

Photoelectrons were collected and counted with a fixed angle-resolving spectrometer having a full
acceptance angle of 2º to 4º (∆θ = ± 1º to ∆θ = ± 2º). Electron kinetic-energy distribution curves
(EDC) from the sample valence band were recorded for increasing photon energies, from 21 to 47 eV,
repeating this procedure for each Au coverage. Most of the ARPES spectra were recorded under 45º
angle of light incidence, and with a normal emission (n.e.) geometry. They are shown normalized to
the incident photocurent.

Figure 1 displays the evolution of the n.e. valence band spectra near EF as the Au/Ag(111) interface is
formed. Data correspond to both RT (full symbols) and LT (open symbols) experiments, and to
hν = 41 eV  and 25 eV ( K vectors close either to the L-point, or to the Γ-point, respectively).

mailto:malonso@icmm.csic.es
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The sharp peak observed in Fig. 1 for
the clean Ag surface is the well
known Ag(111) surface state. Only

one peak is detected through the whole range of Au-coverages, independently of the photon energy
and type of experiment (RT and LT). Its binding energy is the same for the two hν, and the peak is
more intense for hν = 41 eV than for hν = 25 eV (note the vertical scale change), in agreement with
the behaviour reported for the (111) noble metal SS, whose intensity grows as the L-point is
approached, dropping to almost zero towards Γ. At low coverages the peak is unambigously due to a
single state,  its line shape being very similar to that of the Ag(111) SS. When Au-coverage increases
the binding-energy shifts to higher values. Above 4 or 6 ML there is an additional contribution
growing on the right side of the peak, which becomes more pronounced at higher coverages. The
resulting asymmetry difficults an accurate assessment of the peak binding-energy, which has been
estimated  from the position of maximum intensity on the peak left wing. For films 12 ML and 15 ML
thick, such maxima are found around 0.40 ± 0.02 eV below EF, lying within the energy range reported
for the SS of Au(111) single crystals [1], and it is clear that the extra signal can not be explained as
residual intensity from the initial Ag(111) SS. Our data for hν=21.2 - 49 eV yielded similar results, in
agreement too with previous RT experiments at hν = 16 eV [1]. Since only one SS peak has been also
observed for Ag/Au(111) [1], such results confirm that for epitaxial Ag-Au (111) systems, the
overlayer does not quench the substrate SS, but simply modifies its wave-function [1].

   Figure 2 (a) displays the shift of the Au/Ag(111) surface state as a function of Au coverage; energy
shifts are measured relative to the Ag(111) SS binding energy (-50 meV). Solid symbols correspond
to our RT and LT experiments (average for different hν), and open symbols to Ref. [1]. The
agreement of the three data sets is excellent, indicating a linear dependence of the energy shift with
Au coverage up to 5 ML. The total shift is 0.33-0.35 eV (higher than that obtained in ref [1] for 10
ML-Au), which means that films thicker than 10 ML are required to reach the position of the Au(111)
SS on Ag(111). A much faster approach  to the Ag(111)-like SS position has been reported for
Ag/Au(111). Hsieh et al. [1] proposed the shift rate to be mainly determined by the decay lenght (Β-1)

����  Fig.1                  Fig.2
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of the initial SS, obtaining Β-1 = 3.6 ML for the SS of Au(111) SS, and Β-1 =  12 ML for the Ag(111)
SS. This large Β-1 for Ag(111) (about 28 Å)  was in clear contrast with the value (8.7 Å) later
estimated by Kevan et al.by considering the periodic oscillations of the SS intensity with photon
energy [2]. Such a controversy might probably be overcome by realizing that, beside the Β-1 of the
initial SS, other factors can influence the evolution of the SS binding-energy with coverage.

We have investigated if exists any correspondence between the development of the 3D electronic
structure of the overlayer film with coverage, and the corresponding shift of the SS peak. Spectra
from the entire valence band regions of clean Ag(111), and of 15 ML of Au epitaxially grown on top
(at RT) are presented in Figure 2 (b). Data for different hν reproduce very well those reported for
Au(111) single crystals, and the same happens for 12 ML at LT. We can thus conclude that Au films
12 ML and 15 ML thick exhibit the 3D valence-electronic structure characteristic of bulk Au(111),
and simultaneosuly the SS binding-energy is consistent with that of Au(111) single crystals. For 6 ML
the SS binding-energy is still far away from the Au(111) position, and our data (for hν= 21.2 - 47 eV)
indicated that the electronic structure of bulk Au(111) has not been yet completely developped at this
coverage: although d-bands seem to be rather bulk-like, the features associated to band 6 of Au(111)
with sp character are still absent, appearing only at higher coverages. Hence, we should admit a
certain correspondence between the development of the 3D electronic structure in the Au overlayer
film, and the energy position of the Au(111) SS peak. One would not expect such a correspondence if
the shift rate were only determined by the decay lenght of
the initial Ag(111) SS.

We analyze now the asymmetric line shape of the SS peak
for high Au coverages. Figure 3 shows EDC´s from our RT
Au films 15-ML thick, illustrating the changes in intensity
and line shape of the SS peak with photon energy. The
additional emission on the right side of the SS peak does not
seem to be an effect of measuring on a Au overlayer, but of
the Au(111) SS itself, since similar line shapes have been
reported for Au(111) single crystals [1,2].This anomalous
line shape has been usually attributed to the finite angular
resolution of the spectrometer and the strong parabolic
dispersion of the SS with K||  [1, 2]. Fig. 3 shows, however,
that the shoulder-type features on the SS peak right wing
appear at energies closer to EF than those expected for θθθθ =
± 2º off n.e., assuming ideal angular acceptance (see thin
marks for hν=26, 35 and 47 eV spectra; thick marks
correspond to n.e. energies). Hence, the finite angular
resolution seems not to be the only cause of the observed SS
asymmetry, which could be instead related to the surface
photoemission effect [4], since the surface term should then
increase with surface sensitivity, as observed  here for the
right-side feature of the Au(111) SS peak [5].

1. T.C. Hsieh and T.-C.Chiang. Surface Science 166, 554. (1986).
2.  S. D. Kevan and R.H. Gaylord,  Phys. Rev. B 36, 5809 (1987).
3. R. Courths et al. , Phys. Rev. B 34, 3577 (1986).
4. T. Miller et al. Phys. Rev. Lett. 77, 1167 (1996);PRB 55 (1997).
5. M. Serrano et al. (19th ECOSS, Madrid-2000).
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Dangling bond bands on SiC(1××××1) surfaces studied by photoelectron spectroscopy
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The electronic and atomic structure of various
reconstructions of hexagonal SiC surfaces has
been subject to a variety of studies. Many of these
reconstructions include a Si or C atom with an
unsaturated bond, also called a dangling bond. As
an example, fig. 1 shows the (√3×√3)R30° struc-
ture of SiC(0001) with a Si adatom in T4 posi-
tion. [1] The adatom is bonded to 3 Si-atoms of
the topmost SiC bilayer and consequently exhibits
one dangling bond. Since this dangling bond state
is half filled the corresponding surface state
should be located at the Fermi level and the sur-
face should be metallic. [2] In a previous experi-
mental study of this surface, however, the surface
state was found to lie below the Fermi level indi-
cating a semi conducting surface. [3] Theoretical
models can explain this observation within a
Mott-Hubbard picture. [4,5] Previous work by our
group also indicated that the silicate adlayer re-
construction on SiC( 0001 ) with one dangling
bond per (√3×√3) unit cell represents a non-
metallic surface which could also be explained in
terms of a Mott-Hubbard like surface state. [6]

The transition from a metallic state to an insulat-
ing Mott-Hubbard state is schematically shown
for a half filled dangling bond band in fig. 2. If
the correlation energy U, which represents the
energy necessary to put an electron into a state
which is already occupied by a single electron, is
sufficiently large compared to the band width B, a
transition takes place from a metallic state (half
filled band) to an insulating (semi conducting)
state with 2 bands, one filled and one empty, [see
fig. 2 (b)]. Since the band width B arises from the
interaction between the dangling bonds it should
vary with the distance between the dangling
bonds such that closer bonds would lead to an
increased band width B. Therefore the question
arises whether or not the dangling bonds on unre-

constructed SiC(0001) and SiC( 0001 ) surfaces lead to a metallic surface, as suggested by calculations
within the single particle picture by Sabisch et al. [2] or are better described in the Mott-Hubbard pic-
ture.

In order to shed light on this question we have performed experiments using synchrotron radiation at
the beamline UE56/2-PGM2. The unreconstructed SiC(0001) and SiC( 0001 ) surfaces were prepared
by photo-induced desorption of hydrogen from the corresponding hydrogenated surfaces. [7] Fig. 3 (a)
shows valence spectra of SiC(0001) before and after irradiation with a high flux of synchrotron radia-

Fig. 1: Geometrical structure of the SiC(0001)-
(√3×√3)R30° reconstruction.
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tion. The irradiation leads to a signal located 0.8
eV above the valence band maximum (VBM) of
SiC. The location of this surface state within the
band gap is typical for a dangling bond state. The
(1×1) LEED pattern indicates that the surface re-
mains unreconstructed.

The evolution of the dangling bond state on
SiC(0001) with irradiation can be seen in fig. 3 (b).
As seen from that figure the as-prepared surface
shows no emission above VBM. The dangling
bond state becomes visible only when the surface is
irradiated. Its intensity grows linearly with the dos-
age at first (which is assumed to be proportional to
the product of irradiation time and the mirror cur-
rent at the last refocusing element of the beam line)
and finally reaches a saturation. In the case of
SiC( 0001 ) a radiation induced dangling bond state
can be observed at approximately 0.7 eV below
VBM. In this case, too, the surface remains unre-
constructed. The evolution of dangling bond states
upon irradiation with UV light is assigned to the
radiation induced desorption of hydrogen which
ties up the Si and C dangling bonds at the surface
in the form of Si- and C-monohydrides.

On both, SiC(0001) and SiC( 0001 ), the hydrogen
free (1×1) surface contains one half filled dangling
bond per unit cell. Therefore the dangling bond
state would be expected to be located at the Fermi
level as suggested by Sabisch et al. [2] based on
their calculation within a one electron picture. As
can be seen in fig. 3, this is clearly not the case. In
both cases the d.b. state is located well below EF.

The observation of the dangling bond states below
EF suggests that the bandwidth B of the dangling bond bands must be smaller than the correlation en-
ergy U. Indeed, the band width B calculated in a one electron picture [2] is of the order of 1 eV for
SiC(0001) and 0.5 eV for SiC( 0001 ), respectively, and the Hubbard U calculated for the
(√3×√3)R30° structure of 6H-SiC(0001) with an Si adatom in T4 position is 1.95 eV. [5] We also note
that the calculations by another group yield a similar result of 2.1 eV for 3C-SiC(111)-(√3×√3)R30°
[4], but a smaller value of 1.0 eV for the Si-rich 3C-SiC(111)-(3×3) reconstruction. The difference is
most probably due to different screening on the two surfaces. Thus for 6H-SiC(0001)-(1×1) a similar
or slightly larger U as for the (√3×√3)R30° structure is expected. Corresponding calculations for the
(1×1) surfaces are not available in the literature. The dispersion of the dangling bond states observed
on hydrogen-free SiC(0001) and SiC( 0001 ) is subject to further investigations.

The support of Walter Braun from BESSY II is gratefully acknowledged, as well as financial support
by the BMBF (grant 05 SE8WEA 0) and the DFG (SFB 292).
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The properties of hydrogenated Si and diamond surfaces have been subject to numerous studies.
Hydrogen ties up all dangling bonds without the necessity for surface reconstruction. Due to the strong
Si-H and C-H bonds, respectively, the hydrogen termination is also a very efficient chemical and
electronic passivation of these surfaces.[1,2] The chemical inertness is accompanied by an effective
removal of gap states at the surface, leading to flat band conditions on on Si(111):H. [3] Consequently,
hydrogen termination has been tried for SiC surfaces as well. Following a method developed by
Tsuchida et al. [4,5], we have prepared H-terminated SiC surfaces by exposing SiC crystals to
ultrapure hydrogen at elevated temperatures. [6-8]

Fig. 1 shows XP spectra of a SiC(0001) sample before and
after hydrogenation. The survey scans in fig. 1a show that the
wet chemically treated surface is contaminated by oxygen and
fluorine. The corresponding C1s and Si2p spectra are
displayed in fig. 1b. In the Si2p spectrum we observe a
chemically shifted surface component due to Si-O bonds and
the corresponding C1s spectrum has a shoulder due to
considerable hydrocarbon contamination. After
hydrogenation, the oxygen and fluorine contaminants are
completely removed from the surface and the chemically
shifted components in the Si2p and C1s core level spectra
have disappeared. The remaining single lines are due to
stoichiometric bulk SiC. At this stage the surface exhibits an
extremely sharp (1×1) LEED pattern (see inset of fig. 1b) on
a very low background indicative of a well ordered and
unreconstructed surface.

FTIR-ATR spectra taken from the SiC(0001) surface after
hydrogenation (fig. 2.) show sharp monohydride Si-H
stretching modes and at best traces of polyhydrides and no Si-
H modes involving oxygen in backbonds. [4,5] This and the
fact that the Si-H modes are only observed in p-polarization
and not in s-polarization are proof of an ideal, monohydride
terminated surface with a minimum number of step edges.
The 6 cm-1splitting of the stretching modes is probably due to
different stacking sequences below the surface as discussed elsewhere. [6,7] Hydrogenation of
SiC( 0001 ) surfaces also leads to clean and remarkably well ordered surfaces, suggesting that the
dangling bonds of the C terminated surface are saturated with hydrogen.

Fig. 3 summarizes the surface Fermi level positions in the band
gap of 6H-SiC. After the wet-chemical treatment the surface
Fermi levels of p- and n-type samples are separated by 1.6 eV.
Following hydrogenation, the surface Fermi levels move
towards their respective band edges such that their separation
reaches (2.65 ± 0.05) eV which compares excellently with the
difference of 2.7 eV between the bulk Fermi levels of our p-
and n-type 6H-SiC. The hydrogen terminated surfaces exhibit
thus flat band conditions because states that tend to pin EF near
midgap have been effectively removed through hydrogenation.
Allowing for the maximum surface band bending that is
compatible with our data after hydrogenation (0.05 eV) the
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residual density of charged surface states must be below
7×1010 cm-2 for the p-type sample and 1.7×1012 cm-2 for the n-
type sample, respectively. These are the lowest values ever
reported for SiC surfaces and they demonstrate the effective
electronic passivation of SiC by the method employed here.

Hydrogenation also provides an effective chemical passivation
of the surface against oxidation. After two hours in air the
survey spectrum (compare fig. 1a) shows only a small O1s
signal. The oxygen uptake measured in terms of the O1s to the
sum of C1s and Si2p intensities amounts to 1.5% for a total
oxygen exposure of 3×1026cm-2. The C terminated surface was
after hydrogenation even less susceptible to oxygen uptake
upon exposure to air.

In order to increase the surface sensitivity we recorded core
level spectra using synchrotron radiation. Fig. 4a shows Si2p
spectra taken on the intrinsically more reactive SiC(0001)
surface. After hydrogenation the sample was exposed to air for
30 min. Upon changing the photon energy, chemically shifted
surface contributions to the Si2p core level spectrum should
vary in intensity which in turn must lead to variations in line
shape. As can be seen in fig. 4a, this is not the case,
demonstrating that there are no chemically shifted components
other than bulk SiC present in the spectrum. (Based on the
Pauling electronegativities, the chemical shift in the Si 2p
spectra expected on account of the partially ionic Si-H bond is
estimated to be 50 meV.) Even after exposure to air for two
days no change in the Si2p spectrum is observed (see inset of
fig. 4a). The hydrogenated SiC (0001) surface is thus immune
against oxidation to a degree that less than 1% of a monolayer
SiOx (the sensitivity limit) is formed after two days in air. The
oxygen seen in fig. 1a (bottom spectrum) is thus due to weakly
bound, oxygen containing species.

Indeed there is evidence for adsorbates. Fig. 4b shows the
corresponding C1s spectra. The spectrum taken at 1007 eV
shows a weak contribution at ~2 eV higher binding energy which increases substantially when the
photon energy is changed to 335 eV. Based on its surface sensitivity and chemical shift the signal is
unambiguously ascribed to adsorbed hydrocarbons. The hydrocarbon contamination is weakly bound
to the surface and can be reduced considerably by mild (~250°C) annealing in vacuum without
affecting the hydrogen termination.
In conclusion we have shown that hydrogenated SiC(0001) and SiC( 0001 ) surfaces are electronically
and chemically passivated. The surface Fermi level position of both, p-type and n-type SiC surfaces,
was found to be equal to the bulk position indicating extremely low densities of charged surface states.
The H-terminated surfaces exhibit an unprecedented stability against oxidation in air.
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Fig. 3: Surface Fermi level positions of p-
type SiC(0001) and n-type SiC( 0001 ) as a
function of surface preparation and
annealing temperature.
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Fig. 4: High resolution core level spectra
taken at different photon energies on
hydrogen terminated SiC(0001) after 30
minutes exposure to air. a) Si2p core level;
b) C1s core level. The insets show
corresponding spectra after 2 days of air
exposure.
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Resonant magnetic soft x-ray scattering applied to the study of thin-film
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In our recent experiments, thin lanthanide-metal films were studied by resonant magnetic
soft x-ray scattering at the U49/1-SGM beamline at BESSY II. The experiments were carried
out in a two-axis diffractometer chamber that allows growth of monocrystalline films under
UHV conditions and in-situ studies in a large temperature range down to ≈ 30 K. The results
obtained at the MV edges of the lanthanides demonstrate the potential of the method for
magnetic-structure studies of ultrathin films and surfaces:

(i) Following first experiments that demon-
strated a huge enhancement of the magnetic-
scattering cross section at the MV edges of the
order of 106 [1], we exploited another feature of
the method, i.e., the high surface sensitivity due
to the strongly reduced penetration depth for
photons at the maximum of the absorption edge.
In the vicinity of the edges the penetration depth
of the x-rays can be tuned from several µm to
only a few nm, allowing studies of the
magnetism in the surface region. By exploiting
the different surface sensitivities of magnetic x-
ray scattering at the LIII and MV edges,
respectively, the ferromagnetic/antiferromagnet-
ic phase transition of Dy metal was studied in
UHV on in-situ grown films. In thin films, this
phase transition is characterized by a delayed

growth of antiferromagnetic domains upon heating from the ferromagnetic phase. This is
demonstrated by hard x-ray diffraction data recorded at the LIII edge of Dy (Fig. 1), comparing
the behavior of the c-axis parameter (open squares) with that of the intensity of the magnetic
satellite (open circles). Due to magnetoelastic effects, the lattice parameter exhibits a
discontinuous behavior across the phase transition with a hysteresis over a temperature range
of ≈ 10 K. With increasing temperature the c-axis parameter drops around 90 K to the value
characteristic for the antiferromagnetic phase. On the other hand, the intensity of the magnetic
satellite, which is the order parameter of the antiferromagnetic phase, reaches its full value
only at  ≈ 30 K higher temperature, i.e., the magnetic structure is not fully developed, while
the crystal structure is essentially relaxed. One might anticipate that this behavior is caused by
uniaxial strain induced by the substrate, leading to a clamping of the ferromagnetic phase.
However, surface-sensitive resonant magnetic x-ray diffraction at the MV edge with a probing
depth of the order of 1 nm (solid circles) exhibits an even more delayed development of the
antiferromagnetic structure, showing that the persistence of the ferromagnetic domains is not
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Fig. 1. c-axis parameter  (open squares) and intensity of the
magnetic superstructure satellite of thin Dy-metal films as a
function of temperature, recorded at the LIII (open circles) and
the MV  edge (solid circles).



182

due to substrate-induced strain but rather caused by the presence of the surface. [The decrease
of the magnetic-satellite intensity upon cooling between 100 K and 70 K is due to the fact that
the position of the magnetic satellite changes with temperature. Hence, the satellite is recorded
at increasingly grazing incidence, with the consequence that the number of contributing layers
decreases due to the finite penetration depth of the photons. The present data are not corrected
for this effect.]

 (ii) A direct comparison of neutron
scattering data from a MBE-grown, 46-Å-
thick Ho film, sandwiched between two Y
layers [2], with the results of resonant x-ray
scattering at the Ho-MV edge reveals
identical results for the two methods (Fig.
2). This is found for all temperatures within
the antiferromagnetic phase, with the
temperature dependence of the magnetic-
satellite position and intensity as
determined by resonant soft x-ray diffrac-
tion being identical to the results of neutron
diffraction. In the former case, however,
data can be obtained with much better
statistics within much shorter data-
acquisition time.

(iii) The large enhancement factor at
the Ho-MV edge even allows to perform
critical-scattering studies of short-range
magnetic order with unprecedented data

quality (Fig. 3). While with hard x rays such
studies could be performed in a temperature
interval of  ≈ 1.5 K above the Néel-
temperature for bulk samples [3], we could
extend these investigations to up to 3 K
above TN in the soft x-ray region even for
such a thin film, opening the possibility to
study effects of reduced dimension on short-
range magnetic order.

This work was supported by the BMBF,
project SF8 KEC8 and the European Union
(EFRE).
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Quantum-well states in ultrathin aluminium films on Si(111)
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Metal films deposited on metal, semiconductor or insulator substrates can exhibit quantum size
effects [1], i.e. electrons in the film can be confined either by an absolute energy band gap or by
a wave-vector- or symmetry-dependent gap, resulting in discrete quantum-well states. Studies of
quantum-well phenomena in thin metal films have so far concentrated on the noble metals,
which are largely unreactive with many substrates. Here we report investigations of the
thickness-dependent electronic structure of ultrathin Al films deposited on Si(111)7×7 using
angle-resolved photoemission (ARPES), showing the first experimental observation of QWS in
this system. The measurements were carried out at BESSY I on the 1-m Seya-Namioka mono-
chromator. In previous studies using room temperature deposition it was found that flat Al films
may be prepared, but with a reacted interface. Deposition at 100 K, however, induces an abrupt
and homogeneous interface and leads to the growth of well-ordered epitaxial, two-dimensional
Al(111) overlayers, probably caused by reduced diffusion and a more homogeneous nucleation
during the first stages of film growth at low temperature. Even after annealing to room
temperature and above, the films are highly stable and improve their crystalline order while
retaining their 2D character, and the interface remains homogeneous, in contrast to the films
grown directly at room temperature. The high quality of films deposited at low temperature

permits the observation of overlayer states in the as-
deposited films for thickness up to 30 Al monolayers,
as shown in Fig. 1. The spectra exhibit well-defined
separate peaks in the s-p band region, in higher number
as the layer thickness increases. These photoemission
peaks correspond to the discrete set of wave vector
values k allowed for each overlayer thickness, and can
be readily understood within the phase accumulation
model [2]. Here the metallic film is considered as a 1D
potential well in the direction normal to the surface,
where the quasi-free valence electrons are confined
between vacuum and substrate. Only those k⊥ values
fulfilling the stationary state condition 2•k•d + ΦB +
ΦC  = 2•π•n are allowed, with n an integer, d the film
thickness, and ΦC  and ΦB being the phase shifts at the
metal/substrate interface and metal surface,
respectively. In our case, where the substrate has no
energy band gap in most of the energy region of
interest, still there is a finite reflectivity at the Al/Si
interface, resulting in partial confinement of electrons
in the metal overlayer. Strictly speaking, the observed
states are quantum-well resonances; this may be one
reason why they appear broader than quantum well
states in the photoemission spectra. The phase shift

upon reflection at the surface barrier is well described by a semi-empirical formula [3]. It is,
however, not clear which phase shift should describe the reflection at the metal/substrate inter-
face in the present case of Al/Si(111), especially since there exist several occupied bands of the
substrate in the energy region investigated, and the interface is lattice-mismatched. In most

Figure 1. Normal emission spectra for
a LT Al deposition series in ≈ 1 ML
steps, measured with 15 eV photon
energy. S is the Al(111) surface state.
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studies this contribution is neglected, or a diffuse scattering condition with loss of all parallel
wave vector information is assumed [4].
 The experimental dispersion of Al quantum-well states in the surface Brillouin zone can be well
explained in terms of the Al band structure in a first approximation, in terms of a parabolic
dispersion towards EF with the parallel component of the wave vector k||. However, a more
detailed analysis reveals a strong influence of the Si
band structure on quantum well state peak positions
and lineshapes. This effect is best detected when the
dispersion series are viewed in a two-dimensional gray
scale representation, such as that of Fig. 2. Subtle
intensity modulations and shifts of the maxima
deviating from the ideal free-electron-like dispersion
can be recognized. The modulations correspond
closely to the E(k) regions of high density of substrate
states - basically the substrate band edges. In such
regions there is a decrease in reflectivity and a
singularity in the phase shift upon reflection at the
interface, as a consequence of enhanced coupling of
the overlayer resonances to substrate states. The
modified boundary conditions influence the allowed
energy and wave vector values in the metallic
overlayer through the different interference condition.
Our observations demonstrate that the effect of
individual substrate band edges can modify the
overlayer electronic structure. Thus the detailed
substrate band structure must be included in a full
description of quantum well resonances.

Since we clearly see modulations that are resolved in k||, the assumption that all parallel wave
vector information is lost at a lattice-mismatched interface must be challenged, The substrate
electronic structure largely determines the energy-dependent phase shift of the electron waves at
the Al/Si interface, making possible the mapping of the band edges through the induced
changes. The importance of this observation lies in its ground state character: no optical
transition is involved in determining substrate band edges, since the Bloch electrons of the
overlayer are used for probing the interfacial structure. The fact that the features are photon-
energy-independent confirms that the band edges are determined by observing the interference
(quantum-well) effects on the Bloch electron wave between the two boundaries of the Al
overlayer. This observation clearly demonstrates that the details of the substrate electronic
structure need to be taken into account for a full description of quantum well states.

We thank C. H. Chen, H. Haak, and the BESSY staff for technical support. This work has been
supported by the Bundesministerium für Bildung und Forschung under Grant No. 05SE80LA7.
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Figure 2. First derivative of the normalized
intensities with respect to the energy for an in-
plane dispersion series of a 7 ML Al/Si(111)
film. The upward dispersing features are due
to the dispersion of the Al-derived quantum
well states, while the downward branches are
induced by the band structure of the Si
substrate.
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Photon-induced collective excitations in ultrathin Mg films on Si(111)

L. Aballe, C. Rogero, and K. Horn
Fritz-Haber-Institut der Max-Planck-Gesellschaft,Berlin, Germany

Epitaxial films are of fundamental and technological interest, and in ultra-thin films the
existence of quantum size effects in their valence electron as well as phonon states may
influence their physical properties to the extent that novel electronic devices may result.
Electrons in the film can be confined either by an absolute energy band gap or by a k- or
symmetry-dependent gap, resulting in discrete quantum-well states (QWS) which can be
probed directly by angle-resolved photoelectron spectroscopy (ARPES)1, and which can be
understood within the one-dimensional particle-in-a-box picture in a first approximation.
Studies of quantum-well phenomena in thin metal films have so far concentrated on the noble
metals, largely unreactive with many substrates, and their interpretation has been mostly
restricted to a ground state picture. Here we report the first experimental observation of QWS
in ultra-thin Mg films on Si(111)7×7, and concentrate on the interaction of the
electromagnetic field with the surface and overlayer charge density and its effect on the
photoemission cross section. The ARPES and angle and energy resolved photoyield (AERPY)
measurements were carried out at BESSY I on the 1-m Seya-Namioka monochromator. As in
related cases, for example Al/Si described elsewhere in this volume, deposition at 100 K
induces an abrupt and homogeneous interface and leads to the growth of an epitaxial, two-
dimensional Mg(0001) overlayers of good crystalline quality, in contrast to the films grown
directly at room temperature, which consist of amorphous Mg layers on top of a thin silicide
layer. Even after annealing to room temperature and above, the films retain their 2D character,
and the interface remains abrupt.

The high quality of films deposited at low temperature permits the observation of overlayer
states in the as-deposited films for thickness up to more than 40 Mg layers. The ARPES
spectra exhibit well-defined separate peaks in the s-p band region, with increasing number as
the film thickness increases, corresponding to the
discrete set of k⊥ -values allowed for each overlayer
thickness as given by the phase accumulation model 2.
In our case, where the substrate has no energy band
gap in most of the energy region of interest, there is
still a finite reflectivity at the Mg/Si interface, resulting
in partial confinement of electrons in the metal
overlayer. Such two-dimensional states do not disperse
with k⊥ and can be detected over a range of photon
energies, due to non-strict conservation of the wave
vector normal to the film in the optical excitation.
However, the relaxation of k⊥ conservation can by no
means explain the photon energy dependence of the
intensity of quantum-well resonances shown in Fig. 1
for a 25 ML Mg film. The marked intensity and line
shape variations with excitation energy are not due to
atomic photoionization cross-sections; rather, they are
due to the interaction between the electromagnetic
field an the quasi-two dimensional electron gas at the film surface.

Figure 1. Series of normalized normal
emission spectra with different excitation
energies for a 25 ML magnesium film. The
peaks are three quantum–well resonances
and the surface state at –1.7 eV.
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Consider the Golden Rule photoemission matrix element

In most cases, the second term p·A , giving rise to what has been termed “surface photo-
emission”, is neglected, since it is assumed that the surface is transparent to the field.
sHowever, this is not true in the photon energy region near the plasmon energy of the metal.
Levinson et al. in 1979 demonstrated the importance of taking into account the spatially
varying photon field at the surface for the frequency dependence of the photoionization cross
section 3; the connection between the photoemission enhancement and the collective modes of
the electrons at the surface became evident later 4,5. It is this frequency dependence that gives
rise to the strong enhancement of photoemission intensity seen in Figure 1, in the region of the
Mg bulk and multipole plasmons. Setting an energy window at the Fermi energy and
recording the intensity in a constant initial state mode, we obtain an energy-and angle-
resolved yield spectrum such as shown in Figure 2. This photoyield spectrum has a rich
structure; The main feature is an overall intensity enhancement of about one order of
magnitude over the region from about 8 to 12 eV, in a narrow peak at 10.7 eV(ωp ) and, on the
low photon energy side, a shoulder at about 8.75 eV or 0.82 ωp (ωm). These modes ωp and ωm
are the coupled modes of the conduction electrons and the electromagnetic field, named
overlayer  and multipole surface plasmon, which can only be understood when taking into
account the microscopic variations of the field at the metal surface [6]. Peaks at higher photon
energies above ωp have previously been interpreted in terms of longitudinal bulk-plasmon
excitations.

An interesting aspect of the appearance of the spectra in Figure 1 is the fact that, along with
the overall  intensity, the relative modulation of the spectrum in terms of quantum well states
varies greatly. This aspect has recently been explained by a comparison between experimental
data and time-dependent LDA calculations by Barman et al.6 for the case of Na films on
Al(111).  The incident field is confined to the overlayer region on account of the higher
plasmon energy of the substrate ( ωp for Si is 16.5 eV) causes a strong interaction of the field
with the quantum well states and thus a strong enhancement of their relative signature in the
spectra; note that this relates to the “surface photoeffect” mentioned above; there is no direct
transition between occupied and unoccupied bands in the photon energy region covered in
Figure 1. Hence we interpret the cross section dependence in Figure 2 in terms of an

interaction of the field confined in the metal
overlayer with its quantum well states.
We thank C. H. Chen, H. Haak, and the BESSY
staff for technical support. This work has been
supported by the Bundesministerium für Bildung
und Forschung under Grant No. 05SE80LA7.
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The Interfacial Electronic Structure of CdSe/ZnTe/InAs(100)
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Devices based on electronic spin effects have over the last few years attracted considerable
attention, e.g., as giant-magnetoresistive sensors or magnetoresistive memory cells. However,
only recently the lack of an efficient means to inject spin-polarized charge in semiconductor
transport devices could be overcome by utilizing the semi-magnetic II-VI-compound
BexMnyZn1-x-ySe as a very effective spin aligning system [1].

For an understanding of the transport properties, the electronic structure – mainly the va-
lence and conduction band offsets – has to be known and modelled. This is especially im-
portant for electron spin injection devices, because in transport experiments spin polarized
electrons in a varying magnetic field lead to a relatively small change in resistance, which is
very difficult to detect if high contact resistances between the different layers exist.

In our case, we investigated a second promising II-VI-system for spin injection devices,
Cd1-xMnxSe (x~0.1) grown on InAs, the latter showing high intrinsic mobility and thus good
transport properties. In order to prevent a diffusion of Se into InAs and thus to improve the
growth quality, an additional ZnTe interlayer was inserted. This, however, raises the question
of the band alignment in such a complicated tri-layer system. For a detailed investigation of
the band offsets involved in the CdMnSe/ZnTe/InAs system we have chosen the more simple
CdSe (x=0) system as a starting point. Band discontinuities were determined from PES (Pho-
toelectron Spectroscopy) experiments at the U49/1-PGM beamline with photon energies bet-
ween 460 and 1100 eV using a Scienta SES2002 electron analyser.

The samples were prepared by molecular beam epitaxy (MBE) at the University of Würz-
burg. InAs(100)-substrates (S-doped) were overgrown with an InAs buffer layer and  ZnTe
was deposited at a Zn:Te beam pressure ratio of  approx. 1.4 (growth rate ~ 0.2 ML/s). Subse-
quent CdSe growth was conducted at a rate of ~ 0.13 ML/s. The growth process was monito-
red in-situ by RHEED, and SPA-LEED experiments show that these conditions at appropria-
tely chosen growth temperatures lead to two-dimensional growth and a good surface quality.

After growth, the samples were trans-
ferred to BESSY in a UHV transfer
box at a base pressure of 2x10-9 mbar.
After the transfer, PES experiments
revealed no oxygen and no or only
marginal carbon contamination. For
investigating the valence band offset
(VBO) of a tri-layer heterostructure at
least four different samples have to be
investigated; in our case, we studied
an InAs(100) substrate sample, se-
veral ZnTe samples of varying thick-
ness on InAs(100), and several CdSe
layers of different thickness on a 3
ML and a 20 nm ZnTe/InAs(100)
substrate.

Figure 1: Upper valence band spectra of bulk
InAs, ZnTe and CdSe, taken at hν  = 700 eV.
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In Fig. 1, spectra of the upper valence band of InAs(100), 100 nm ZnTe/InAs(100), and 70
nm CdSe/3 ML ZnTe/InAs(100) are shown, taken at an excitation energy of 700 eV. The
band edge has been determined by linear extrapolation. In a recent BESSY experiment, we
were able to show that the correct VB maximum can only be derived from spectra with sui-
table excitation energies [2]. In the present case, however, higher photon energies were em-
ployed in order to study deep core levels, and hence only a small spectral contribution from
the Γ-point is observed in Fig. 1. Hence, the linear extrapolation of the main edge determines
the valence band edge at incorrectly high binding energies, while reasonable intensity on the
low binding energy side of all edges is observed. Under the assumption of comparable band
dispersion, the errors (partly) cancel each other in the determination of the VBO. To check the
validity of this assumption, supplementary laboratory experiments using He- and Ar-UPS and
IPES are currently conducted. To study the involved core levels, we focus on the Cd 3d5/2, Te
3d5/2, Te 4d, As 3p1/2, and As 3d levels, using Voigt functions for the fits. No In core levels
are analyzed here, because our photoemission data show that In also segregates to the surface
of ZnTe/ InAs hetero-
structures. Note that As 3d
and Te 4d have approx.
the same binding energy,
which requires high spec-
tral resolution to distin-
guish the different spectral
contributions. For Te and
Cd peaks, an additional
surface chemically shifted
component is observed.
Fig. 2 shows the measu-
rements and fits of Cd
3d5/2, As 3d, and Te 4d for
the same samples as in
Fig. 1, as well as for 5 ML
CdSe/3ML ZnTe/InAs
(100).

We find a stepwise align-
ment of the valence band maxima, namely an offset of 0.37 ± 0.15 eV for the InAs-ZnTe he-
terojunction  and of 0.53 ± 0.05 eV for the ZnTe-CdSe junction (averaged values from diffe-
rent samples), with the InAs (resp. CdSe) valence band maximum having the smallest (resp.
highest) binding energy. The derived offsets do not depend on the thickness of the ZnTe in-
terlayer. The significantly higher uncertainty of the InAs-ZnTe offset is presumably due to
this being a heterovalent junction; for the similar system ZnSe on GaAs it has been demon-
strated that changing the Zn:Se flux rates and thus the interface composition leads to a varia-
tion of the valence band offset of up to one eV [3].

This project is supported by the DFG, SFB 410, and the BMBF, project 05SE8WE10.
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Figure 2: Cd 3d5/2, As 3d, and Te 4d core level spectra
of various CdSe/ZnTe/InAs samples (hν = 700 eV).
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Fig. 1: Reflectometry measurements of the multilayers
[Co(2nm)/Cu(1nm)]40 ("CoCu-A") and
[Co(1nm)/Cu(2nm)]40 ("CoCu-B") measured with Cu-
Kα radiation and below the Co-L3 edge with linearly
π-polarized radiation (q=4πsinθ/λ). The curves are
shifted vertically for clarity.

X-ray resonant scattering from Co/Cu multilayers at the Co L3 edge
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Nanoscale metallic multilayers can show interlayer coupling for certain layer parameters,
leading to peculiar properties like the phenomenon of giant magnetoresistance (GMR) which
is of interest for development of motion sensors, read heads and other applications in the
fields of magneto-electronics. Due to the large values of the GMR achievable in Co/Cu
multilayers, this system is of particular interest for applications. At elevated temperatures,
the GMR properties of the multilayers are known to degrade irreversibly. Both for the
understanding of the mechanisms responsible for this degradation and for further optimizing
GMR film systems, information about the correlation between structural and magnetic
properties is required.
To investigate these properties and their changes during thermal treatment, resonant
magnetic scattering with polarized soft X-ray radiation at the Co L3 absorption edge was
applied. The experiments were carried out at the UE56-PGM undulator beamline at BESSY
II. Two samples with a layer structure of 40x[Co(2nm)+Cu(1nm)]+Co(2nm) ("Co/Cu-A") and
40x[Co(1nm)+Cu(2nm)]+Co(1nm) ("Co/Cu-B") corresponding to the first and second
maximum of the antiferromagnetic (afm) coupling were deposited by dc magnetron
sputtering onto thermally oxidized (100)-Si wafers. GMR values of 60% (Co/Cu-A) and 27%
(Co/Cu-B) were obtained for the as-deposited state.
Fig. 1 shows the reflectometry curves measured with linearly polarized radiation close below
the Co L3 edge at both samples. As observed in [1,2], at a q-value which is half of that of the
structural Bragg peak an additional diffraction peak due to the afm coupling of the Co layers
has to be expected. This purely magnetic peak was found in a range of 20eV to 1eV below
the Co L3 edge with a maximum intensity about 1eV below the edge, whereas directly at the
edge it diminished apparently due to the enhanced absorption. Within this range also the
position of the peak slightly shifted in the q space.
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Fig. 2: Reflectometry curve of the multilayer
Co/Cu-A  measured at E=776eV with circularly
polarized radiation for B = 0 (solid line), B = -
20mT (squares) and B = +20mT (triangles).
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Fig. 3: Reflectometry curve of the multilayer
Co/Cu-B  measured at E=777eV with circularly
polarized radiation.

Fig. 4: Measurement of the GMR before and
after annealing.

Neither after changing the energy to the Cu L3 absorption edge nor in the hard X-ray region
(Fig. 1, upper curves) this peak appeared which corroborates its affiliation to the Co
component. Its magnetic character was confirmed by applying an external magnetic field.
For the magnetization direction being in-plane of the sample surface and within the
diffraction plane a strong reduction of the magnetic peak was obtained (Fig. 2), whereas a
magnetic field perpendicular to the diffraction plane did not affect it. No significant difference
between the initial curve at zero field and the remanence curve measured after switching the
field off was observed for sample Co/Cu-A (Fig. 2). The structural peak remained unchanged
in all cases. Both for circularly and linearly π-polarized radiation similar effects were
obtained.
After a 10 minute annealing at 150°C and at 225°C a significant reduction of the magnetic
peak was observed (Fig. 3) indicating the decrease of the afm coupling of the Co layers.
Since the structural peak did not show any changes, a macroscopically persistent layer
structure can be inferred. Apparently, local changes in the layer structure, for instance layer
breaks of the Co layers as concluded from TEM [3] and hard X-ray diffraction experiments
[4], are correlated with the loss of the afm coupling. The latter was confirmed by the
simultaneously measured GMR which was strongly reduced after the annealing at 225°C
(Fig. 4).
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Fig. 5a,b: Reflectometry curves of the Co/Cu-B
multilayer measured at E=778eV with circularly polarized radiation (B within diffraction plane) before
(left) and after (right) annealing.

Though the asymmetry of the scattering curve for the measurements below the absorption
edge was small (cf. Fig. 2), significant dichroic effects in the reflectometry measurements
were observed both for circularly and linearly polarized radiation directly at the Co L3 edge
(Fig. 5a,b). The observation of a strongly angle-dependent asymmetry changing its sign
before and after the Bragg peaks positions corresponds to measurements of Fe/C
multilayers [5] which could be qualitatively explained on the basis of Bergevin's model [6].
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Fig. 6: Hysteresis loop showing the specularly
reflected intensity at E=778eV measured at E=778eV
with circularly polarized radiation (sample angle
θ=14.5°).

Though the angular dependence of the asymmetry did not show qualitative changes after
the annealing, the element-selective hysteresis loops measured at different angles
significantly changed with increasing annealing temperature. For the as-deposited state the
hysteresis loop  shape (Fig. 6, solid curve) clearly prove the antiferromagnetic (afm) coupling
of the Co layers. After annealing up to 225°C the hysteresis loops reflected a stronger
ferromagnetic coupling contribution (Fig. 6, squares) in agreement with the above concluded
decrease of the afm coupling of the Co layers.
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The data obtained below and directly at the Co L3 edge show strong enhancement of the
magnetic scattering giving the possibility to investigate structural and magnetic features of
multilayers simultaneously. The reduction of the afm coupling in a GMR multilayer during
heat treatment could be observed in a temperature range where the layer structure still
persists on a macroscopic scale. Thus, the changes of the magnetic properties of the Co/Cu
system during annealing are assumed to be related to the local changes of the layer
structure observed, e.g., by TEM. A more detailed analysis of the scattering data is under
work.
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Comparison of micro-structured thin film systems with and without
exchange bias using the PEEM imaging technique
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There is a continuous request for magnetic mass storage systems with higher storage capac-
ity and improved performance. The so called compound density growth
rate (CGR) prognosticates the average hard disk storage density to double
about every 2 years. In order to satisfy this demand, the bit size needs to
be reduced. But not only the bit size is affected by this development, as
smaller bits also require an improved sensitivity of the read heads. Since
their introduction in the early nineties, spin valve systems (SV) have been
considered to be the most promising candidates for the future generation
of read heads for ultra high density magnetic recording. A typical SV is a
multi-layered system starting with an antiferromagnetic (AFM) layer e.g.,
FeMn or NiO. The antiferromagnet pins the neighbouring ferromagnetic
(FM) layer e.g., FeNi, via exchange bias [1]. This FM layer is separated
from a second FM layer by a non-magnetic spacer material. A change of
resistivity is revealed whenever the relative angle between the magnetisa-
tions of the two fm layers is varied. Maximum resistivity is achieved for
the antiparallel and minimum resistivity for the parallel alignment of the
two magnetisations. This behaviour is caused by the giant magnetoresis-
tive effect [2]. It is well known that the strong magnetostatic coupling
between the two FM layers causes the SV device to be biased far from
zero applied field [3], when being laterally patterned in the low 10 µm

regime. Thus, high current densities need to be applied in order to realise a suitable bias state. For a
better understanding of the micromagnetic properties of these system we investigated magnetic do-
main structures for exchange-biased and non-biased patterned systems with µm sizes.

hν

Fig. 1: Asymmetry image
of a 10 µm patterned
FeNi sample. The orien-
tation of the incoming
light is indicated by hν
and the intensity profile
is taken along the circu-
lar path given by the
arrow.
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Fig. 2a: Intensity profile of the disk shaped topmost pattern
in fig. 1 (dots) and sine fit ( line).

Fig. 2b:  Intensity profile of the ring-like bottommost pattern
of fig. 1. The inset gives a model of the local magnetisation
distribution.
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We compare both types of systems focussing on how pinning effects influence the domain shape
and size as a function of the lateral size and shape of the magnetic dots. The magnetic characterisa-

tion employed Photoemission Electron Microscopy (PEEM) with soft-X-
ray excitation. The magnetic contrast arises from magnetic circular dichro-
ism (MXCD) [4]. The experiments were carried out at BESSY II using the
elliptical undulator beamline UE56/1 delivering soft X-ray radiation with
high brilliance and variable polarisation [5]. A modified IS-PEEM [6] with
integrated lateral
and rotational sam-
ple positioning was
employed for the
studies. The micro-
structured samples
were prepared ex-
situ by magnetron-
sputtering. The ex-
change biased sys-
tem comprised an

AFM NiO (50nm) layer covered by FM FeNi
(5nm), and has been patterned by photo-
lithography. The films were deposited in the
presence of a small magnetic field, in order
to magnetically align the system. The FM
layer of the unbiased system consists of
5 nm FeNi. After introducing the samples
into UHV mild Ar-ion bombardment was
used for final cleaning of the surface.

In the following, we compare the two
cases of magnetic domain structures for a
biased and an unbiased system. For the latter
system the result for 10 µm structures is
shown in fig. 1. This asymmetry image1

visualises the magnetic contrast A of the
sample, according to the projection of the
local sample magnetisation M onto the
helicity vector σσσσ of the incoming circularly
polarised light (A~ M •••• σσσσ). Bright areas are
correlated with a parallel alignment of M
and σσσσ, whereas dark areas are indicate an
antiparallel alignment. This FeNi sample
contains two different dot types, namely, a
ring and a disk structure. The ring as well as
the disk shaped structures reveal a gradually changing contrast level when going around the circum-
ference of the structure. In order to get a better insight into the local magnetisation distribution we
extracted intensity profiles for both structures along a circular path (fig. 2). Within the experimental
uncertainty these line profiles agree with each other. They can be fitted in good approximation by a
simple sine function (fig 2a: black line). The maximum contrast between the bright and the dark
                                                          
1 The asymmetry image is calculated by the following expression: A = (I+ - I- )/( I+ + I- ), where I+, I- are single images
taken for incoming light with helicity σ+ and σ-, respectively.

Fig. 3: Asymmetry
image of a 25µm pat-
terned FeNi/NiO sample.
The orientation of the
incoming light is indi-
cated by hν and the
intensity profile is taken
along the circular path
given by the arrow.

Fig. 4a:
Intensity profile
of the ring-like
lower left
 pattern of fig. 3
(dots).
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Fig. 4b:
Intensity profile
of the ring-like
centre pattern of
fig. 3 (dots),
sine-fit and pla-
teau values (hori-
zontal lines).
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Fig 4c:
Intensity profile
of the ring-like
upper right
 pattern of fig. 3
(dots).
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Fig 4d:
Model of the
local magnetisa-
tion, incoming
light being indi-
cated by hν. hν
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areas is ± 40% and symmetric. The line scans confirm that the contrast varies continuously with
the angle between incoming circularly polarised light and magnetisation. This has to be interpreted
such that the local magnetisation vector M at the outer part of the structures runs circularly around
the centre of the pattern independently whether they are disks or rings. Note, however, that for the
disk-shaped structure this situation will ultimately require a vortex formation at the centre of the
disk. The experimental observations are thus compatible with a classical flux closure structure (fig.
2b, inset). Therefore, we conclude that there is no preferential direction for the magnetisation.

We compare these results to exchange biased FeNi/NiO samples investigated earlier
at Elettra/Trieste. In that case, we also characterised three ring shaped structures sizing 25 µm in
outer diameter with different inner diameters. The direction of exchange-biasing has been aligned
with the direction of light incidence. The asymmetry image (fig. 3) is quite different now. It shows
for every pattern two nearly equally sized areas with bright and dark contrast, indicating that in ex-
tended regions of the sample the magnetisation points along the same direction, i.e., either parallel
(bright) or antiparallel (dark) to the incoming photon beam. Instead of the gradual change of the
contrast in the un-biased system, we observe rather sharp transitions between the dark and bright
areas. In order to evaluate this behaviour more thoroughly, again appropriate intensity profiles were
measured. They differ markedly from those of the unbiased samples in all three cases (fig. 4a-c). For
comparison, the sine function fit from fig. 2 has been vertically rescaled and included in fig 4b. We
observe that far away from the transition regime, the contrast stays almost constant (~ ± 8% in fig.
4b). This proves that the coupling between NiO and FeNi keeps the magnetisation of FeNi aligned
along the exchange biasing axis. The sharp transition almost suggests the presence of a 180° domain
wall. However, the system is not a simple two-domain state with oppositely magnetised domains.
This becomes clear by inspecting the line scan in the vicinity of the transition region, where a grad-
ual change of the contrast is observed. Because the exchange coupling between NiO and FeNi is
weak, we attribute this behaviour to a canting of the magnetisation away from the exchange-bias
axis rather than to a formation of microdomains. This canting is the result of a competition between
the exchange biasing and the demagnetising field. Further high-resolution investigations will be
necessary to detail the behaviour of the local magnetisation in the transition region.
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               Quantum-size effects in ultrathin epitaxial Au and Ag films on W(110)
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A wide series of experimental and theoretical works exists now in the literature which is
devoted to investigation of Quantum Well States (QWS’s) formed in thin metallic films. These
states are generally well described in the framework of confinement of electron waves inside of
the film and formation of standing waves with k-vector corresponding to the film thickness of (see,
for instance, [1-3]). Such type of approach for the description of the experimental results is strictly
valid only for relatively thick deposited metallic films (more than 10-15 monolayers) [1-3], when
the approach of a potential box can be applied.

The aim of the present work is to investigate the formation of QWS’s formed in ultrathin
Au,Ag films grown on W(110) beginning already from submonolayer coverages, i.e. in the
monolayer-like limit of layer thickness. In Fig.1 and 2 the changes of photoemission spectra
measured at normal emission are shown under permanent room temperature deposition of Ag and
Au, respectively, on top of the W(110) surface . The experiments were carried out at UE56/2 and
U125/1 PGM beamlines at 30o off-normall light incidence and with a VG Escalab analyser. From
analysis of the presented spectra we can first distinguish abrupt changes of the features’ binding
energies, which are related to formation of QWS’s both for Ad,Au (sp) and Ag,Au (d) states. The
positions of the features corresponding to formation of 1, 2, 3, 4 and 5 monolayers are shown by
vertical lines (solid and dotted ones for sp and d states, respectively) and are marked by 1sp,
2sp....1d..., where 1,2.... means the number of deposited monolayers. The measured energy
positions of the peaks correlate well with data obtained on the basis of an extended phase
accumulation model applied to the W(110) substrate [4]. To confirm our interpretation of the
features for the Au/W(110) system, the changes of intensities of QWS’s related to 1, 2 and 3 ML
of Au are presented in Fig.3 for states of sp-character. Here, for comparison, the changes of
intensity of the peak related to formation of Au(d2) QW state are also shown. As we can see,
maxima of intensities for all these peaks correlate with completion of 1, 2 and 3 monolayers of Au
on top of W(110). Formation of each successive monolayer (at least up to 4ML thickness) starts
mainly after completion the previous monolayer which confirms the layer-by-layer growth
mechanism for the initial stages of Au,Ag-deposition. However, at higher coverages a complex
structure of the QWS peaks can be distinguished that is related to transition to rather island-like
character of the film growth. Analysis of the spectra for the Au/W(110) system shown that first
QWS’s corresponding to 1, 2 and 3 ML of Au are situated in a region where Au(d) states are
located. Despite this, these QWS’s are well visible and can be distinguished on top of the
background of Au(d) states. Upon Au-deposition, Au(sp) states are shifted towards the Fermi level
and are already located in the region above the Au(d) states up to the edge of Au(sp) valence band.
QW states of Au(d) character change also their energies under Au deposition within the limits of
the corresponding Au(d) bands.

Comparison between Au/W(110) and Ag/W(110) systems shows that the energies of
corresponding QWS’s are located in the same energy regions that can be expected from the
corresponding valence band structures of Au and Ag. The spectra presented can be well described
in the framework of a transition of the electronic structure from a single-atomic-layer-like one to
the one of a solid.
 — Acknowledgement: We thank R.Follath for expert support at the beamlines.
1.  F.J. Himpsel, J.E. Ortega, G.J. Mankey, R.F. Willis, Adv. Phys. 47, 511 (1998).
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      Fig. 1. Normal emission photoemission spectra            Fig. 2. Same as Fig. 1. for Au on W(110)
         of Ag on W(110) at 62.5-eV photon energy.
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Fig. 3. Dependence of photoemission intensity of main features on deposition time for Au/W(110).
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Introduction
Photoalignment-Layers obtained by photochemical reactions with linearly polarized light
have received an increased technological interest to substitute the commercially used
mechanically rubbed polyimide films in displays because they overcome disadvantages such
as dust formation and static electricity during the manufacturing process [1-3].  Furthermore,
photooriented polymer films open the possibility to locally control the orientational direction
of liquid crystals by light.  The surface properties of polyimides and the interaction between
rubbed polyimide surfaces and liquid crystals have been successfully investigated by
NEXAFS spectroscopy [4-6].  In addition, several photoreactions and light induced physical
processes occur during irradiation of photochromic polymers [1-3]  The mechanism of
angular-dependent photoselection and subsequent photoorientation processes of the
photochromic groups in the glassy state of the polymers obtained by irradiation with linearly
polarized light, and the interaction between the anisotropic polymer surface and the liquid
crystal have not yet been well understood because of the high complex nature of these
systems.  Key functions for understanding of the photoaligning processes are the structure and
the properties of the photooriented polymer in the bulk and at the polymer surface, which are
also important for the interphase between the anisotropic polymer films and the liquid crystal.
Therefore, both methods, UV-VIS spectroscopy with linearly polarized light and NEXAFS
(Near Edge X-ray Absorption Fine Structure) spectroscopy, were applied to analyse the
orientation in the bulk as well as at the film surface. First results of azobenzene containing
polymers were published recently [7,8].  In this work, we report about anisotropic properties
of a photoalignment-layer based on a liquid crystalline copolymer containing the stilbene
chromophore in the side chain.

Experimental
Films were prepared by spin-coating on ITO covered glass substrates using a solution of 13.6
mg of the smectic copolymer (Tg = 57°C, Tc = 106°C) in 250 ml THF. The polymer film was
irradiated using the 321 nm line of a He-Cd-Laser (15 mW/cm2) for 30s, and tempered first at
85°C for 1h and second at 95°C for 5 days.
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Polarized UV-VIS measurements were carried out using a diode-array spectrometer
(Polytec XDAP V2.3), which is equipped with a computer-driven stepper and an in-build
polarizer, to determine the anisotropy of the films.  NEXAFS measurements were carried out
under ultra high vacuum conditions (base pressure below 5x10-10 mbar) at the beamline PM-1
of the Berlin synchrotron radiation facility BESSY II.  A home made NEXAFS detector based
on a double channel plate (Galileo) was used.  The spectra were recorded in the partial
electron yield (PEY) modus with a retarding voltage of –150 eV to reduce inelastic scattered
electron contributions for an increase of the surface sensitivity.  The data obtained were
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normalized to a constant incident photon flux by subtraction of a constant background and
subsequent division by a spectrum which was recorded from a freshly sputtered Au wafer.

Results and Discussion
Photoorientation of stilbene containing polymers based on E/Z isomerization reaction of the
chromophore is described in[10]. The liquid crystalline methacrylate copolymer investigated
in this work contains the 4-dialkyl-4’-nitrostilbene chromophor and a biphenyl moiety in the
side chains.
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Figure 1: Angular-dependent absorbance at 460nm before irradiation (left), after irradiation,
(middle, the arrow indicates the direction of the electric field vector) and after
annealing (right).
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The spin-coating film of the copolymer is isotropic in bulk (Fig. 1: left), and only a slight out-
of-plane anisotropy can be found at the film surface (Fig.3: left).  Irradiation of the spin-
coated film with linearly polarized light at 321nm generates a small amount of anisotropy (S
= 0.05) perpendicular to the electric field vector of incident light (Fig. 1: middle). The
induction of anisotropy is accompanied with a decrease of the average absorbance at the ππ*-
transition (Fig.2). This behavior can be caused by angular selective E/Z isomerization or
angular dependent degradation of the π-system of the stilbene. Furthermore, the induced
optical anisotropy can be amplified by annealing at temperatures of the smectic phase.  The
observed degree of order is S = 0.3 after annealing at 95°C for 5 days (Fig.1: right).  The
direction of orientation is perpendicular to the electric field vector.  In addition, the surface of
the annealed polymer film investigated by NEXAFS spectroscopy shows an out-off-plane
anisotropy (Fig.3).  The π* resonance  at about 285 eV is assigned to an excitation of an inner
core electron into the LUMO (1s->=π*), and exhibits a maximum for spectra recorded at an
angle of 30° compared to a minimum at an angle of 90°. Note, however, that the average tilt
angle of the transition dipole moment obtained by quantitative analysis of the π*resonance is
near the magic angle.  Moreover, the resonance at about 289 eV, which is assigned to the R*
resonance [11], does not show a dichroism neither in case of the spin-coating film nor in case
of the polymer film irradiated with linearly polarized light.

The results discussed above show that irradiation of a spin-coating film with linearly
polarized light results in an anisotropy in the polymer film and at the film surface.  Therefore,
the liquid crystalline methacrylate copolymer could be used for orientation of liquid crystals.
Advantages of the polymer containing the stilbene chromophor and a biphenyl group at the
side chains are the short irradiation time, which is necessary for induction of an anisotropy,
and a considerably amplification of the anisotropy by the following annealing process.  The
combination of polarized UV-VIS measurements and NEXAFS spectroscopy are a usefull
tool to investigate the structure of photoalignment-layers.
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Recently organic thin films on inorganic substrates and organic thin film devices have at-
tracted enormous attention due to their outstanding properties and the various open scientific
questions. The interface between the inorganic substrate, acting as support, template, or con-
tact, and the organic material plays a key role in this context since it not only determines the
structure and morphology of the organic film and hence its properties but it also strongly in-
fluences the electric and optical processes that occur at this interface like charge injection or
quenching of optical transitions. For instance, because of the different chemical bonding of
different molecules at a metal or semicondor surface the band offset between the contact and
the organic layer can be “tailored” by choosing a proper organic interface coating or film
material. This has been recently shown for the commonly used hole transporting material
TPD on an ITO substrate by inserting a PTCDA interlayer [1].

The present study is concerned with a detailed understanding of such interfaces by looking at
well-defined systems such as PTCDA or NTCDA on various Ag surfaces which have been
studied to some extent by our group. Most results until recently have been obtained with labo-
ratory sources and geometrical or vibrational probes such as XPS, UPS, LEED, STM, and
HREELS. Also synchrotron radiation could nicely be applied, for instance for studying the
orientation of adsorbed or condensed molecules and their chemical state (physisorbed, chemi-
sorbed, dissociated) as function of preparation, substrate, or molecule by utilizing PG mono-
chromators at BESSY I. However, with BESSY I or laboratory sources details of the chemical
bonding were always hidden under broad NEXAFS or XPS features due to insufficient reso-
lution and/or flux. This situation has drastically changed very recently with the availability of
high brilliance undulator radiation at BESSY II.

The present experiments have been performed at the U49/1-PGM beamline (UFF-CRG) using
total yield detection and the UFF-CRG spectroscopy chamber with a SCIENTA SES-200
analyser. Since this beamline has now an energy resolution of about 14.000 at the N K-edge
(and probably better at the C K-edge) high-resolution experiments with sufficient sensitivity
can now be performed using the NEXAFS as well the PES technique. The samples were pre-
pared applying common high quality standards of surface science utilizing PES and NEXAFS
for checking cleanliness and LEED for assuring high structural order.

The achievements during the last two runs are enormous. Here we can only give a few exam-
ples for one of the systems, PTCDA on Ag(111), a kind of “drosophila” system in this field.
Fig.1 compares HR-NEXAFS data from a multilayer (10 ML) PTCDA with those from a
monolayer taken at an angle of incidence of 70° and one taken at normal incidence. At first
glance several new observations can be made: (a) The multilayer now contains a wealth of
fine-structure which is partly due to hitherto unknown electronic transitions and partly to vi-
brational coupling; this is discussed in more detail in a separate report. (b) The monolayer
data show drastic changes compared to the multilayer spectrum which can only be explained
by a covalent coupling between Ag and PTCDA. (c) The comparison between the monolayer
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data taken at 70° and those taken at 0°, especially the comparison of the two major peaks,
proves that the molecules are completely coplanar to the surface; an upward bending of some
part of the molecule as postulated for some other cases or a tilted adsorption angle due to
steps or caused by the dense packing (this commensurate adsorbate layer is compressed by
2% as compared to the corresponding bulk plane in PTCDA single crystals) can clearly be
excluded. (d) The first structure of the multilayer spectrum (which is due to a transition from
C 1s orbitals located in the perylene core to the LUMO) is significantly suppressed for the
monolayer. This effect is clearly due to the chemical bonding that involves particularly the
former LUMO and is accompanied by the appearance of a new structure just below the Fermi
edge as seen in photoemission. Since the Fermi level apparently cuts through this bonding or-
bital one can consider this adsorbate as metallic (as compared to most other such systems in-
cluding PTCDA/Ag(110) which are “semiconducting”). (e) The monolayer structures are
much broader and display a different fine structure. This is, of course, no surprise because the
bonding to the substrate considerably increases the lifetime broadening of the involved levels
which is observed here for such systems for the first time. Finally, (f) the first (now weak)
resonance has lost its symmetry (it has significant intensity also at 0°) because of the coupling
to the substrate. A detailed evaluation and assignment of all features is presently underway.

Similar results have been obtained in photoemission; two C 1s spectra are compared in fig.2,
one from multilayers (10 ML) and one from a monolayer, both taken with a photon energy of
335 eV. Similar multilayer spectra have been recorded earlier using a conventional Mg anode,
but the present data are much better resolved. They show: (a) A main peak at 285.25 eV (10
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Fig. 1: Comparison of high-resolution C K-
NEXAFS data for PTCDA multilayers (top)
and monolayers (bottom) recorded at two dif-
ferent angles of incidence. Only the bound, π-
derived states are displayed.

Fig. 2: Comparison of the high-resolution PES
data of PTCDA multilayers (top) and a mono-
layer (bottom) adsorbed on Ag(111). It clearly
reflects the influence of the covalent interac-
tion with the metallic substrate.
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ML) from the aromatic system; this peak now has a clear asymmetry at the low BE side aris-
ing most the different carbon atoms within the aromatic system of PTCDA. (b) Furthermore
three small peaks are now resolved: the peak at 288.83 eV is known to represent the carbox-
ylic carbon in the anhydride group while the peak at 290.2 eV is a kind of shake-up satellite
belonging to the carboxylic carbon and has been observed in previous data as shoulder. New
is the weak peak at 287.1 eV which is a satellite to the aromatic carbon and has been postu-
lated by theory. The monolayer data look completely different: (c) The shift of the main peak
is understandable as arising from bonding and screening by the substrate. (d) Less clear is the
splitting of the main peak which probably arises from a stronger involvement of some of the
aromatic carbon atoms in the bonding, but this needs further consideration. (e) Also unclear is
the  appearance of three instead of two smaller peaks at higher BE; quantitative arguments
speak against the idea that the peak at 287 eV is due to the carboxylic carbon but further
evaluation and perhaps calculations will clarify the situation. (supported by BMBF, project 05
SF8 WWA 7).

[1] “Improved band alignment for hole injection by an interfacial layer in organic light emitting devices”, L. Chkoda, C.
Heske, M. Sokolowski, and E. Umbach, Appl. Phys. Lett. 77, 1093 (2000).
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Copper plays an important role as catalyst for the synthesis and steam reforming of
methanol. The first studies on the dissociation and oxidation of methanol on Cu(110) single
crystal surfaces have been performed by Madix et. al. [1], and since then a variety of surface
science methods has been applied in order to study this system (an early review is given in
Ref. [2], more recent results including STM are found in Ref. [3]). In the present work we
studied the adsorption, dissociation and oxidation of methanol on pure and oxygen-
precovered Cu(110)  using high resolution X-ray photoelectron spectroscopy (HRXPS) at
BESSY II. In contrast to desorption spectroscopies such as TPD, HRXPS allows the
identification and quantification of reaction intermediates after different annealing steps while
they are still on the surface.

The HRXPS data were recorded at U49-PGM (CRG) beamline of BESSY II using a
Scienta 200 mm electron energy analyser with a pass energy of 75 eV and photon energies
of 400 eV (for C 1s) and 730 eV (for O 1s). The overall resolution, as determined at the
Fermi edge of the Cu substrate, was around 130 meV for 400 eV. The base pressure of the
uhv system was 2 x 10-10 mbar. Methanol was dosed onto the sample at 200 K using a
stainless steel needle doser at a background pressure of about 1 x 10-8 mbar for 10 minutes.
The oxygen precoverage of about 0.25 ML was prepared under similar dosing conditions at
a sample temperature of 400 K. The amount of oxygen was calibrated by XPS. Possible
radiation induced changes to the adsorbate were checked by recording data with different
exposure times to synchrotron radiation. Only minor effects could be observed in the case of
methanol monolayers. The spectra were normalized with respect to the background at the
low binding energy side of the spectra and deconvoluted using the Scienta “Analysis”
program with a pseudo-Voigt peak profile.

Spectra were recorded after adsorption of methanol at 200 K and after annealing to
300 K and 400 K, respectively. The deconvolution of the spectra shows a very different
behaviour for the pure and the oxygen precovered (0.25 ML O) surface. In both cases we
find more than one species present on the surface after adsorption and also after annealing
to 300 K which is related to the formation of methoxy in addition to methanol.

The series of HRXP spectra in Figure 1.a and b shows the temperature-induced
changes after methanol adsorption on the pure Cu(110) surface. The 200 K spectra indicate
that there is less methanol adsorbed on the pure Cu(110) surface than on the oxygen
precovered surface (see Fig. 2). The deconvolution reveals two main peaks in the O 1s
spectra at binding energies (BE) 533.48 eV and 531.60 eV and four peaks in the C 1s
spectra at binding energies 286.46, 285.86, 284.56 and 283.83 eV,  respectively. The peaks
at the high binding energies are attributed to adsorbed methanol (286.46 eV and 533.48 eV),
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the peaks at 285.86 eV and 531.60 eV are most likely due to methoxy. The C 1s peaks at
284.56 eV and 282.83 eV could be due to minority CHx species. After annealing to 300 K the
loss of intensity in the high BE peaks indicates significant desorption of methanol. Both O 1s
peaks shift towards lower binding energies (533.13 eV and 531.31 eV) whereas the C 1s
peaks remain at the same positions as for 200 K. Further annealing to 400 K leads to the
complete desorption of methanol and methoxy as can be seen from the absence of any
significant signal in the C 1s spectrum. The O 1s signal in the 400 K spectrum is most likely
due to postadsorption of H2O and OH on the clean surface.

Figure 2.a and b show a series of HRXP-spectra recorded after adsorption of
methanol onto the oxygen-precovered Cu(110) surface (0.25 ML O). The top-most O1s
spectrum was recorded after dosing oxygen for 45 s at 400 K and before the adsorption of
methanol. It shows a very sharp oxygen peak (FWHM 0.56 eV) at 530.28 eV due to
formation of p(2 x 1)O surface oxide islands covering half of the surface area [3,4]. After
dosing methanol at 200 K for 10 minutes the O 1s spectrum shows two additional oxygen
peaks at the same BE as the 300 K spectra of the pure surface (533.13 eV and 531.31 eV)
they are, therefore, attributed to methanol and methoxy, respectively. The sharp oxide peak
has decreased in intensity indicating the formation and subsequent desorption of water upon
methanol adsorption. In the C 1s spectrum for 200 K the methanol and methoxy peaks are
slightly shifted towards higher binding energies (286.31 eV and 285.66 eV). Annealing to
300 K causes a distinct change in both spectra: the high BE peaks (533.13 eV and 286.31
eV) associated with methanol have almost disappeared in favour of a new species at binding
energy 530.75 eV (O 1s) and 285.31 eV (C 1s), respectively, which we interpret as an
methoxy species in the neighbourhood of an oxygen atom. After further annealing to 400 K
two small peaks are left in the C 1s spectra and the O 1s oxide peak at 530.15 eV has
increased again. The two other O 1s peaks are most likely again due to post-adsorption of
water.

All data shown here were recorded after saturating the surface with methanol. For a
more detailed understanding of the reaction pathways further experiments are planned with
different coverages of methanol and oxygen.

This work was supported by the BMBF through grant 05 SF8 WEA7. We would like to thank
Prof. Dr. H.-J. Freund / Dr. H. Kuhlenbeck, Prof. Dr. E. Umbach and Prof. Dr. J. Fink  for
allowing us to use their equipment.
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Methanol on Cu(110)

Fig 1: HRXP spectra of methanol on Cu(110) (a) C 1s (hν = 400 eV (b) O 1s (hv = 730 eV).

Methanol on 0.25 ML O / Cu(110)

Fig 2: HRXP spectra of methanol adsorbed on oxygen-precovered Cu(110) (a) C 1s (hv = 400 eV)
(b) O 1s (hv = 730 eV). See text for details.
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Fig. 1 Experimental (thick lines) and
simulated (thin lines) PhD
modulation C 1s curves of benzene

Fig.2 Structural model for
benzene

Local structure determination for benzene/NO coadsorption on
Ni{111}

S.Bao, R. Lindsay,  M. Polcik, A. Theobald, T. Gießel, O. Schaff, P.
Baumgärtel, R. Terborg, and A.M. Bradshaw

Fritz-Haber-Institut der MPG, Faradayweg 4-6, 14195 Berlin,
Germany

N.A. Booth and D.P.Woodruff
Department of Physics, University of Warwick, Coventry CV4 7AL, UK

There have been extensive studies in surface science of the adsorption
of benzene on the well-characterised surfaces of transition and noble
metals. While these include a few quantitative structural
investigations of pure benzene adsorption, there are actually more
structural studies of benzene coadsorbed with CO, NO or O, in part
because such coadsorbates can lead to long-range ordering which is
often absent in pure benzene layers. When coadsorbed on Ni{111}
with NO, benzene forms several different ordered structures
depending on the relative and absolute coverages of the coadsorbates
[1,2]. Here we concentrate on a (2√3x2√3)R30° ordered phase
believed to contain one benzene and two NO molecules per surface
unit mesh.

  The photoelectron diffraction experimens (PhD) have been performed
on the HE TGM 1 beamline of the BESSY I synchrotron radiation
source. The Ni{111} surface was first exposed to approximately
8x10-6 mbar.s benzene at a sample temperature of 200 -220 K and then

heated briefly to 330 K.
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Fig. 3 Experimental (thick lines) and
simulated (thin lines) PhD
modulation N 1s curves of NO

Fig.4 Structural model for NO
adsorbed on Ni{111}

The surface was then cooled to approximately 150 K and exposed to
NO before heating briefly to 250 K.

   A comparison of the experimental PhD modulation curves and the
best-fit simulated data for the C
1s peak of benzene is presented
in Fig. 1. The corresponding

structural model is shown in
Fig. 2. The experimental N 1s
PhD modulation curves of NO

and the best-fit simulated spectra are shown in Fig. 3. Fig. 4 indicates
the corresponding adsorption geometry of NO.

  We find that in this benzene/NO coadsorption phase on Ni{111} the
two molecular adsorbates do not occupy the same local sites. One
interesting feature is that the NO molecules in the coadsorbed phase
show a significant preference for hcp as opposed to fcc hollow site
occupation.

  The coadsorbed NO appears to have no significant influence on the
internal geometry of the adsorbed benzene. By contast there is some
slight evidence that the adsorbed benzene does produce an extension
of the N-O bondlength by 0.08±0.06Å.

[1] W. Huber, P.Zebisch, T. Bornemann and H.-P. Steinrück,  Surf.
Sci. 258 (1991) 16
[2] P. Zebisch, W. Huber and H.-P. Steinrück, Surf.Sci. 258 (1991) 1
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Fig. 1 Structural model
for the (√2x2√2)R45°-O
reconstruction

ZO1s 0.17±0.1Å
ZO1c 0.09(+0.16/-0.19)Å
ZO2 2.05±0.04 Ä
ZO3 3.88(+0.30/-0.20)Å
δy1s 0.29±0.1Å
δy0 0.04(+0.04/-0.08) Å

Table 1 Structural parameters for the
(√2x2√2)R45°-O structure

The structure of oxygen on Cu{100} at low and high coverages

M. Kittel, M. Polcik, R. Terborg, J.T. Hoeft  P. Baumgärtel and A.M.
Bradshaw

Fritz-Haber-Institut der MPG, Faradayweg 4-6, 14195 Berlin,
Germany

R.L.Toomes,J.H. Kang and D.P.Woodruff
Department of Physics, University of Warwick, Coventry CV4 7AL, UK

M.Pascal and C.L.A. Lamont
Centre for Applied Catalysis, University of Huddersfield,

UK
E. Rothenberg

Advanced Light Source, Lawrence Berkeley National Laboratory,
Berkeley, CA 94720, USA

Obtaining a quantitative unerstanding of the adsorption geometry of
chemisorbed atomic oxygen on Cu{100} has proved surprisingly
elusive. What took many years to appreciate was that the  stable
structure formed by 0.5 ML of atomic oxygen on Cu{100} has the
periodicity (√2x2√2)R45° (containing two O atoms per surface unit
mesh). Subsequently, the detailed structure of this phase was shown
by a number of metods [1-3] to involve “missing rows“ of Cu atoms.
While this aspect of the Cu{100}-O interaction now seems rather
well-established, the details of what happens when the surface
coverage of oxygen falls below the value required to nucleate this
reconstruction are still far from clear.

   Here we describe the result of a new experimental study to determine
the local adsorption geometry of chemisorbed oxygen on Cu{100} at

both low and high coverages using

scanned-energy mode photoelectron
diffraction (PhD).
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Fig.2 Structural model for the low
coverage O on Cu{100}

zO1 0.70±0.05Å
0.41±0.05Å

zO2 2.4±0.1Å
2.5±0.1Å

Table 2 Structural parameters for
the low coverage phase

  The low coverage experiments (0.1ML) were conducted at undulator
beamline 7.0.1 of the ALS at the Lawrence Berkeley National

laboratory. The PhD experiment on
the ordered (√2x2√2)R45°-O phase
(0.5ML) was performed at the

BESSY I synchrotron radiation facility on the HE-TGM-1 beam line.
  For the 0.5ML (√2x2√2)R45°-O phase we find the same missing row
reconstruction which has already been widely accepted – see Fig. 1
and Table 1. At lower coverages than those required to nucleate the
(√2x2√2)R45°-O reconstruction the prior information regarding the
local structure has been incomplete and lacking quantitative detail.
Our PhD data show that the key element of the low coverage structure
is O occupation of hollow sites at an outermost Cu-O layer spacing of
approximately 0.6Å, see Fig. 2 and Table 2. However, these data
show that there must be some subtle modification of this simple
picture, a key element of which appears to be some variation in the O
layer spacing relative to the first and/or second Cu layer near
neighbours. We propose a two site model in which we identify the
two sites as corresponding to island-centre and island-edge sites in the
highly disordered c(2x2) phase seen in previous STM work [4]. It is
possible that the true structural model involves a large number of
subtly different geometries corresponding to different positions in the
small c(2x2) islands, but the two site model shown in Fig. 2 provides
a reasonable description which is more sensibly constrained, and
probably represents the limits of any intermediate geometries.

[1] H.C. Zeng, R.A.McFarlane and K.A.R. Mitchell,  Surf. Sci. 208
(1998) L571
[2] I.K. Robinson, E.Vlieg and S. Ferrer, Phys. Rev. B41 (1990) 6954
[3] M.C. Asensio, M.J. Aswin, A.L.D. Kilcoyne, D.P. Woodruff,
A.W.Robinson, Th. Lindner, J.S. Somers, D.E. Ricken and A.M.
Bradshaw, Surf. Sci. 126 (1990) 1
[4] K. Tanaka, T.Fujita and Y. Okawa, Surf. Sci. 410 (1998) L407
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The Interaction of Oxygen with Alumina-Supported
Palladium Particles

I. Meusel, J. Hoffmann, B. Richter, H. Kuhlenbeck, J. Libuda*, and H.-J. Freund

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany.

In contrast to real supported catalysts, supported model systems, which are prepared in-situ
under UHV conditions, provide the possibility to avoid contamination and to reduce the vast
complexity of the real catalyst. Moreover, the systems remain easily accessible to many ex-
perimental techniques in surface science. Still, the question remains, whether under reaction
conditions the properties of such systems resemble those of the real catalysts.

In recent work, we have employed a supported
model catalyst which is based on a well or-
dered Al2O3 film prepared on NiAl(110)1-3. Pd
particles are prepared by UHV deposition of
the metal under well-controlled conditions and
the growth, structure and adsorption properties
of the oxide film as well as the Pd particles has
been subject to a number of previous studies.
A representative STM image of the system is
displayed in fig. 1. Details of the preparation
and structural parameters can be found in the
literature4.
The interaction of oxygen with Pd surfaces as
well as the formation and influence of subsur-
face and bulk oxygen is a controversially dis-
cussed topic. With respect to the Pd/Al2O3
model catalyst under discussion, it was found
in a recent reactivity study that the system in-
corporates large amounts of oxygen at room
temperature and higher (for details see4). After

oxygen saturation, a stable CO oxidation kinetics was found. In quantitative molecular beam
experiments, it was shown that the oxygen-stabilized model system is characterized by a CO
desorption and oxidation kinetics which is consistent with Pd single crystal data 3, 4.
A recent STM investigation revealed no morphological changes upon oxygen treatment4.
Thus, it remained unclear whether the oxygen is dissolved in the Pd particles or diffuses into
the alumina film to form an additional oxide layer. In an attempt to answer this question, we
have performed photoelectron spectroscopy measurements. The spectra were taken at BL
U49/1-PGM at BESSY II with a large hemispherical energy analyzer (Scienta). Selected
spectra in normal (θ== 0°) and grazing (θ = 70°) emission corresponding to the Al 2p, Pd 3d
and O 1s energy  regions are shown in fig. 2.
Starting with the Pd deposit on Al2O3/NiAl(110) immediately after preparation (fig. 2a), three
components are observed in the Al 2p region. Previously, the signals at 72.5, 73.6 and 74.8
eV BE (Binding Energy) have been assigned to Al in the NiAl bulk, the oxide-NiAl interface
and the Al2O3, respectively. In the Pd 3d region, the bulk and the surface components of the
three-dimensional Pd particles cannot be resolved, due to the small SCLS (Surface Core Level
Shift). Finally, the clean model system is characterized by an oxide O 1s peak at 531.3 eV BE
with a high BE shoulder (see fig. 2a).
In the second preparation step, the model system is exposed to O2 at a surface temperature of
100 K (~1500 L, 1 L = 10-6 Torr s, fig. 2b). At this temperature O2 is adsorbed molecularly on
Pd(111) with a high saturation coverage5. This is manifested in the Pd 3d emission as a large

Fig. 1: (a) STM image (300 nm × 300 nm) of the Pd
particles grown at 300 K on Al2O3/NiAl(110); b)
differentiated close-up STM image of the Pd
particles (20 nm × 20 nm),  from 

4.
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shift of the Pd surface component to higher BE. At the same time, we find an additional emis-
sion on the high BE side of the O 1s peak with a distinct feature at ~533.7 eV BE (fig. 2b,
arrow). No drastic changes are observed in the Al 2p emission regime.
Also, after heating to 200 K the changes in the Al 2p region are moderate (fig 2c). Molecu-
larly adsorbed oxygen is known do dissociate at these temperatures on Pd(111)6. In the corre-
sponding Pd 3d spectra the high BE shift of the Pd surface component is smaller with respect
to the previous situation and the high BE O 1s feature vanishes.
Finally, we expose the model system to a large O2 dose at 400 K (3000 L). The corresponding
spectra are displayed in fig. 2d. Upon this procedure, drastic changes are observed for all
emission features. Here we specifically consider the Al 2p signal. It is observed that both the
interface and the NiAl component are strongly damped under normal emission geometry and
almost vanish under grazing geometry. At the same time the emission from the oxide region is
enhanced.
These observations clearly indicate that alumina film, which - before Pd deposition - is resis-
tant to oxygen exposure, does undergo an additional oxidation process. We suggest that the
oxygen, which is initially dissociated on the metal particles is transferred to the support to
form an additional layer of alumina. These alumina patches of increased thickness stabilize
the model system relative to the situation before oxygen exposure. Additional measurements
employing structure sensitive techniques (Scanning Tunneling Microscopy, High-Resolution-
LEED), TPD (Thermal Desorption Spectroscopy) and molecular beam methods are in prog-
ress. In combination with the PES study presented here, these experiments will provide fur-
ther information on the morphology, structure and chemical behavior of the stabilized catalyst
and the amount of additional alumina formed.

1 M. Bäumer, J. Libuda, H.-J. Freund, in Chemisorption and Reactivity on Supported Clusters and Thin Films,
edited by M. Lambert and G. Pacchioni (Kluwer Acad. Press, 1997), p. 61.

2 M. Bäumer, H.-J. Freund, Prog. Surf. Sci. 61, 127 (1999).
3 J. Libuda, I. Meusel, J. Hoffmann, J. Hartmann, L. Piccolo, C. R. Henry, H.-J. Freund, J. Chem. Phys.  (in

press).
4 I. Meusel, J. Hoffmann, J. Hartmann, M. Heemeier, M. Bäumer, J. Libuda, H.-J. Freund, Catal. Lett.  (in

press).
5 X. Guo, A. Hoffman, J. T. Yates, Jr., J. Chem. Phys. 90, 5787 (1989).
6 R. Imbihl, J. E. Demuth, Surf. Sci. 173, 395 (1986).
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Fig.1 Experimental O 1s PhD modulation
curves (thick lines) compared with the best-fit
calculated curves (thin lines)

Photoelectron diffraction study of the Ag{110}-(2x1)-O
reconstruction

M.Pascal and C.L.A. Lamont
Centre for applied catalysis, University of Huddersfield,

UK
P. Baumgärtel, R. Terborg, J.T. Hoeft, O.Schaff,M. Polcik and A.M.

Bradshaw
Fritz-Haber-Institut der MPG, Faradayweg 4-6, 14195 Berlin,

Germany
R.L.Toomes and D.P.Woodruff

Department of Physics, University of Warwick, Coventry CV4 7AL, UK

Silver is an important catalyst in the epoxidation of ethylene. This is
due, at least in part, to its unusual interaction with oxygen. Oxygen
can adsorb in several different molecular forms at low temperatures
[1] as well as giving a series of structures at higher temperatures
induced by dissociatively adsorbed oxygen [2] leading to low-energy
electron diffraction patterns of the form (nx1), where n=2-7. In this
paper we describe the results of applying scanned-energy mode
photoelectron diffraction (PhD) to provide an independent
quantitative determination of the structure of the Ag{110}-(2x1)-O
surface phase.

  The PhD measurements have been performed using light from the
HE-TGM1 beamline at the BESSY I synchrotron radiation source.
The (2x1)-O surface was prepared by dosing 10-4 mbar.s O2 at 310 K.

  The analysis of the
experimental data is based on
comparison with the results of
full multiple-scattering
spherical wave simulations for
model adsorption geometries
using our established
methodology [3]. The best
agreement between the
experimenal and calculated
spectra for oxygen O 1s spectra
(see Fig. 1) was achieved for
the structural model shown in
Fig. 2.; the structural
parameters are listed in Table 1.
The structure of the Ag{110}-
(2x1)-O overlayer has
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Fig. 2 The Ag{110}-(2x1)-O reconstruction showing the
parameters obtained from the multiple scattering
analysis of the PhD data

  The structure of the Ag{110}-(2x1)-O overlayer has unambigously

been determined to be of the missing-row type, with the oxygen atoms
occupying the long bridge sites. The oxygen atom is almost coplanar
with the top layer of  silver. A lateral displace-ment of the silver
atoms in the second layer has also been investigated, although its
magnitude (0.05±0.08Å) is not formally significantly different from
zero.

ZO-1 (Å) 0.03±0.05
ZO-2 (Å) 1.58±0.06
ZO-3 (Å) 2.91±0.06
dO-O (Å) 4.09

Table 1 Values of the parameters for the best-fit structural model

[1] F.Bartolucci, R. Franchy, J.C. Barnard, R.E. Palmer, Phys. Rev.
     Lett. 80 (1998) 5224
[2] H.A.Engelhardt, D. Menzel, Surf. Sci. 57 (1976) 591
[3] D.P. Woodruff and A.M. Bradshaw, Rep. Prog. Phys. 57, 1029
     (1994)
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NEXAFS investigations of the adsorption of benzene and naphthalene
on rutile TiO2(110)

S. Reiß, A. Niklewski, M. Wühn, and Ch. Wöll
Lehrstuhl für Physikalische Chemie I, Ruhr-Universität Bochum, 44801 Bochum, Germany

Introduction

TiO2 has found important applications in the field of photoelectrochemical cells [1],
photochemical removal of contaminants in water and [2], metal-support catalysts [3], and gas-
sensors [4]. However, there is still a lack of detailed knowledge about the adsorption
mechanisms of  the relevant molecular educts and products. The present investigations have
concentrated on the (110) surface of rutile TiO2. The stoichiometric surface consists of
alternating fivefold-coordinated Ti4+ rows and bridging oxygen rows along the [001]
direction.
NEXAFS is a powerful tool to study the orientation and electronic properties of adsorbates on
surfaces. Although the interaction of TiO2 with a number of small molecules has been studied
before [5], relatively little work has been carried out in connection with aromatic adsorbates.
Here, we first report results obtained for benzene, the most simple aromatic molecule.
Benzene adsorbs on most metal surfaces, e.g. Au(111), Rh(111), Pt(111), Ru(0001) [6],
Ag(110), Mo(110) [7] in a flat geometry via π-bonding. In the present study the interactions
with these metal substrates are compared to those with an oxide surface, namely TiO2. In
addition to benzene the adsorption of a larger aromatic molecule, naphthalene was studied.
The nature of the chemical bond of naphthalene to the TiO2 surface is expected to be similar
to benzene, but  tilting against the surface plane is less likely to occur for steric reasons.

Experimental
All experiments were performed at the beamline HE-TGM2 at BESSY I and at the beamline
PM1 at BESSY II. The NEXAFS spectra were recorded in the partial electron yield (PEY)
mode using a home made detector based on a double channel plate. For the energy calibration
of the NEXAFS spectra the photocurrent of a carbon contaminated gold grid with a
characteristic peak at 285 eV was recorded simultaneously with each spectrum. The C 1s
NEXAFS raw data were normalized by subtraction of the spectrum recorded for the
corresponding clean substrate, then division through a spectrum obtained from a freshly
sputtered gold wafer and finally normalization to the edge jump at 325 eV.

Preparation
The TiO2 (110) single crystal was cut to within 0.2° and subsequently polished mechanically.
It was cleaned by repeated cycles of argon ion bombardment (1x10-4 mbar Ar, sputter voltage
1kV) and annealing in an oxygen atmosphere (1x10-6 mbar O2, 850 K surface temperature).
This preparation leads to a near stoichiometric (1x1) surface [8-10]. The cleanliness and
stoichiometry of the substrate was controlled by XPS and LEED.
Benzene and naphthalene were adsorbed by backfilling the chamber through a leak valve. The
purity of the gases was checked by a mass spectrometer. The sample could be cooled down to
130 K using liquid nitrogen, the temperature was controlled via a Ni-NiCr thermocouple that
was mounted in a slit cut into one of the side faces of the crystal.
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Results

A. Benzene
Fig.1 presents NEXAFS spectra of benzene on TiO2(110).
The multilayer spectra (top) can be compared to
monolayer (middle) and submonolayer (bottom) spectra.
The dominant feature in these spectra is the π*=resonance
at a photon energy of about 285 eV. The angle between
the benzene molecular plane and the surface can be
calculated from the intensity ratio of the π* resonances in
spectra recorded at grazing (30°) and normal (90°)
incidence, respectively [11]. If the molecular plane is
orientated parallel to the surface and if the molecule is
essentially undisturbed [12] an excitation in the π* orbital
is forbidden for normal incidence resulting in zero
NEXAFS intensity. The data show that this is not the case
which means the benzene molecule does not adsorb in a
perfectly flat adsorption geometry. Instead the average
angle between molecule and substrate surface amounts to
36° for the monolayer and 25° for the submonolayer,
respectively.

B. Naphthalene
Fig. 2 compares the NEXAFS spectra taken for
multilayers (top) and monolayers (middle and bottom) of
naphthalene. The multilayer NEXAFS spectra of benzene
and naphthalene exhibit basically the same resonances, as
expected from their similar molecular geometries. The
main difference is the splitting of the π* resonance at 285
eV into two resonances, which is due to final state effects
[13].
The azimuthal angle between the polarization vector of
the incoming beam and the [001] direction of the
substrate was varied during the NEXAFS measurements
of the monolayer film. For an azimuthal angle of 0°
(polarization vector parallel to the [001] direction) the π*
intensity at normal incidence is rather small and the
resulting average tilt angle amounts to 21° (Fig.2
bottom). In the case of a crystal rotated by 90°
(polarization vector perpendicular to the [001] direction)
the normal incidence intensity increases and the resulting
average tilt angle amounts to 40° (Fig.2 middle).

Discussion

A. Benzene
As pointed out in previous studies [6, 12] benzene adsorbs in a planar geometry on the low
miller-index surfaces of most metals. The fact that our NEXAFS data show non-zero

Figure 2: Comparison of NEXAFS
spectra of naphthalene on TiO2 (110).
For the monolayer spectra the
azimuthal angle was varied.

Figure 1: Comparison of NEXAFS
spectra recorded for different layers of
benzene on TiO2 (110).
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intensities for spectra taken at normal incidence appears to rule out the presence of such an
adsorption geometry.
Strong chemisorption via the π system often results in a characteristic broadening and
energetic shift of the π* resonance [6, 12]. We do not observe any of theses effects for
benzene on TiO2. Taking into account the low desorption temperature of about 170 K we thus
exclude chemisorption. Alternatively, we propose a weak electrostatic (quadrupole)
interaction between adsorbate and substrate without significant chemical interactions e.g.
involving the π system of the benzene molecule. In this scenario the positively charged
hydrogen atoms of the benzene molecule are attracted by the negatively charged oxygen
atoms at the substrate surface.
We will now consider possible explanations for the non-zero intensity in the NEXAFS spectra
taken at normal incidence: The calculated tilt angle is averaged over all molecules located
within the illuminated spot on the crystal. The existence of non-parallel bound minority
species caused by steps or defects would result in a significant π* excitation for spectra taken
at normal incidence. Under the assumption of random orientation at defects and planar
adsorption on the stoichiometric surface we calculated the defect density for the intensity ratio
of the spectra taken under 30° and 90° as shown in Fig.1. The defect density amounts to about
35% for the submonolayer and about 70% for the monolayer spectra. Under the chosen
preparation conditions we can exclude such a high defect density at the crystal surface.
Alternatively, adsorption in an upright geometry on top of the oxygen bridges via electrostatic
interaction is possible as well, though it is energetically less favorable than a planar
adsorption in the troughs. It is thus possible that with increasing coverage the troughs become
filled up and adsorption on the bridge sites starts to take place. This model employing the
occupation of two different adsorption sites is supported by the increase of the tilt angle from
the submonolayer to the monolayer (Fig.1).

B. Naphthalene
The interaction between naphthalene and TiO2 is expected to be similar to the case of
benzene. Due to the larger diameter and the larger polarizability of the naphthalene molecule
the desorption temperature is slightly higher compared to benzene. In contrast to benzene the
NEXAFS spectra of naphthalene exhibit a significant dependence on the azimuthal
orientation of the sample. This indicates an adsorption geometry with the molecular axis
orientated parallel to the [001] direction of the crystal surface. Additionally, the molecular
plane is tilted relative to the surface plane. Compared to benzene a higher degree of
orientation is  present for naphthalene as concluded from the strong dichroism of the first π*
resonance observed in the spectra taken for the monolayer film.
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Fig. 1 Comparison between the
experimental N 1s PhD modulation
curves (full lines) and the best-fit
simulated curves (thin lines)

The local adsorption geometry of 2-methyl-pyridine on Cu{110}
determined by photoelectron diffraction

R. Terborg, M. Polcik, J.T. Hoeft, M. Kittel, and A.M. Bradshaw
Fritz-Haber-Institut der MPG, Faradayweg 4-6, 14195 Berlin,

Germany
M.Pascal and C.L.A. Lamont

Centre for applied catalysis, University of Huddersfield,
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R.L.Toomes, J.H. Kang and D.P.Woodruff
Department of Physics, University of Warwick, Coventry CV4 7AL, UK

While there have been rather few investigations of the adsorption of
complex aromatic molecules on well-characterised clean metal
surfaces, studies of the adsorption of benzene (C6H6) and pyridine
(C6H5N) represent model systems. In the case of benzene the molecule
is generally found to lie with with its molecular plane parallel to the
surface. Pyridine, on the other hand, can adopt either a parallel or
perpendicular orientation on the surface as well as an intermediate
one. Our earlier study of pyridine on Cu{110} [1] has shown that the
molecule bonds to the surface through the N atom which lies close to
atop an outermost layer atom of the substrate. In this work we have
used scanned-energy mode photoelectron diffraction (PhD) to study
the adsorption of 2-methyl-pyridine on the same substrate to establish
the influence of the methyl group on the adsorption geometry.

   The measurements were
conducted at the BESSY-I
synchrotron facility on the HE-
TGM-1 beam line. The 2-
methyl-pyridine was admitted to
the surface by back-filling the
chamber with vapour. A
nominal saturation coverage was
achieved by dosing 2x10-7

mbar.s at 190K.
   The best agreement between
the experimental and simulated
PhD modulation curves – see
Fig. 1 – has been achieved for
the structural model presented in Fig. 2. The values of the parameters
are listed in Table 1. Our structural study shows rather clearly that the
molecule bonds to the surface through the N lone pair electrons in a
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Fig. 2 Structural model of the 2-
methyl-pyridine adsorbed on Cu{110}

near-atop local coordination with the molecule near-perpendicular to
the surface, as previously found for pyridine adsorption on this
surface. However, the molecular plane is azimuthally twisted well out
of either of the

two principal crystallographic directions of the surface and tilted
within the molecular plane. Considerations of the Cu-H and Cu-CH3
distances which arise from the adsorption of 2-methyl-pyridine
through the N atom shows that some overlap of the Van der Waals
radii is inevitable in any adsorption orientation. The azimuthal twist
and tilt are likely, at least in part, to be consequences of this effect.

parameter Optimised value
dN-Cu 2.04±0.02Å
ξN-Cu 12±4°
λN-Cu 96±32°
φ -72±41°
Θ 16±7°
Ψ 104±32°

Table 1 Optimised values of structural parameters for 2-methyl-pyridine on
Cu{110}

[1] T. Gießel, O.Schaff, R.Lindsay, R.Terborg, P. Baumgärtel, J.T.
Hoeft, M.Polcik, A.M. Bradshaw, A.Koebbel, D.R. Lloyd and D.P.
Woodruff,  J.Chem. Phys. 110 (1999) 9666
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Fig. 2: X-ray absorption coefficient µ(E) of the
p4g(2×2)C/Ni(100) system for the Ni(100) single
crystal substrate (sample temperature 50 K,
normal x-ray incidence). The dotted line
represents the result of a simple quantum
mechanical scattering model for the scattering at
an effective square well potential (a=0.8 Å and
V0=24 eV). The inset shows the resulting Fourier
transform starting the data analysis at 298 eV
(including the near-edge features).

Surface EXAFS study of the p4g(2××××2) reconstruction of C on Ni(100)
and C on Ni films

H. Wende1, N. Haack1, G. Ceballos1, F. Wilhelm1, A. Scherz1, K. Baberschke1,
P. Srivastava2, and D. Arvanitis3

1Institut für Experimentalphysik, Freie Universität Berlin, Arnimallee 14, D-14195 Berlin-Dahlem, Germany
2Department of Physics, Indian Institute of Technology (IIT) Delhi, Hauz Khas, New Delhi 110 016, India

3Department of Physics, Uppsala University, Box 530, S-75121 Uppsala, Sweden

We report on temperature- and angular-
dependent Surface Extended X-ray Absorption
Fine Structure Spectroscopy (SEXAFS)
measurements of the p4g(2×2)C/Ni(100) sys-
tem. Both, a Ni(100) single crystal and a 4
monolayer Ni film evaporated on a Cu(100)
single crystal were used as substrates [1]. The
k-space used for the data analysis needs to be
truncated at low k-values. This is due to a
strong increase of the atomic background close
to the edge, not allowing to clearly separate
near-edge features from the SEXAFS
oscillations. For both substrates the local
structure can be described by the “clockwise”-
reconstruction of the surface (see Fig. 1). This
leads to a strong anisotropy of the vibrational
amplitudes: An about two times larger
vibrational amplitude for the out-of-plane C-Ni
bond is determined at room temperature com-
pared to the in-plane motion. The data for both
substrates were recorded at the PM 1
monochromator. Care was taken to suppress
contributions from second order light. Fig. 2
shows the C K-edge SEXAFS over the full
energy regime at 50 K for normal x-ray inci-
dence. One can see strong SEXAFS wiggles
extending up to more than 500 eV above the
threshold. This is a clear improvement to the
previously published data of the same system
[2]. The oscillatory fine structure was extracted
with the usual spline analysis which simulates
the step-like atomic background function. In a
first attempt the data were analyzed in the range
of  k=2.2 Å-1 to 12.0 Å-1 corresponding to a
photon energy range of E=298 eV to 828 eV.
Several sattelites in the main Fourier transform

peak were determined (as shown in the inset of Fig. 2). It turns out that the first wiggle from
298 eV to 367 eV is stretched in k-space compared to the wiggles starting from 367 eV. This
leads to the splitting of the main peak in the Fourier transform. The same effect was also found
for the data at grazing x-ray incidence. We tried all different structural models discussed in the

Fig.1: Structural model for the p4g(2×2)
C/Ni(100) reconstruction. The Ni atoms of the
first layer are represented by large circles and
the C atoms in the four-fold hollow sites are
given by the small circles. The arrows indicate
the distortion ξ of the Ni atoms.
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literature to fit this result, but failed to reproduce this fine structure in the main peak of the
Fourier transform. Therefore, we conclude that such a splitting of the Fourier peaks is not
related primarily to the real space structure of the system. However, if one truncates the lower
part of the k-range, i.e. starting from 4.8 Å-1 (corresponding to E=367 eV) instead of 2.2 Å-1

(E=298 eV), the resulting Fourier transform can be easily explained by the clockwise recon-
struction model. In the past it was assumed that for the SEXAFS analysis of ad-atoms
chemisorbed on surfaces no specific near-edge structure exists, but rather a “flat” atomic
background should be used. In earlier works we have shown that this assumption is not
necessarily true especially for reconstructed systems [3]. An oscillatory fine structure - the so
called atomic EXAFS (AXAFS) - was determined in the atomic x-ray absorption coefficient
µ0(E). We now treat the C-Ni cluster for plausibility reasons as a quasi-molecule and apply a
simple quantum mechanical scattering model in order to reproduce qualitatively the
asymmetric profile of the AXAFS near-edge resonant features. The effective square well
scattering potential can be described by the radius a of the potential well and a depth V0. In the
present case the radius a would correspond to approximately half of the nearest-neighbor dis-
tance, because the expected potential barrier, which originates from the strong covalency of the
bonds, should be situated between the atoms. Hence, there is a contribution in the NEXAFS
due to the backscattering of the photoelectron at interstitial charge located approximately at the
distance a. We used a=0.8 Å which is approximately half of the nearest-neighbor distance
(Rnn=1.79±0.04 Å). The outcome of using such a potential is represented by the dotted line in
Fig. 2. As it is evident from the figure, one can qualitatively fit the broad structure in the near-
edge region. This provides a good justification in order not to extend the k-range to lower val-
ues so that it covers this feature. In summary: This is a first attempt in low-Z EXAFS to
account for near-edge features above the K-edge as a “background”. This effects the analysis of
the oscillatory extended x-ray absorption spectrum. After truncating the lower part of the k-
range, the resulting k2 χ(k) and corresponding Fourier transforms are shown in Fig. 3. We
found that the additional features in the main Fourier transform peak are no longer present
because the contributions of the near-edge are eliminated in this analysis. The fitting results for
the structural properties using the truncated data are in good agreement with the values re-
ported in the literature (see [1] for details).

The adsorbate-substrate dynamics are the focal point of the present work. It is
surprising that no temperature-dependent study on the C/Ni(100) system has been published
yet. In our investigation we varied the temperature in the range of 30 K and 430 K in order to
analyze the thermal disorder as a function of temperature. As shown in Fig. 3, the data were

Fig. 3: SEXAFS oscillations k2 χ(k) (left) and the corresponding Fourier transforms |FT[k2 χ(k)]| (right) for the
p4g(2×2)C/Ni(100) system for normal (90°) and grazing (20°) x-ray incidence as a function of the sample
temperature for the Ni single crystal substrate (solid line) and the 4 ML Ni film evaporated on a Cu(100) single
crystal (dotted line). The sample temperatures for C on the Ni film were 30 K and 300 K.
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Fig. 4: Temperature dependence of the mean square
relative displacement (MSRD) σ2(T) as a function of
the sample temperature for the p4g(2×2)C/Ni(100)
system using the Ni(100) single crystal substrate. The
out-of-plane bond (Rnnn) shows a much stronger
increase of the dynamic disorder with temperature than
the in-plane bond (Rnn). The full points give the
measured values of the MSRD and the full lines
represent the temperature dependence of the MSRD
using the Einstein model. The strong in-plane bond is
described by θE,nn=640 K and the weaker out-of-plane
bond is characterized by θE,nnn=380 K.

recorded at four temperatures. We analyze
the dynamics for the nearest-neighbor
distance observed at normal x-ray
incidence for the Ni(100) single crystal
first. This means that the in-plane bonds of
the C atoms to the distorted Ni atoms are
probed. Already by a qualitative compari-
son of the temperature-dependent damping
of the data observed at normal incidence
to the ones taken at grazing x-ray
incidence, a much more pronounced
damping is found at grazing x-ray inci-
dence. This shows that the bonds in the
surface plane must be significantly stiffer
than the bond of the C atom to the Ni atom
of the second layer. This qualitative find-
ing is supported by the FEFFIT results for
the fitting of the main peak in the Fourier
transform. The corresponding Einstein
temperatures θE were determined. The
FEFFIT analysis enabled us to determine
absolute values for the mean square
relative displacement (MSRD), σ2(T), for

the C-Ni bonds probed at normal and grazing incidences. These values are shown in Fig. 4. We
observe indeed a strong anisotropy in the vibrational motion reflecting the different strength of
the bonds. The out-of-plane bond (Rnnn) exhibits a much stronger increase of the dynamic
disorder with temperature described by σ2(T) than the one found for the in-plane bond. The
corresponding Einstein temperatures θE obtained for the in- and out-of-plane bonds are 640±60
K and 380±25 K, respectively, once again highlighting the stiffness of the in-plane bonding.
This anisotropy of the thermal vibrations must be taken into account when EXAFS spectra are
analyzed otherwise standard fitting procedures will fail.

We want to acknowledge the BESSY staff members for their help during the experi-
ment. This work is supported by the BMBF (05 SF8 KEA 2).
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Elektronische Struktur einer selbst assemblierten

p-Terphenyl Schicht

Markus Bach, Helmut Schürmann, Manfred Neumann
Universität Osnabrück, Fachbereich Physik, Barbarastrasse 7, 49069 Osnabrück, Germany

Terphenyl und andere Polymere mit π-Bindungssystemen spielen eine wichtige Rolle

bei der Entwicklung von organischen Leuchtdioden (OLEDs) aufgrund ihrer

besonderen elektronischen Struktur und ihrer optischen Eigenschaften. Neben den

Messungen zum Hexaphenyl [Sch00a] [Bes98] [Bes99], welches als dünner Film per

Molekularstrahl mit langsamer

Rate aufgebracht wurde, sollte

auch ein System untersucht

werden, welches sich selbst

assembliert (SAM). Bei dem

hier geschilderten Experiment

handelt es sich um ein Thiol

(p-Terphenyl), welches auf

einem mit Gold bedampften

Mica Substrat aufgebracht

wurde. Die Proben wurden

freundlicherweise von der AG

Grunze zur Verfügung gestellt.

In der Abbildung ist eine Serie

von Photoelektronenspektren

gezeigt, die mit Photonen-

energien von 27eV bis 74eV

angeregt wurden. Ein

Vergleich mit einem Gas-

phasenspektrum von Benzol

zeigt, dass im Bindungs-Energieserie an p-Terphenyl auf Au/Mica-
Substrat und Gasphasenspektrum von Benzol.
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energiebereich von EB=5eV bis EB=20eV eine relativ gute Übereinstimmung vorliegt.

Die Terphenylspektren werden in diesem Bereich sehr stark von den molekularen

Eigenschaften der Phenylringe bestimmt. Im Bindungsenergiebereich bis EB=5eV

liegen die delokalisierten π-Zustände vor.

Aus den Meßergebnissen ist zum einen die Aufspaltung dieser π-Zustände zu

sehen, die sehr gut der Theorie entspricht. Beim Terphenyl spaltet das HOMO in drei

delokalisierten π-Elektronenzustände A, B und C auf, die mit einem lokalisierten

Elektronenzustand D im Bereich des Zustandes B überlappen. Die zwei nicht

überlagerten Bereiche liegen bei Bindungsenergien von EB= 2,5eV (Zustand A) und

EB= 4,7eV (Zustand C), die Zustände B und D liegen etwa bei EB= 3,7eV.

An Terphenyl ist außerdem zu erkennen, dass der energetisch am schwächsten

gebundene Zustand A (HOMO, EB= 2,7eV ) bei einer Anregungsenergie von hν= 33

bis 37eV ein Intensitätsmaximum erreicht und im Gegenzug der dritte Zustand C

dieses Bandes (EB= 4,7) dort am schwächsten ausgeprägt ist. Er hat seine Maxima

bzw. stärkere Intensität bei Anregungsenergien von hν= 27 bis 29eV und hν= 55 bis

64eV . Dies entspricht genau dem erwarteten Intensitätsverhalten einer Quasi-

Bandstruktur [Sch00b].

Betrachtet man das Maximum für den Zustand A bei hν= 34eV, so ergibt sich für den

Wellenvektor k ein Wert k=3,14 Å-1. Der reziproke Gittervektor beträgt etwa 0,97 Å-1

bzw. der dreifache Gittervektor beträgt k=2,92 Å-1. Daraus läßt sich folgern, dass die

Moleküle zur Oberlächennormalen verkippt sind [Zub94]. Aus dem arccos

läßt sich ein Kippwinkel von ca. 22° abschätzen.

Im zweiten Bereich der Spektren sind ebenfalls Variationen in der Intensität sowie in

der Bindungsenergie der phenylartigen Zustände zu beobachten, die mit der

eindimensionalen Bandstruktur des Terphenyl in Einklang stehen.

Dieses Projekt wurde unter der Projektnummer 05 SF8MPA/0  durch das BMBF

unterstützt.
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Linear magnetic dichroism in 3p photoemissionLinear magnetic dichroism in 3p photoemissionLinear magnetic dichroism in 3p photoemissionLinear magnetic dichroism in 3p photoemission
from fcc Fe(100)/Co(100) compared to bcc Fe(100)from fcc Fe(100)/Co(100) compared to bcc Fe(100)from fcc Fe(100)/Co(100) compared to bcc Fe(100)from fcc Fe(100)/Co(100) compared to bcc Fe(100)

 C. Bethke, N. Weber,  Ph. Wernet1, F.U. Hillebrecht2, and E. Kisker

Institut für Angewandte Physik, Heinrich-Heine-Universität Düsseldorf, 40225 Düsseldorf
1) II. Institut für Experimentalphysik, Universität Hamburg, Luruper Chaussee 149,

22761 Hamburg
2) Max-Planck-Institut für Mikrostrukturphysik, Weinberg 2, 06120 Halle

We have studied fcc Fe(100) grown as ultrathin film on fcc Co(100) by magnetic linear
dichroism in angular distribution (MLDAD) and magnetic linear dichroism (MLD) in 3p core
level photoemission. The purpose of the experiment was to elucidate the influence of the
increased magnetic moment known to exist in ultrathin fcc Fe films [1,2] on the core level
photoemission spectra and magnetic dichroism of Fe. Of particular interest was the MLD
spectrum of the Fe 3p level, whose characteristic “w”-like shape [3] should allow to identify
unmabigously a change of the sublevel splitting.

Fcc Fe can be stabilized at room temperature by epitaxial growth on suitable fcc single
crystal substrates. The consensus for growth Fe grown on Cu(100) is that up to about 4
monolayers (ML) coverage, Fe grows in a tetragonally distorted fcc structure and shows an
enhanced magnetic moment. For coverages up to 10 ML, films are not ferromagnetic, which
is attributed to antiferromagnetic order within the film, or to a non-magnetic ground state with
only the top layer being ferromagnetic. For coverages above 10 ML, the whole film reverts to
the thermodynamically stable bcc structure. In this case, the magnetic moment is close to that
of bulk Fe. From experimental studies of fcc Fe on Co [2] it was concluded that the properties
of such films are essentially identical to those of fcc Fe films grown on Cu(100). Recent
calculations find for the fcc double layer Fe on Co(100) moments of 2.5 and 1.9=µΒ. For a
triple fcc Fe layer on fcc Co(100), an unusual ferrimagnetic structure was found [1]. In this
magnetic structure, two layers have magnetization antiparallel to that of the substrate, while
that of the third layer is parallel, with moments of -2.5, -1.4, and +1.3 µΒ. This motivated our
study of ultrathin fcc Fe films on Co(100).

The experiment was performed at beamline UE56/1-PGM of BESSY II. The unique
feature of this beamline to provide both linear polarizations is vital for the study of MLD in
photoemission. As substrate for fcc growth of Fe we used fcc Co films grown on a Cu(100)
single crystal substrate. For comparison, bcc Fe films grown on Ag(100) were studied under
identical conditions. The samples were magnetized by 80 Oe field pulses generated by
vertical and a horizontal coils nearby. The angle of light incidence was 45°, and spectra were
taken in normal emission. The geometry in the MLDAD experiment was chiral, i.e. the
direction of the light polarization vector E, the photoelectron wave vector k and the
orientation of magnetization M were non-coplanar. MLD manifests itself in a dependence of
photoemission spectra on the relative direction of the magnetization vector M (independent
on the sign of M) with respect to the electric field vector E of the incident beam [3]. MLD is
sensitive on <M2> while the MLDAD depends on <M>. In fig. 1b) the MLD difference is
given by E=⊥M and E||M.

The spin moments in bcc and fcc films were characterized by magnetic circular
dichroism in x-ray absorption (XMCD) at the 2p level. From the moments predicted for the
fcc double layer on fcc Co, it is clear that only a small enhancement of the mean moment as
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observed by MCD is expected in comparison to bcc Fe. Our experimental data are consistent
with that.

Fig. 1a shows MLDAD data for the 3p-level, taken from an Fe film of 2 ML grown on
Co(100). The magnetic dichroism observed in Fe 3p photoemission on the fcc films is similar
in magnitude and lineshape to the result for bcc films under similar conditions. Within the
one-electron model an increased magnetic moment leads to a larger exchange splitting, i.e. to
a larger width of the spectrum. This is not observed in the MLDAD spectrum. The MLD
specrum shown im fig. 1b is similar in shape to that observed for bcc Fe. However, it appears
to show a small increase of the separation between the two positive lobes of the spectrum, of
the order of 0.1-0.2 eV. This is consistent with the theoretical prediction, since the mean
moment for 2 ML fcc Fe is just slightly higher than the bcc moment. The MLD spectrum of
Co only shows one positve lobe and one negative, so the characteristic “w” shape is lost. We
also attempted to study MLD in the 2p levels of Fe and Co. The larger spin-orbit splitting
should remove the influence of the j=1/2 level, thereby facilitating the observation of MLD
[4]. However, in relation to MLDAD, the 2p dichroism is smaller than in the 3p levels.
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Fig. 1 a) MLDAD in 3p photoemission of about 2 ML Fe(100)/fcc Co(100)/Cu(100) in a chiral geometry.
b) MLD in 3p photoemission of the same bilayer. The MLD signal of fcc Fe (circles) is compared
to the signal of bcc Fe(100) (solid line).
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First energy-dispersive measurements of a lipid monolayer
at the air-water interface

G. Brezesinski a,  Ch. Symietz a,  H. Möhwald a , F. Neissendorfer b,

J. Grenzer c, Th. Geue c , A. Pucher c, U. Pietsch c,
a MPI für Kolloid- und Grenzflächenforschung, 14476 Golm, Germany

c Institut für Physik, Universität Potsdam, 14415 Potsdam, Germany
b Astrophysikalisches Institut Potsdam, An der Sternwarte 16, 14482 Potsdam, Germany

One aim of the energy-dispersive equipment installed at the D13.2 bending magnet at BESSY

II consists in the measurement of the X-ray reflectometry and grazing-incidence diffraction

from lipid monolayers spread on the water surface.  To do that a HV- box was be attached

close before beryllium exit window containing two supermirrors of 10 cm length.  The design

of the supermirror allows to deflect the white beam within a particular band pass onto the

water surface with nearly uniform intensity.  In order to get a maximum momentum transfer

of qz  ˜ 0.6 Å-1  the extremely parallel incident beam was reflected by 1° each at both mirrors

corresponding with an incident angle of αi=2° with respect to the water surface. The

alignment required some efforts to separate the deflected from the straight incident beam and

to fit the footprint of the probing X-ray at the centre of the LB-trough. The first problem was

solved  by moving a slit close after the exit window downwards, the second one was verified

by setting the detector at the expected angular position of the reflected beam (2Θ=αi+αf) and

moving the z-table at the sample site upwards up to recording maximum intensity.

Reflection spectra measured from the clean water surface and after spreading a monolayer of

DPPA is shown in fig.1. In order to check the optimum performance of the experiment we

measured with and without aluminium absorbers in front of the detector.  The general

appearance of spectra is determined by the reflectivity of the supermirrors [1] and by the low

energy cut-off caused by the beryllium exit window and the additional absorbers. As shown in

the inset the critical energy of the supermirror reflectivity appears at E = 16 keV

corresponding to qz  = 0.56 Å-1 .  The difference between the water and film-on-water spectra

are very small.  Fig. 2 shows the quotient spectra Ifilm/Iwater . The film spectrum was recorded

applying a lateral pressure of π = 30 mN/m. It shows two clearly resolved and minima and a

single maximum. For the measurement without aluminium foils in front of the detector there

is a second maximum. The reflectivity can be explained by a film of DPPA molecules

organised in a phase with lipid chains standing uprights. Using model calculations in terms of
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Fresnel reflectivity R(E)/RF(E), where RF(E) is the reflectivity of the water, we obtain

sufficient agreement with experiment assuming a film thickness of d=31Å.  Finally Fig. 3

demonstrate the pressure dependence of the measured peak positions. As expected the peak

maximum shifts to larger energies reducing the lateral pressure. For π= 11 mN/m we extract

d=29 Å corresponding to a 2D phase of tilted lipid chains [2]. Considering the short time
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necessary for data  recording the experiment seems to be appropriate to perform time

dependent measurements of  film relaxation during external perturbations.

[1] A. Erko et al. 1995 Rev.Sci Instrum. 66 4845-6

[2] K. deMaeijere et al. 1997 Macromolecules 30 2337-42
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Dependence of the electronic structure of TiCxNy
 thin films on the nitrogen content

G.G. Fuentes1, L. Soriano1, F.J. Palomares2, M. Sánchez-Agudo1, P.R. Bressler3,
 E. Elizalde1 and J.M. Sanz1

1Departamento de Física Aplicada, Instituto de Ciencia de Materiales Nicolás Cabrera,
 Universidad Autónoma de Madrid, Cantoblanco,  E-28049 Madrid. Spain.

2Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco, E-28049 Madrid. Spain.
3BESSY,  Albert Einstein Strasse 15, D-12489. Berlin, Germany

In general, transition metal nitrides
and carbides are materials with excellent
mechanical properties and are very often
used as hard-coatings. In particular, the
TiCxNy coatings studied in this work
present exceptional mechanical properties
such as ultra high nano-hardness between
40 and 60 GPa, and low friction coefficient
(~0.2 on steel-ball). These properties arise
from the nature of the chemical bonding1

between ligand and cation that present a
strong degree of hybridisation. XAS is
adequate for the study of these materials as
it allows to examine its bonding state. In
this work we present preliminary results on
the Ti 2p and N 1s absorption edges as a
function of the film stoichiometry.

TiCx Ny films have been prepared
in a dual ion beam sputtering system
(DIBS) using a TiC target and a mixture of
N2

+ + Ar+ as assisting ions.  The
composition of the films was determined
by XPS and RBS.  The native oxide layer
was determined to be around 20 Å. The
samples were measured as introduced and
after annealing at 750 º during 45 min in
UHV.  N 1s and Ti 2p XAS spectra were
measured using the VLS-PGM
monochromator at BESSY in the total
electron yield mode.

We present in Figs. 1 and 2 the Ti
2p and N 1s XAS spectra respectively,
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measured after thermal annealing, as a
function of the N content. From these
figures it is clearly seen that the Ti 2p and
N 1s XAS spectra depend on the film
stoichiometry. In the case of the Ti 2p
spectra (Fig. 1) and according to Ref. [1],
the spectra evolve from TiC (Ti2+) to TiN
(Ti3+) as the nitrogen content increases.

On the other hand, the N 1s spectra
(Fig. 2) show different changes throughout
the series. Indeed, the intensity of the eg
band increases with respect the t2g band as
a function of the nitrogen concentration in
the films. This effect is consistent with an
increase of the charge transfer from Ti to N
as the nitrogen content increases. In this
picture, the intensity of the unoccupied Ti
3d states would increase as the N content
increases, leading to a higher intensity of
the sub-bands of the N 1s XAS spectra. We
have to note here that the N 1s XAS
spectra are mapping the Ti 3d bands which
are hybridised with the N 2p electronic
states. For low atomic nitrogen
concentration the N 2p states hybridised
with the Ti 4sp  band show one broad peak
at 396 eV. In the case of films with high
atomic nitrogen concentration the N 2p-Ti
4sp states present three well defined
features.

We show in Fig. 3 a comparison of
the Ti 2p XAS spectra of a TiN sample
measured as introduced and after a thermal
annealing at 750 ºC for 45 min. From this
comparison, two conclusions can be
inferred: Firstly, the surface of the TiN
sample as introduced is significantly
oxidised as it is suggested by the presence
of the first narrow peak which resembles
the well known shape of the Ti 2p
absorption edge for TiO2. Secondly, after
thermal annealing the shape of the Ti2p
spectra matches that of Ti3+ multiplet
structure, indicating that the surface oxide
can be easily removed after thermal
annealing up to 750 ºC.

Thus, we can conclude that XAS is
suitable for the analysis of these thin films.
The nitrogen content determines the
oxidation state of the titanium in TiCxNy as
it indicates the evolution of the Ti2p and
the N1s XAS spectra.

These changes in the chemical state
of the cation are due to the increase of the
charge transfer from the cation to the
ligand as the nitrogen content is increased.
The shape of the unfilled N2p states
hybridised with titanium depends on the
stoichiometry. It suggest that the bonding
state corresponds to a ternary compound
rather than to a TiC+TiN alloy.
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Temperature dependence X-ray measurements of  polymer films

Th. Geue, J. Grenzer, M. Mukherjee (*) M. Sanyal (*), A. Pucher, U. Pietsch

Institute of Physics , University of Potsdam, 14469 Potsdam, Germany
(*) Saha Institute of Nuclear Physics, Bidhannagar, Calcutta 700 064, India

Thin polymer mono- and bilayer`s of polyacrylamide (water soluble)/ Polystyrene (water
insoluble) were measured by means of energy-dispersive X-ray specular reflectivity at the
EDR-beamline at BESSY II. The aim of the experiment was to study  thermal stability and
interdiffusion of monolayers grown on silicon substrate. In order to protect the films against
radiation damage the samples were equipped inside a closed brass cell containing the oven
which was then evacuated to 1 mBar. The incoming and reflected beam passed through thin
kapton foils. The optimum conditions of the experiment (sufficient number of Kiessig fringes
and attenuation of the Cu flourescence) were found at an incident angle of  αi =0.8° and using
0.8 mm thick Al-foil absorber in front of the sample.  Than reflectivity spectra were recorded
every 60 seconds running a temperature ramp from room temperature to about 170°C.
Selected spectra are shown in fig.1.
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Fig.1 shows a series of distinct peaks representing Kiessig fringes of the polymer film.  As
shown the intensity keeps nearly unchanged up to T= 110°C but drops down at higher
temperatures.  At maximum temperature the Kiessig peaks are still visible but they shifts to
smaller energies indicating increasing layer thickness.  Recording  additional spectra at fixed
Tmax  the peaks  decrease further in intensity. Cooling down to room temperature the peak
intensities are almost recovered.
First data treatment has been performed for both spectra recorded at room temperature   before
and after running the T-ramp. For quantitative evaluation the spectra has to be reduced by the
apparatus function, caused by the BESSY incident spectrum and attenuation by the beryllium
exit window and the absorber foils. The apparatus function can be described by the function

                                       )5600exp(*)*74.0exp(*1)( 3max0 E
EIEI −−+=         (1)

where Imax is proportional to the BESSY beam current. The fitted functions are shown in fig.2.
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The reduced spectra I(E)/I0(E) are similar to the function  R/RF where RF is the Fresnel
scattering function.  Following [1] the reflected intensity of a monolayer with the thickness t
is given by

                        242
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where ρ is the electron density and using qz ˜ α E.  From equ. (2) follows that IR(E) decays
with qz

-6 which is in contrast to an angular-dispersive experiment where IR(α) varies with qz
-4.

After normalisation both experiments behaves similar and can be evaluated by
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The normalised spectra of the curves of fig.2 are presented in fig.3. The lower curve shows
an enlarged electron density but smaller thickness. Damping of intensity vs. E is considered
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by a Debye-Waller term like exp (-σ2qz

2) where σ is the interface roughness.  The change of
the structural parameters after annealing can be interpreted by densification of the polymer.

[1] V. Holy, U. Pietsch, T. Baumbach , STMP 149, Springer Verlag 1999
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GID-diffraction measurements from a Pb-stearate multilayer film
at the EDR-beamline at BESSY II

J.Grenzerc, A. Pucherc, Th.Geuec, Ch.Symietza, F.Neissendorferb and U.Pietschc

a) MPI-KGF Potsdam/Golm; b) AIP Potsdam, c) Uni Potsdam,

One challenge of the EDR beamline at BESSY II is the measurement of the in-plane
diffraction from thin organic films. This mode has been  realised first at the previous
experiment installed at BESSY I [1]. The advantage of the present setup is the much intense
high energy part of the BESSY II spectrum. Using the energy-dispersive mode in-plane Bragg
peaks are expected to appear at
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where d(hkl) is the lattice spacing of the probing lattice plane. Due to refraction of the
incident and reflected beam at the air-film interface , αi,f, the diffracted intensity I(E) varies
like
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where S(E) are the respective structure amplitude and T(αi,f) are the Fresnel transmission
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They are energy dependent as well, because of the energy-dependence of the critical angle of
total external reflection αc.  The incident beam was tailored to 0.1x1mm². The sample was
aligned in the direct beam direction at αi =0 and αi = 0.75°. Then the Röntec keeps fixed at
2*αi = 1.5° but the sample angle was reduced to about αi =0.2°. The GID signal was inspected
by the Si:Li detector setting at 2Θ = 19.7°. The right in-plane angle may be controlled using a
particular Bragg reflex of a powder sample (here ZnSe).   The GID spectra are shown in Fig.1
measured in a distance of about 400mm from the sample.
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Fig.1 GID spectra of Pb-stearate 11 ML for different αi
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The vertical detector slit was open 1mm.  There are several peaks with high intensity appear-
ing on top of the non-structured background. The peaks change in intensity changing αi
(Fig.2).
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                                            Fig.2 αi -dependence of the peaks shown in Fig.1

Because of its different energy dependencies the peaks can be identified.   The peak at
αi=0.235° corresponds to the (020) peak (d(020)=0.366nm), that at 0.185° with the (130) one
[2]. The (110) peak expected at αi=0.275° is damped out by aluminium absorbers attached in
front of the sample in order to reduce the radiation damage. As shown in fig.3 the background
scattering is reduced by a factor of 10 setting a collimator tube in front of the detector. Now
low intense peaks appear in much better peak-to-background ratio. Thus several sharp peaks
at E=10.6, 12,7, 14,7 keV can be identified to be out-off plane peaks
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Fig.3 GID spectra of Pb-stearate 11 ML, using a flight-tube

associated with  the (11L) grating truncation rod. They differ from the in-plane ones also by
their much smaller peak widths.
In summary the GID mode was successfully probed for organic multilayers. The intensity is
much enough to perform time dependent measurements simultaneous to the specular or
diffuse reflectivity probed in forward direction.

[1] F.Neissendorfer et al. Meas. Sci.Techn. 1999    [2] T.A. Barberka Thesis Potsdam 1996
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The Interaction of Mn with a GaAs(001) Surface
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The interest in spintronics has prompted the examination of the Mn/Ga/As system with much
work being reported on the growth of MnGaAs on GaAs substrates.[1-2]  We report the
metal-semiconductor interactions when Mn metal is deposited onto GaAs surfaces.

The experiments were performed on the UE56/2 PGM2 beam line at Bessy II using an XPS
spectrometer from the Fritz Haber Institut.  A GaAs epilayer was grown on a GaAs substrate
and capped with As.  This was decapped by increasing the temperature slowly.  After each
decapping a clearly reconstructed LEED pattern showed that the surface was relatively clean
and ordered.  In one case a c(4x4) reconstruction was observed.  The Mn metal was deposited
from a small e-beam evaporator using the ion current as a means of determining the flux of
metal atoms.  The exact relationship between flux and thickness has yet to be established so
the values of thickness given below are estimates.  The depositions were made such that each
subsequent deposition doubled the thickness of the layer.  After each deposition the core line
spectra were obtained for Ga, As and Mn at angles of 20˚ and 60˚ to the normal, using photon
energies chosen such that for each line the photoelectrons have the same kinetic energy.

Three series of depositions were performed; two with the substrate at room temperature and
one with the substrate at 300˚C.  The data is in the process of being analysed so we report
only the data for the higher temperature deposition.

Fig 1. As and Ga core lines from a clean GaAs epilayer and from a sample at 300˚C with
approximately 1.4nm of Mn deposited.  The components have been fitted using doublets
whose widths and splitting ratios are similar and close to those of the clean surface.

The 3d core lines of Ga and As from the clean GaAs surface are shown in Figure 1.  Fitting
has been performed using Voigt doublets with the widths and spitting ratios constrained.
These values were used for all doublets used in fitting the core lines from samples with Mn
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overlayers.  The As peak is fitted with 3 doublets with those of lower intensity arising from
the surface As.  Ga can be fitted with two doublets; the surface peak being rather small.  This
confirms that the experiment and analysis can reproduce previously reported results.

The core lines of Ga and As with the Mn overlayer are also shown in Figure 1.  There are two
components of the As line indicating that the deposition has caused some As to change
bonding state; in fact about 3 times as much As is observed in the shifted state as in the bulk
material.  Ga has 3 components; the central peak arises from the bulk material while the outer
peaks are caused by the Mn deposition.  The decrease in intensity of the As and Ga bulk
peaks with Mn overlayer thickness is too great to be explained by the attenuation of the
overlayer, similar to the results observed for Mg on GaAs [3].  Thus the Mn appears to diffuse
into the GaAs surface changing the state of both Ga and As.

Fig.2. Mn 3p line from approximately 1.4 nm of Mn deposited on GaAs at
300˚C.  Singlet lines have been used in the fitting with the bulk line having a
Sunjic-Doniac line shape and all other peaks being Lorentzians.

The Mn 3p line after deposition of 1.4 nm of Mn is shown in Figure 2.  The line shape for the
bulk Mn is Sunjic Doniac while the other peaks are Lorentzians.  4 components are shown
giving a good fit, though at least one more small peak could be included. From the angle
dependence it is concluded that the component peaks are from Mn below the bulk material
and may be from Mn which has diffused into the GaAs.  The mechanism for Mn diffusion in
this situation is unclear, but it is most likely to diffuse into GaAs as an interstitial in which
case it will act as a donor.  However its more normal state in the lattice of GaAs is as a
substitutional atom on the Ga site where it becomes an acceptor.  We observe two deposition
induced peaks in Ga and speculate that they, with the two largest non metallic components in
Mn, arise from the two possible combinations of Ga and Mn that are MnGaGai and GaGaMni.
The As peak shows only one deposition induced peak so we postulate that any adjacent Mn
has caused the chemical shift.  More detailed examination of energy shifts and intensity
variations both with angle and overlayer thickness are in progress.
_____________________________
[1] H. Ohno, F. Matsukura, Solid State Communications 117 (2001) 179.
[2] M. Tanaka, J. Vac. Sci. Technol. B 16(4), Jul/Aug (1998) 2267.
[3] P.X. Feng, R.C.G. Leckey, J.D. Riley, N. Brack, P. Pigram, M. Hollering, and L Ley, J. Appl.

Phys. 89 (2001) 710.
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Radiation Induced Degradation and Surface Charging of Organic Thin Films in
Ultraviolet Photoemission Spectroscopy
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Electronic properties of conjugated organic materials and their interfaces with inorganic materials are
often being studied by vacuum ultraviolet (VUV) photoemission spectroscopy (UPS) using synchrotron
radiation for generating photoelectrons[1-3]. Progressively, undulators are replacing bending magnets
as the actual source of VUV radiation at storage rings. The advantage is a much higher photon flux at
the sample. At the same time such a high photon flux can impose new experimental problems in UPS, in
particular when sensitive samples are investigated, such as conjugated organic systems. These are prone
to undergo chemical changes when exposed to high fluxes of photons and electrons [4,5]. Sometimes it
may be difficult to judge whether or not such a sample degradation occurs, especially when degradation
happens on the same timescale as required for accumulating the first spectrum. We have investigated
VUV radiation-induced degradation of p-sexiphenyl (6P), a conjugated organic molecule exhibiting
bright blue electroluminescence [6], and tris-(8-hydroxy quinoline) aluminum (Alq3), another widely
used organic electroluminescent material [7]. The UPS experiments were performed at the undulator
beamline [8] of the Max-Born-Institut at BESSY II (Berlin, Germany).

Thin films of 6P and Alq3 were evaporated in situ from a pinhole source. The pressure during
evaporation was below 2×10-9 mbar. A Au (111) single crystal was used as a substrate. Before
evaporation the single crystal was cleaned by repeated cycles of Ar-ion sputtering and annealing. The
amount of organic material deposited was monitored with a quartz microbalance. The optional
illumination of the sample while recording UPS spectra was done with a frequency doubled Ti:sapphire
laser, at a wavelength of 375 nm. The average power of the light was 150 mW in front of the quartz
window of the analysis chamber, through which the laser beam was focused onto the sample. For
comparison also 750 nm light with up to 1 W power was used to illuminate the samples. In order to
compare the photoemission spectra of a sample with laser light off and on, the laser beam was blocked
for every second energy sweep of the analyzer (typical time for one sweep: 30 seconds), and
corresponding spectra were summed up.
A nominally 400 Å thick 6P film was evaporated onto the cleaned Au crystal. The photoemission
spectrum of the pristine film is presented as curve a) in Fig.1. The origin of the binding energy scale is
set to the maximum of the localized π-orbital, for better comparison of spectra. Curve a) agrees well
with earlier published UPS spectra of 6P. The highest occupied molecular orbital (HOMO) and
HOMO-1 appear well resolved, and we can conclude that practically no damage of the film has yet
occurred. Then the sample remained under the VUV irradiation, curve b) in Fig.1 corresponds to the 6P
film after a total exposure time of 200 minutes. The resolution of the spectral features of 6P is worse
and substantial broadening occurs. Additionally, an increasing shift of the whole spectrum towards
higher binding energies is observed (not seen on this binding energy scale). The maximum of the
localized π-orbital shifts by 0.7 eV. The region of the HOMO and HOMO-1 become totally smeared
out, and a defined onset of the emission from the damaged film is not discernable. However, it seems to
move away from the Fermi-level. The large shift of the spectrum observed could not only be due to the
change of the sample’s chemical nature (i.e. change in workfunction and/or ionization potential), but
might also be due to a positive charging of the sample, as a consequence of the ejection of
photoelectrons. In order to verify this hypothesis, photoemission spectra of the sample were recorded
when laser light was superimposed onto the VUV light from the undulator. Spectrum c) in Fig.1 was
recorded right after spectrum b). Differences occur in i) the binding energy position, ii) the resolution,
and iii) the width of the spectral features. Whereas the total shift (compared to the pristine film) of the
spectrum is 0.7 eV when the laser is off, it is only 0.2 eV when the laser is on. HOMO and HOMO-1
can be discerned better when the laser light shines onto the sample. Finally, the width of the spectral
features is smaller in curve c). Therefore, it must be deduced that a significant steady-state surface
charging occurs for the VUV exposed 6P film. The maximum difference in the shift for laser off/on is
0.5 eV. This value is also the lower limit for the amount of surface charging.
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Fig.1. UPS spectra of a) pristine 6P film, b) after
200 min. irradiation with VUV radiation, laser off,
and c) after 200 min. irradiation with VUV
radiation, laser on. The spectra are shifted relative to
each other for alignment with the localized π-orbital
(dashed line). Photon energy was 21.1 eV.

Fig.2. UPS spectra of a nominally 600 Å thick Alq3
film a) pristine, b) after 20 min. irradiation with
VUV radiation, laser off, and c) after 20 min.
irradiation with VUV radiation, laser on. Photon
energy was 70 eV.

The exact nature of the VUV-induced degradation of the 6P film cannot be clarified from the UPS
spectra alone. However, in a simple curve fitting procedure we found that the integral intensity of the
HOMO and HOMO-1 region decreased relative to the localized π-orbital by approximately 10 %, when
going from the pristine to the damaged 6P film. This indicates a loss of the π-conjugated character of
the organic material, presumably originating from breaking of bonds. Accordingly, we can propose that
scattered photoelectrons and secondary electrons in the sample while irradiated with VUV light are
responsible for damaging the molecules. One more observation during our experiments supports the
model of breaking conjugation: intense blue luminescence could be seen (by eye) from pristine 6P films
when irradiated with the VUV light. As the color of luminescence appeared very similar to the one
observed in photo- and electroluminescence of 6P [6], the emitting species must be singlet excitons.
Under the present experimental conditions they can either be formed by the recombination of positive
and negative polarons or by direct excitation of 6P molecules by electrons. On the same timescale as the
charging built up in UPS measurements, the luminescence lost intensity and disappeared eventually. It
is well established that the introduction of structural and chemical defects (which do reduce
conjugation) effectively quenches luminescence from conjugated organic molecules [9]. These local
modifications of the chemical structure of the film result in an inhomogeneous sample, which is, to a
certain degree, responsible for the observed broadening of the spectral features.
The mechanisms responsible for the effective removal of surface charging by additional irradiation with
laser light can be explained following the argumentation in Ref. [10]: (i) A part of the incident photon
flux is absorbed in the metal substrate. Electrons close to the metal Fermi-level are excited directly into
the LUMO of the organic molecules by internal photoemission [10], yielding quasi-free charge carriers
(negative polarons) in the organic film. (ii) At the same time, 6P absorbs light of the used wavelength
efficiently [11]. Singlet excitons created by the absorption of light in 6P can dissociate into positive and
negative polarons. Consequently, by producing these additional free charge carriers (polarons) in the
film the surface charges due to the photoelectric effect can be removed more efficiently, as the
conductivity of the film is increased. We also repeated the same experiments as reported here using 750
nm light (instead of the 375 nm), and could successfully compensate the surface charging in the 6P
films. When using 750 nm light the laser power needed for sample neutralization was approximately six
times higher than for 375 nm. The reason for this is that the absorption of the 375 nm light for the Au
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surface is higher [12]. Nevertheless, this proves that mechanism (i), internal photoemission, works
efficiently in the presented sample structure.

Another electroluminescent organic material at present extensively investigated by photoemission
spectroscopy is Alq3. Qualitatively we obtained the same experimental results for degradation, surface
charging, and its removal, with Alq3 as reported above for 6P. However, rigorous charging (and thus
degradation) happened on a much faster timescale, and the final shift in photoemission spectra due to
charging was larger. This is illustrated in Fig.2, curve a) representing the valance electronic structure of
a 600 Å thick Alq3 film on a Au (111) substrate. Curve b) shows the spectrum of the same film after
VUV irradiation for 20 minutes without, curve c) with additional laser light. Whereas significant
broadening and an overall charging-induced shift of 2 eV is present in curve b), the spectrum is almost
completely recovered for pristine Alq3 in curve c), where there is almost no broadening and the shift
smaller than 0.1 eV.

We have shown that high intensity VUV radiation can severely damage organic materials. This was
done by recording photoemission spectra of 6P and Alq3 thin films of varying thickness after different
exposure times to the monochromatized radiation from an undulator. The observed spectral changes for
6P are ascribed to the occurrence of bond breaking and/or crosslinking within the organic material. This
is manifested by loss in intensity of spectral features from delocalized π-orbitals (HOMO, HOMO-1).
Damaged films of both materials also exhibit significant steady-state surface charging, up to 0.7 eV for
6P and 2 eV for Alq3 in our case. By irradiating the sample with laser light the surface charging can
largely be reduced. This is due to internal photoemission at the organic/metal interface and increasing
film conductivity by the creation of polarons from optically excited excitons. We find that this method
of increasing materials’ conductivity by optical means is a useful way to deal with surface charging in
photoemission spectroscopy, whenever delicate samples might suffer from the usual application of an
electron flood-gun.

N. K. is grateful for financial support from the BESSY GmbH in Berlin under EU/TMR program
contract no. ERBFMGECT 950031.
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The technique of x-ray resonant magnetic scattering has been used to investigate the magneto-
optical properties of the multilayers Gd/Fe and Gd/Co in the regions of the 3d edge of Gd and
the 2p edge of transition metals (TM) at room temperature. The dichroic signal in specular
reflection from the samples was measured as a function of the degree of circular polarization
of synchrotron radiation (SR) in order to calibrate the magneto-optical response with regard to
the polarization state of incident light.
The experiments were undertaken using the elliptically polarized SR delivered by the plane
grating monochromator from the Sasaki-type undulator source (UE56/1 and UE56/2) at
BESSY-II. The maximum photon flux and the degree of circular polarization were controlled
by adjusting the gap and shift of the undulator. The theoretical data on the polarization state of
the undulator radiation are in good agreement with experimental results in the energy range
between 100 and 800 eV [1]. Therefore it is reliable to use the theoretical values of the degree
of polarization in the energy range around 1200 eV, i.e. the Gd 3d edge.
The Gd/Fe and Gd/Co multilayer structures were prepared by alternating deposition of Fe (or
Co) and Gd using the triode sputtering system at Sincrotrone Trieste [2]. We found that
ferromagnetic transition metal combined with Gd in the multilayer structure helps to induce a
strong and uniform magnetization along the thin (2-3ML) gadolinium layers to make it reveal
significant magnetic dichroism in external magnetic field even at room temperature. This
worked well for the samples Gd/TM with d-spacing in the order of 1nm and a thickness ratio
Gd/TM of approx. 0.4. The average interfacial roughness estimated from reflectivity
measurements is about 5 Ǻ.
A significant dichroic signal from the multilayers was observed in specular reflection
measured at grazing incidence in the geometry of longitudinal magneto-optical Kerr effect (L-
MOKE). The sample is magnetized up to saturation in the plane of incidence, the position of
polarization insensitive detector is fixed at 2ΘA, where ΘA is the angle of incidence. Reversed
is the sample's magnetization while the helicity of SR is not changed. The magnitude of the
magnetic circular dichroism (MCD) is determined as an asymmetry ratio A = (R+ - R-)/(R+ +
R-), where R+ and R- are the intensities of the reflected light detected by reversing the in-plane
magnetization of the sample.
Fig.1 shows the angular dependence of resonant reflection (Θ-2Θ scan) from Gd/Fe
multilayer of 75 periods at the L2-edge of Fe and the M5-edge of Gd and the MCD asymmetry
ratio derived from the reflectivity curves. The periodical structure of the multilayer manifests
itself in Bragg peaks. The angular dependence of MCD asymmetry can provide structural
information on the sample probed by resonant magnetic scattering [3] but it needs a
comprehensive analysis. The energy dependences of the reflectivity throughout the 2p edge of
TM and the 3d edge of Gd were measured at an angle of incidence which is close to the
maximum MCD asymmetry as found from Θ-2Θ scan. The results for [Gd/Fe]75 multilayer
are presented in Fig.2. Similar experimental data were obtained with the Gd/Co samples. The
change of sign of the asymmetry signal at the L2,3 absorption edges of TM with respect to the
M4,5-edges of Gd indicates that magnetic moments of Gd and Fe (or Co) in our multilayers are
coupled antiferromagnetically.
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Figure 1. [Gd/Fe]75 multilayer: resonant reflection and MCD asymmetry at Fe L2 and Gd M5 edges.

Figure 2. [Gd/Fe]75 multilayer: reflectivity and MCD asymmetry spectra throughout Fe 2p and Gd 3d edges.

The variation of the degree of circular polarization results in corresponding modulation of
both spectral and angular dependent MCD asymmetry ratio [4]. The analysis of experimental
data obtained at both Gd 3d and TM 2p edges shows that the degree of circular polarization
does not modify the shape of the MCD spectra and the magnitude of the MCD asymmetry
signal is proportional to Pcirc (Fig.3).

The measurements of magneto-optical response from
Gd/TM multilayers to a varying degree of circular
polarization confirm the possibility to use these
structures after calibration as two-band magneto-
optical elements for polarimetry purposes in the energy
regions close to the 3d edge of Gd and 2p edge of TM.
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Over the last ten years the use of circularly polarised soft X-rays has gained importance for the investigation of

magnetic materials for basic and applied research /1/. In particular, for the tailoring of magnetic multilayers the

energy dependence of the optical constants at a resonance excitation energy is of interest. The general problem is

the lack of the optical constants  n± = 1- δ± + iβ±  to describe the interaction of circularly polarised soft X-rays

with important magnetic materials like the 3d transition metals Fe, Co or Ni. Typically only the imaginary part

β± is known from absorption experiments. The real part δ± must be calculated from  β±  indirectly via Kramers-

Kronig transformation, including all uncertainties due to assumptions on the energy dependence far away from

the resonance region. Therefore we determined directly n±  by means of Bragg scattering of circularly polarised

soft X-rays (S3=0.96) on a magnetised multilayer (Fe/C, dFe=2.56 nm, dC=0.55 nm, 100 periods) with longitu-

dinal magnetic field (L-MOKE) parallel (n+) or anti-parallel (n-) to the light direction. The real part δ was

obtained  from the modified Bragg equation taking into account refraction effects /2/

λ = 2d((1-δ)2 – cos2θ)1/2  (1a)  δ = δFeγ  +  (1 - γ)δC (1b).

The mean refraction δ of the multilayer can be decomposed into the contributions δFe and δC of the individual

layers Fe and C according to their relative amount γ = dFe/(dFe + dC). The imaginary part βFe  was deduced from

the FWHM ω of the Bragg peak at energy E and angle of grazing incidence θ by /2/ 

βFe = (ω . sinθ)/E       (2).

On an identical Fe/C multilayer we measured the magneto-optical Faraday-effect in transmission. By the Fara-

day-effect the plane of the linearly polarised incident light is rotated and the polarisation changes into elliptical.

Both effects are measured by means of a  polarisation analysis of the transmitted light /3/. The dichroism in δ± is

directly

obtained from the Faraday-rotation angle and the dichroism in β± is deduced from the ellipticity. The measure-

ments were performed at the BESSY II UE56-1 undulator beamline /4/ using the soft X-ray polarimeter /5/.

The reflectance as function of the angle of incidence for fixed photon energy at the Fe 2p3/2 -edge is plotted in

Fig. 1 for two magnetic field directions ± (open, filled symbols). The reflectance R± shows the expected decrease

with increasing angle of incidence and is enhanced at the Bragg peaks which appear in first, second and third

order. The result of a (Lorentzian) line shape analysis, of the first Bragg peak as function of energy and magnetic

field across the Fe 2p edge is plotted in Fig. 2. The Bragg peak θB shows a strong resonant behaviour at the edge

Fig.1 Reflectance as function of angle of  in-

cidence at the Fe 2p3/2 edge (708 eV) for an

Fe/C multilayer for magnetic fields parallel

(R+),  antiparallel (R-) to the circularly pola-

rised light.
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(top) due to the refraction. The solid line corresponds to the Bragg equation without refraction corrections. At the

bottom of Fig. 2 the deduced FWHM of the Bragg peaks is plotted. The real part of the refraction index δFe for

Fe was deduced according to Eq. 1 using the data of δC from the Henke-table /6/. The result is shown in Fig. 3

(top, filled, open symbols) together with the data of Fe from the Henke table /6/ (solid line). At the bottom the

absorption part is plotted. The dichroic contributions ∆δ =1/2(δ+- δ -) and ∆β = 1/2(β+ - β - ) are plotted in Fig.4

(open symbols). The dichroism of the real part, deduced from the Faraday-effect (filled symbols) is in good

agreement with the data obtained by the Bragg scattering. The

data for the imaginary part also agree but can not be evaluated at

the absorption maximum around 706 eV due to the well known

saturation effects /7/ and fluorescence noise caused by the large

thickness of our  transmission sample.

To conclude, we have determined the complete set of optical

constants  of  Fe  around  the  Fe 2p  edge  via  Bragg  scattering

of circularly polarised soft X-rays on a magnetised Fe/C

multilayer.  From  Faraday-measurments on  an  identical  trans-

mission multilayer identical results were obtained for the di-

chroism of  the real part of  the  refraction  index.  This  project

was supported by the European Community (ERBFMGECT980105).
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Fig.2 left:  Bragg angle (top)
and FWHM (bottom) across
the Fe 2p edge for opposite
magnetic fields obtained
from line shape analysis
of Bragg peaks.

Fig. 3 right:  experimental
optical constant of Fe ob-
tained from Fig 2 via Eq.2.
Top: real part (symbols) and
from Henke table (line).
Bottom: imaginary part.

Fig. 4   Dichroism of real (top) and imagi-

nary part (bottom)  of the optical constant

of Fe obtained via Bragg scattering (open)

and Faraday measurement (filled).
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Figure 1.NEXAFS spectra of the Alq3 film on GaAs(100):Se-2×1

Unoccupied States of Tris-(8-hydroxyquinolate)-aluminum
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Institut für Physik, TU Chemnitz, D-09107 Chemnitz, Germany
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Wilhelm-Ostwald-Institut für Physikalische und Theoretische Chemie, Universität Leipzig, Linnestr. 2,

D-04103 Leipzig, Germany
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Tris-8-hydroxyquinoate-aluminum (Alq3) is one of the key materials used in OLED’s
because of its excellent electron transport and light emitting properties.1 For the
understanding of these properties, the knowledge about occupied and unoccupied
states is essential. In this report, the lowest unoccupied states of Alq3 were probed
by near-edge x-ray absorption fine structure (NEXAFS). The experimental results
were compared with theoretical calculated unoccupied orbitals.
Thin films of Alq3 were evaporated on Se-passivated n-GaAs(100) by organic
molecular beam deposition (OMBD). The substrates were prepared by annealing to
remove an As-cap, followed by an exposure to Se at a sample temperature of
400°C. This leads to a 2×1 reconstruced LEED pattern. Onto these GaAs(100):Se-
2×1 surfaces Alq3 was deposited with a deposition rate of 1nm/min. During the
deposition the substrate was kept at room temperature. At this temperature Alq3 is
likely to form an amorphous film. The fine structure in C-K, N-K, and O-K absorption
edges was measured using the VLS-PGM monochromator at BESSY II. The energy
scale and the resolution were calibrated using the 1s→π* absorption edge of nitrogen
gas. The spectra were recorded in total electron yield (TEY) mode.
Figure 1 shows the NEXAFS spectra of the C, O, and N K-shell absorption taken at
different angles of the incident photon beam relative to the sample surface normal.
The spectra are characterized by the features corresponding to the excitation of
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         Molecular structure                         LUMO                            LUMO+3

          
                                     LUMO+6                             LUMO+9
Figure 2. Molecular orbital surface of Alq3 molecule corresponding to π* resonance. Only one
of each set of triplets is shown, e.g. LUMO+1 and LUMO+2 have the same orbital character as
LUMO but the molecular orbital is distributed on two other ligands. The same holds for
LUMO+3, LUMO+6, and LUMO+9.

localized 1s core level electron into unoccupied π* orbitals below the ionization
potential (IP) of each 1s core level, followed by broad features corresponding to σ*
resonances. In C K-edge spectra three peaks can be distinguished at 291.6, 294.0,
and 298.8 (π*1, π*2, π*3) leading to quite broad features, while the excitation from
nitrogen and oxygen atoms shows narrow peaks, namely at 400.5 and 404.0 eV
(π*1, π*3) for N-edge and 532.5 and 534.5 eV (π*1, π*3) for O-edge spectra. The
narrow character of the peaks corresponding to N and O-K edge can be accounted
for by the fact that the three N and O atoms in an Alq3 molecule are chemically
equivalent while for C K-edge the different chemical environments induce splitting of
the core levels resulting in a more complex lineshape. For all absorption edges, no
angular dependence is observed. This is understandable because of the isotropic
characteristics of the Alq3 molecular structures.
For a better understanding of NEXAFS results calculations of the molecular
electronic structure were performed. Geometry optimization was performed for the
meridianal isomer using Gaussian'98 Software with the B3LYP method on the STO-
3G level of approximation. The molecular orbital surfaces corresponding to π*
resonance are presented in Figure 2. The calculated molecular orbitals can be
grouped according to the same orbital character on each of the three ligands. In the
figure, only one of each molecular orbital sets is shown. The energy positions of the
calculated molecular orbitals relative to that of LUMO is presented in Table 1. The
observation of four LUMO sets corresponding to π* resonances agrees well with the
previous calculation using density functional theory by Curioni et al.2  From the
energy separation of each orbital set, it can be seen that each of the π* resonance
peak corresponds to a set of molecular orbitals. Discrepancy is also observed in that
for the O K-edge the energy separation of ~ 3 eV between two sets of molecular
orbitals (LUMO, LUMO+6) having the contribution of O atoms is slightly larger than
the energy distance of 2.3 eV between π*1 and π*3. This may be caused by the core

Al
N
O
C
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Table 1. Calculated energy positions (eV) of the molecular orbital relative to the LUMO. The
corresponding π* resonances are also included.

LUMO 0 LUMO+1 0.2 LUMO+2 0.22 π*1
LUMO+3 1.42 LUMO+4 1.58 LUMO+5 1.68 π*2
LUMO+6 2.96 LUMO+7 3.10 LUMO+8 3.24 π*3
LUMO+9 4.32 LUMO+10 4.48 LUMO+11 4.58 π*3

hole effect of the NEXAFS spectra which is not considered in the molecular orbital
calculation. A main feature of all unoccupied states is that the molecular orbitals are
distributed on the quinolate ligand side groups while the contribution of the central Al
atom is vanishingly small. For the LUMO the molecular orbitals are mainly localized
on C and N atoms, thus the pyridyl side of the molecule. This agrees well with the
NEXAFS spectra in that the C and N K-edge spectra show relatively strong π*1
resonance peaks while only a weak peak is observed in the O K-edge spectra. The
LUMO+3 corresponding to the π*2 resonance are mostly contributed by C atoms
while the molecular orbital of LUMO+6 and LUMO+9 are distributed over all of the
quinolate part of the molecule. Accordingly π*3 resonance corresponding to the
LUMO+6 and LUMO+9 sets are observed in all K-edge spectra.
In this report, the NEXAFS spectra of the Alq3 film on GaAs(100):Se-2×1 are
compared with the calculated molecular orbital surfaces using B3LYP method on the
STO-3G level of approximation. The contribution of each atom in the molecule to the
molecular orbitals agrees very well with the NEXAFS spectra while a discrepancy of
the energy position is assigned to the excited nature of the molecules in the NEXAFS
spectra. From the angular dependent measurements the isotropic character of the
Alq3 film is also confirmed.

                                                
1 C. W. Tang and S. A. VanSlyke, Appl. Phys. Lett. 51 (1987) 913.
2 A. Curioni, W. Andreoni, R. Treusch, F.J. Himpsel, E. Haskal, P. Seidler, C. Heske, S. Kakar, T. van
Buuren, and L.J. Terminello, Appl. Phys. Lett. 72 (1998) 1575
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Highly ordered films of copper phthalocyanine on technical substrates

H. Peisert#, T. Schwieger#, J. M. Auerhammer#, M. Knupfer#, M. S. Golden#, J. Fink#,
P. R. Bressler*, M. Mast*

#Institute for Solid State Research, IFW Dresden, P.O. Box 270016, D-01171 Dresden,
Germany, *BESSY GmbH, Albert-Einstein-Straße 15, 12489 Berlin, Germany

Thin films of organic semiconductors on various substrates have attracted much attention due
to their successful application in optical and electronic devices. Recently, it has been shown
that the ordering and orientation of such molecules is crucial for device efficiency.1,2 The
family of the phthalocyanines (PC’s) represents one of the most promising candidates for
organic thin films, as these systems offer excellent film growth properties, as well as
possessing advantageous electronic properties and chemical stability.3 As CuPC is used in thin
film form in organic transistors (i.e. on oxidised Si with polycrystalline gold contacts) and in
multilayer light emitting devices (on ITO), it is important to understand the molecular
orientation in thin films on these technically relevant substrates. Polarisation dependent x-ray
absorption spectroscopy represents an ideal tool to investigate the geometry of molecular
adsorbates and thin films on substrates. In this case, we have measured the relative intensity
of core level excitations from the N1s level into either the π* or σ* molecular orbital
manifolds of copper PC (CuPC) as a function of the angle of incidence, θ, of the linearly
polarised synchrotron radiation (normal incidence gives θ = 90° and grazing incidence, θ =
10°), thus enabling an analysis of the molecular orientation in the thin film.4
The measurements were performed at BESSY II (Berlin) using the VLS-PGM beamline. The

Fig. 1 Series of N1s excitation spectra of CuPC films grown on (a) Au(110) and (b) ITO as a function of the angle
θ between the surface normal and the electric field vector of the soft x-ray radiation. The lower energy features
(398-405 eV) represent the π* resonances, whereas those features above 405 eV are related to the σ* resonances.
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energy resolution was set to 80
meV at a photon energy of 400 eV.
The absorption was monitored
indirectly by measuring the total
electron yield in the form of the
drain current, with the raw data
being corrected for the energy
dependence of the incident x-ray
beam and normalised to have the
same absorption edge step height
well above threshold. The single
crystal substrates were either
cleaved in situ [GeS(001)] or by
cycles of Ar ion sputtering and
annealing [Au(110)]. The
polycrystalline substrates (Au,
oxidised silicon wafer) were rinsed
with ethanol and heated in UHV to

400 °C. The indium tin oxide (ITO) substrate was cleaned by Argon ion sputtering as
described elsewhere.5

In Fig. 1 the N 1s excitation spectra of CuPC on two selected substrates [Au(110) in Fig.
1a and ITO in Fig. 1b] are displayed as a function of the incidence angle of the synchrotron
radiation. For both substrates a very clear angular dependence of the π* resonances (E=402-
408 eV) is observed in Fig. 1: the maximum intensity of the π* resonances for CuPC on
Au(110) is observed at grazing incidence, whereas for the ITO substrate the highest intensity
was found at normal incidence. Furthermore, the angle-dependence of the N 1s � σ*
intensities (E = 408–430 eV) behave in an analogous, but opposite manner for both substrates.
These observations demonstrate that the organic molecules are well ordered on both
substrates, but that the adsorbate geometry in each case is radically different: for Au(110) the
CuPC molecular plane is parallel to the substrate surface and for ITO it is perpendicular. This
means that even on a relatively rough, polycrystalline substrate such as ITO, CuPC forms
well- ordered films in which the molecules ‘stand’ on the substrate surface. Importantly, we
observe analogous behaviour for the other non-ordered substrates studied: oxidised silicon
and polycrystalline gold. Thus, CuPC grows in an ordered, ‘standing’ geometry on
polycrystalline substrates, whereas the single crystal substrates support an ordered ‘lying’
growth morphology. The results are summarised in Table I. A quantitative analysis of the
angle-dependence of the N1s-π* resonance intensity for CuPC on all five substrates points to
a surprisingly high degree of ordering.6
This work was supported by the Bundesministerium für Bildung und Forschung (BMB+F)
under grant 05 5F8BD11.

1 J.R. Ostrick, A. Dodabalapur, L. Torsi, A.J. Lovinger, E.W. Kwock, T.M. Miller, M. Galvin, M. Berggren,
H.E. Katz, J. Appl. Phys. 81, 6804 (1997).

2 J.H. Schön, S. Berg, Ch. Kloc, B. Batlogg, Science 287, 1022 (2000).
3 see e.g. S.R. Forrest, Chem. Rev. 97, 1793 (1996).
4 M.L.M. Rocco, K.-H. Frank, P. Yannoulis, E.-E. Koch, J. Chem. Phys. 93, 6859 (1990).
5 H. Peisert, T. Schwieger, M. Knupfer, M. S. Golden, J. Fink, J. Appl. Phys., 88, 1535 (2000).
6 H. Peisert, T. Schwieger, J. M. Auerhammer, M. Knupfer, M. S. Golden, J. Fink, P. R. Bressler, M. Mast, J.

Appl. Phys. (submitted)

Table I Orientation of CuPC molecules on different
substrates. (explanation see text).

Substrate Imax N1s � π*
(incidence

angle)

Molecular

orientation

Au(110) grazing lying

Au foil normal standing

GeS(001) grazing lying

ITO normal standing

oxidised Si normal standing
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Metal-to-Ligand Charge Transfer in Organometallic Compounds
Studied by Resonant Photoemission

D. Pop, W. Freyer, R. Weber, B. Winter, I. V. Hertel
Max-Born-Institut, Max-Born-Straße 2a, D-12489 Berlin, Germany

Phthalocyanines (Pc) (structure 2; fig. 1) have been of large interest in numerous fields of
technological relevance including energy conversion, gas sensors, optical data storage,
sensitizers for photodynamic therapy, and many others [1]. This is due to the exceptional
thermal and photochemical stability of Pc, and as a consequence to their convenient handling,
but also due to their very great variety of molecular physicochemical properties by changing
the type of metal complexes and the nature of the substituents [2, 3]. Of special interest is the
fact that metallo-Pc are most suitable model systems for investigating the various interactions
between the central metal atom and the surrounding organic ligand (matrix).
Here, we present first results on photoemission experiments headed to systematically study
the evolution of the electronic valence structure, including charge transfer processes, of
metallo-porphyrazine (structure 1; fig. 1) based materials in which the π electron system has
been varied in a very controlled manner by linear benzoannelation of the porphyrazine 1 (fig.
1). Note that the above mentioned phthalocyanines 2 constitute one special case of this series.
Such an approach of adjustable aromatic ligand size is not only of technological importance

Me = Cu        1a (585nm)                   2a (676nm)                     3a (770nm)                              4a (880nm)
         2H        1b                                  2b                                    3b                                            4b

Fig. 1 Series of porphyrazines investigated. The numbers in parentheses correspond to the respective
absorption maximum in benzene solution.

as properties may be tuned just to match a given technological need. As we have been
demonstrating there is e.g. a strong bathochromic shift of the Q-band absorption maximum
for increasing linear benzoannelation (from 1 to 4; see absorption maxima indicated in fig. 1)
[4]. Furthermore, compounds of type 4 exhibit some unusual properties; the implementation
of oxygen into 4 these molecules may directly lead to the transformation into the
corresponding Pc system, again displaying exceptional properties [5]. Also from a very
fundamental point of view such a planar organometallic compound of variable size represents
a novel model system which would allow to study in detail multielectron effects such as
electronic screening and configuration shifts in the presence of an extended π electron system.
Specifically, one might expect changes of the metal core level energies as well as changes of
the effective electron transfer. In this contribution we report on our first results on the valence
photoemission from two of the family members, species 2a and 3a, with emphasis on (i) the
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evolution of spectral features with increasing ligand size, and on (ii) the principle
identification of the electron transfer from the metal site to the ligand for resonant
photoemission. At this point we have investigated the Me = Cu case only; certainly the
variation of the central atom will provide important information for a better understanding of
charge transfer mechanism itself.
It is assumed that for the metal complexes 1a-4a the geometrical structure remains planar.
Otherwise the picture of a 2-dim increased electron delocalization within a larger ligand
system would not hold. Corresponding calculations have yet to be performed. Both the copper
complexes 1a-4a and the corresponding metal-free compounds 1b-4b have been synthesized
in-house [4]. The attachment of the substituents R=alkyl and R=phenyl improves the
sublimation properties and the solubility of the compounds. The influence of these peripheral
substituents on the absorption spectra is negligible.
The experiments have been performed at the MBI undulator (U125) beamline [6, 7] which
currently provides photon energies from about 20 to 150 eV. The ca. 400 Å thick films were
sublimed inside the preparation chamber from a quartz crucible onto a Au(111) single crystal,
and were then transferred into the main analysis chamber for the photoemission experiments.
Base pressures have been below 5x10-10 mbar. Typically, photon excitation was at 7o grazing
incidence, and photoelectrons were detected by a hemispherical electron energy analyzer
(mean radius 125 mm). Photon fluxes have been kept sufficiently low in order to minimize
photon-induced degradation of the films.

Representative photoemission (PE) spectra for 2a and 3a films obtained for 75 eV photon
energy are being shown in fig. 2. Spectra are vertically offset for clarity, and the energy scale
is with reference to the vacuum level. Most of the valence band features are due to the
intrinsic emission from the Pc host. With reference to the literature [3, 8] features labeled h, g
and f, at about 25, 22 and 18 eV binding energy, respectively, correspond to C2s emission.
Features e, d, and c, near 14.5, 13.5, and 11.0 eV, respectively, largely arise from C2p
orbitals. Peaks a and b are due to Au substrate contributions. The extra emission from the
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Fig. 3  Cu satellite enhancement near the
Cu3d resonance.

Fig. 2  Photoelectron spectra from films
2a, 2b, obtained for 75 eV photon
energy. The insert shows the on vs off
resonant PE spectrum for molecule 2a.
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central copper atom at 10.5 eV arises from the one-electron process exciting the Cu3d
electrons. This band nearly coincides with ligand features. Two 3d electron satellites
contribute near 18.5 eV (see below). Their energies closely correspond to the Cu metal
satellites which reflects the quasiatomic character of the embedded metal atom. Yet, slight
differences in the energy spacing are attributed to screening mechanisms in the organic
matrix. Note that this may only be seen in comparison with the respective metal free
compound (see below). As expected, the additional benzoannelation, 3a (lower spectrum), is
accompanied by a relative enhancement of features h and g as compared to 2a. These are the
characteristic benzene-type derived bands. Further differences as marked by the arrows will
be discussed in detail at a later point. The metal-to-ligand charge transfer has been identified
by measuring the valence photoemission using excitation photon energies near the Cu3p
resonance. A similar study has been reported earlier for the non-substituted CuPc [8, 9]. At
resonance, near 75 eV, a pronounced increase of the Cu satellite emission is observed for both
compounds (insert of fig. 2; indicated by the arrow). For comparison the insert shows both the
resonant (solid) and the off-resonant (dashed) case obtained for 75 and 72 eV, respectively,
for 2a. The effect seems weaker for the larger molecule, 3a, which to some extent reflects the
increased C/Cu ratio (spectra not shown). The origin of the resonant enhancement is a two-
electron excitation of the quasiatomic central Cu involving a 3p to empty 4s states excitation
followed by an Auger decay leaving the excited atom in the 3d8 final state (as compared to the
3d10 initial state configuration) [8]. As the Cu3p to 4s transition probability is largely
proportional to the number of empty 4s states relative intensity changes of this transition,
induced by a modified interaction (electron transfer) for different ligand sizes, may be sensed.
Hence, this method would allow to quantitatively measure differences of the charge transfer.
Note that resonance energy shifts may also occur. The quantitative analysis of the charge
transfer requires the determination of the satellite integrals relative to the Cu main line
intensity which is difficult to do due to the rich underlying emission structure from the ligand.
For that reason PE spectra have been measured for the corresponding metal-free species,
however, at this point only for 2b (PE spectrum not shown). A complete resonance mapping
for non-substituted CuPc is shown in fig. 3. Invoking the respective metal-free data we arrive
at a satellite-to-main line intensity ratio very similar to the one reported by Koch et al. [8].
Due to the highly monochromatic photons used in the present experiments the two
contributions from Cu 3p1/2 and 3p3/2 are clearly distinguishable as reflected by the two-peak
structure in the resonance curve (fig. 3).

Partial BMBF funding under contract no. 05 650BMA6 is gratefully acknowledged.
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Quantization of electronic states in an ultrathin rare-earth film: Gd/W(110)

O. Rader1, C. Pampuch1, G. V. Prudnikova1,2, and A. M. Shikin1,2

1) BESSY  2) St. Petersburg State University, St. Petersburg 198904, Russia

In recent years quantized electronic states have been identified by photoelectron spectroscopy in several noble-
metal and transition-metal systems [1]. For magnetism, these observations were particularly interesting since the
observation of quantized states could be related to long-range magnetic coupling effects, for instance in the
giant-magnetoresistance system Co/Cu/Co(100) [2]. In this case, the s,p conduction electrons in the Cu mediate
the long-range magnetic coupling between the ferromagnetic Co layers. In this respect the Cu interlayer acts
analogously to the noble-metal host in a spin glass: the s,p conduction electrons mediate the oscillatory magnetic
coupling between the localized moments of the dilute transition metal, the so-called RKKY interaction.

In rare-earth metals the localized 4f magnetic moments also interact in the same way. In this case the delocalized
5d6s electrons are magnetically polarized by the 4f electrons and mediate the long range order of the 4f
moments. Despite a large amount of photoemission studies on rare-earth thin films, quantization effects in the
electronic structure have to date not been reported.

We have chosen the simplest rare-earth metal, Gd, both in terms of magnetic structure (ferromagnet below 293
K) and electronic structure (4f7 configuration). The photoemission experiment has been conducted with linearly
polarized light from the UE56/1, UE56/2, and U125/1 PGM beamlines at 30° off-normal incidence and a VG
Escalab analyzer.

Figure 1 shows a series of normal emission spectra of Gd/W(110) obtained by room-temperature deposition and
annealing to between 600 and 700 K. The value d in Fig. 1 gives the deposited Gd amount in monolayers
according to our oscillating quartz thickness monitor. Gd growth can in the spectra be seen from the Gd4f peakt
at –8.3 eV for lowest coverage. The completion of 1 monolayer correlates nicely with a shift of the Gd 4f core
level towards the Fermi energy. As for the valence band, emission from W(110), in particular two surface
states/resonances at –1.3 and –0.7 eV, is strongly reduced after already 0.5 monolayer (ML) Gd deposition. At 6
eV a W6s,p-derived state contributes. Absence of contamination has been verified by C1s and O1s
photoemission. Between 1 and 1.5 ML, the valence band spectrum changes again strongly, the most intense
feature being a structure around 1.5 – 2 eV which changes its shape with thickness. Between 1.5 eV and the
Fermi energy, sharp peaks appear and change from 1.8 ML on only very little with thickness. The 3 eV feature
develops a narrow peak for 2.5 ML, which decreases for increasing coverage in favor of another sharp peak at
lower energy. A similar thickness dependence can be observed with a structure around 4.5 eV. The two sharp
features are assigned to quantum-well states corresponding to the completion of 2 and 3 monolayers,
respectively, on a substantial fraction of the sampled surface.

Consideration of the bulk band structures of Gd and W is instructive: W displays an even-symmetry bulk band
gap from –6.3 to –2.0 eV at the center of the (110) surface Brillouin zone. This reduces the interaction with the
overlayer electronic structure allowing the formation of quantum-well states. The Gd band structure, on the other
hand, displays a gap from –1.9 to +1.3 eV. This means that the sharp peaks appearing between –1.5 eV and the
Fermi energy cannot be traced back to a parent bulk band as usually done when assigning quantum-well states.
For this reason, a new approach had to be attempted to describe these features. In the framework of a modified
phase accumulation model [1] which can describe the bulk derived Gd quantum-well states, the peaks between –
1.5 eV and the Fermi Energy are assigned to a new type of quantum hybrid resonances. These states are similar
to image-potential states but shifted towards lower energies due to a resonant interaction with the W substrate
[3].

Acknowledgement: We thank R. Follath and M. Weiss for expert support at the beamlines.
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Fig. 1  Normal-emission photoemission spectra of Gd on W(110) measured at 62.5-eV photon energy.
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XAS study of TiO2 thin films grown on Fe oxides
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Oxide-oxide interfaces have become an
important research topic since most of thin film
applications are affected by interface
phenomena. This work shows preliminary
results on TiO2/Fe2O3 and TiO2/Fe3O4
interfaces.

TiO2 films have been grown by reactive
evaporation of Ti in an oxygen atmosphere
(5×10-6 Torr) at room temperature. The
deposition rate was low enough to allow the
study of the first stages of growth. Thin films of
α-Fe2O3 and Fe3O4 have been epitaxially grown
on Al2O3 by atomic oxygen assisted MBE [1,2].
XAS spectra have been measured in situ as a
function of coverage at the PGM-VLS beam-
line of BESSY in the total electron yield
detection mode.

The Fe 2p XAS spectra as a function of
TiO2 coverage are shown in Figs. 1 and 2. For
clean substrates, the XAS Fe 2p spectra agree
with other published spectra for these Fe oxides
[3]. It can be seen that the spectra of both oxide

substrates do not change upon TiO2 deposition
indicating that the substrate is not affected by
the TiO2 overlayer.
 Figs. 3 and 4 show the Ti 2p XAS
spectra as a function of the coverage. Assuming
an exponential dependence of the Ti 2p intensity
with the coverage, the evaporation rate, i.e. the
TiO2 coverage, can be estimated [4].

For large coverages (30 ML), TiO2
amorphous thin films are obtained on both
substrates as deduced from the shape of the
spectra. These spectra show four peaks which
arise from spin-orbit interaction and crystal field
splitting. Interestingly, for the submonolayer
regime (θ<1), the spectra for both substrates
only show two main asymmetric peaks. These
spectra can not be explained in terms of
formation of TiO, Ti2O3 or metallic Ti species
[5]. To understand the origin of such unusual
spectra, comparison with atomic multiplet
calculations for Ti4+ in Oh symmetry with
different 10 Dq values has been performed.
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Fig.1: Fe 2p XAS spectra of
TiO2/Fe2O3 as a function of the
TiO2 coverage.
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For instance, the spectra of the
amorphous TiO2 thin films fit very well with the
calculations with a crystal field value of 1.8 eV,
as corresponds to this compound. However, the
spectra corresponding to the submonolayer
regime, θ<1 ML of TiO2, on both substrates
agree with the calculations for 10=Dq∼1.0 eV
(Fig. 5). Even more, in the case of very low
coverages (θ∼0.05ML) for TiO2/Fe3O4, the
experimental spectrum fits with calculations
with 10 Dq∼0.7eV.

These results seem to indicate that the Ti
atoms at the interface are affected by the
presence of the substrate through a reduction of
their crystal field. Similar effects have been
observed in previous studies of similar systems
such as TiO2/SiO2 [4] and TiO2/Al2O3 [6]
although the crystal field reduction was stronger
in the case of the more covalent oxide (SiO2)
used as substrate.

The results of this work seem to show
the same trend, since the larger reduction of the
crystal field (from 1.7 eV for thin film to 0.7
eV) is observed when the metallic Fe3O4 oxide
is used as substrate. In the case of TiO2/Fe2O3,
the reduction of the crystal filed of the Ti atoms
at the surface is lower (from 1.7 to 1.0 eV).
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Direct observation of temperature-dependent switching of the magnetiza-
tion in Co/Cu/Ni/Cu(001) trilayers by XMCD

A. Scherz, F. Wilhelm, P. Poulopoulos, H. Wende, G. Ceballos, K. Baberschke
Institut für Experimentalphysik, Freie Universität Berlin, Arnimallee 14,

D-14195 Berlin-Dahlem, Germany

X-ray magnetic circular dichroism (XMCD) has opened new possibilities in the element-
specific investigation of magnetic materials in the soft x-ray regime by using synchrotron ra-
diation [1]. Here, we focus on the demonstration of a novel effect with potential technological
applications: This is the temperature-dependent switching of the sublayer magnetization ob-
served in prototype Co/Cu/Ni/Cu(001) trilayers. This phenomenon comes as a continuation of
our systematic work in the last few years on temperature-dependent magnetizations and sus-
ceptibilities done thoroughly at BESSY, for a review see [2].
In Figure 1(a) we see the XMCD spectra for Co and Ni in a Co/Cu/Ni trilayer recorded at
various temperatures as indicated. From the relative sign of the L3,2 XMCD one may deduce
information on the orientation of the Co and Ni magnetizations. Figure 1(a) reveals that Co
and Ni are coupled in parallel at low temperatures and antiparallel at higher ones. At interme-
diate temperatures (T=90 K) the two magnetizations form 90o angles, i.e. Co is aligned paral-
lel and Ni perpendicular to the beam. In Fig. 1(b) we show the variation of the Ni and Co sub-
layer remanent magnetizations with temperature. The Ni magnetization crosses the zero line
and takes opposite orientation than the Co one at about 50 K below TC. The effect of changing
the sublayer magnetization orientation with temperature is rare [3]. By virtue of the element-
specific XMCD it was demonstrated directly for the first time [4]. Its physical interpretation is
by no means trivial and one has to consider the temperature dependent interplay of sublayer
magnetizations, anisotropies and interlayer exchange coupling. It has, however, a straightfor-
ward impact for applications: It can lead to the fabrication of temperature-dependent magnetic
switching in the realization of devices for the storage industry.
Work was supported by the DFG, Sfb290 and the BMBF (05SC8KEA3).

Fig 1 (a) XMCD spectra of Co and Ni at various temperatures. (b) The Ni magnetization changes gradually sign
with respect to Co one at a temperature of about 90 K.
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Fig 1 (a) The normalized absorption spectra (XAS) and XMCD of V for n=1, 2, 4 and 8 ML embedded
in Fe and (b) XAS and XMCD for Fe in Fe/V1/Fe trilayer. Note that the XMCD of V and Fe have op-
posite signs (marked by the arrows) demonstrating an antiferromagnetic alignment of their magnetiza-
tions. The high purity of the samples is reflected on the negligibly small Oxygen K-edge shown in (a).

Induced Magnetization of Vanadium in Fe/V/Fe Trilayers
studied by XMCD

A. Scherz, F. Wilhelm, P. Poulopoulos, H. Wende, G. Ceballos and K. Baberschke
Freie Universität Berlin, Institut für Experimentalphysik, Arnimalle 14,

D-14195 Berlin-Dahlem, Germany

The non-ferromagnetic Vanadium atoms acquire an induced magnetic moment, when they are
placed in a ferromagnetic environment, as it is known from bulk ferromagnetism literature
[1]. In the same sense one would expect to observe induced V moments in layered structures.
Indeed, recent experimental and theoretical studies [2,3] on Fe/V superlattices have shown
induced V moments coupled antiferromagnetically to Fe. However, there is strong disagree-
ment between theory and experiments on the magnitude and the layer-dependent distribution
of the induced magnetic moment in the V layer. In contrast to theory, which predicts the V
moment to be mainly located at the Fe/V interface, it was observed from thickness-dependent
measurements on Fe/V superlattices that the V moment decays monotonically more than 4
ML away from the Fe/V interface [4].
To elucidate the inconsistency between theory and experiment we performed thickness-
dependent measurements on Fe/V/Fe trilayers via the element-specific x-ray magnetic circular
dichroism (XMCD) at the UE56/1-PGM beamline. From our results we can deduce conclu-
sions on the magnitude and range of the induced polarization in V.
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In our work, we select trilayers because they can be considered as prototypes to study the
magnetic behaviour of Fe/V superlattices. A major advantage of using trilayers is that we can
manage a controllable growth and, moreover, the whole magnetic characterization can be
done in the UHV-chamber. The V films were deposited at room temperature on a thick
Fe(110) buffer on Cu(100) and capped by a 5 ML Fe film, successively. By applying certain
growth recipes deduced by Scanning Tunneling Microscopy studies, we can reduce the
roughness and intermixing to a minimum level.
In Fig. 1 the normalized XAS and the XMCD at the L3,2 edges of (a) V and (b) Fe are shown.
The recorded XMCD V-spectra are of much higher quality compared to previous ones taken
for Fe/V superlattices [2]. We note that even the largest XMCD signal of V in the Fe/V1/Fe
sample is already 15 times smaller than the absorption edge and our XMCD spectra in Fig.
1(a) were obtained by averaging only four XMCD pairs. This excellent signal-to-noise ratio,
which can be seen in an enlargement of the XMCD spectra in Fig. 2, is achieved by perform-
ing the measurements in the newly developed gapscan mode, which drives the monochroma-
tor and the undulator simultaneously and provides an almost constant high degree of circular
polarization and photon flux over the given energy range.
The strong thickness-dependence of the average magnetization in V, as can be concluded by
comparing the XMCD signals for various V thicknesses in Fig. 2, indicates a sharp magnetic
moment profile, i.e. a short-range induced polarization. From the XMCD spectra one may
yield the result that the second from the interface V layer carries a moment which is reduced
by more than 10 times with respect to the first V layer. This result confirms first principles
theoretical predictions for Fe/V superlattices [3]. Moreover, it supports our statements that our
trilayers have high quality interfaces taking into account that the theoretical work was carried
out for ideal Fe/V interfaces.

In conclusion, we have presented high quality XMCD spectra for the V induced magnetiza-
tion which confirm the excellent performance of the UE56/1-PGM beamline. Our results may
help to bridge previous inconsistencies between experiment and theory.
Work was supported by the DFG, Sfb290 and the BMBF (05SC8KEA3).
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Fig. 2 An enlargement of the bottom
part of Fig. 1(a) is shown in order to
exhibit the high signal-to-noise ratio
of the V XMCD spectra. From the
strong decrease of the XMCD signals
with the V thickness one concludes a
short-range induced polarization of
the V layers, in good agreement with
theory [3].
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V. Senz, A. Kleibert, K.H. Meiwes-Broer, and J. Bansmann
Fachbereich Physik, Universität Rostock, Universitätsplatz 3, D-18051 Rostock

Supported by BMBF 05 SC8HRA6 and DFG ME 835/14-3

Recent experiments [1-3] have shown that magneto-optical Kerr effect (MOKE)
measurements can be carried very successfully out in the soft X-ray region close to the core
levels of the respective materials. Such investigations are well-known in the visible and near
UV-regime for recording hysteresis curves, but the first experiment in the soft X-ray regime
has been carried out about ten years ago at the Fe 2p core levels. The technique is easy to
handle when applying the transverse MOKE. In this case, it is not necessary to analyse small
changes in the ellipticity or a rotation of the polarization plane, the T-MOKE manifests itself
in different reflectivities when changing the magnetization state. Thus, it is convenient to
measure the intensity in the specular beam using a commercial photodiode with a high
sensitivity in the soft X-ray region. Moreover, these experiments can be performed using
linearly polarized light and do not require tuneable circularly polarized radiation such as
Magnetic Circular Dichroism in photoemission and photoabsorption.

Fig. 1 Experimental setup at the U49/1

Here, we will present first T-MOKE results
from in-situ prepared epitaxial Fe(110)
films and islands on W(110) carried out at
the U49/1 SGM undulator beamline at
BESSY II. For recording hysteresis curves
we have applied an external electromagnet
(B<0.5T) to the experimental setup. The
setup of the experiment is shown in fig. 1,
the angle of incidence with respect to the
surface normal n is about 78°. The sample
can be rotated around the surface normal.

In general, the reflectivity of metals in the soft X-ray regime is small when compared to the
visible. However, close to the core levels the reflectivity of metal films is strongly enhanced
by resonant forward scattering as shown in the topmost right panel of fig. 2 for a 4ML Fe
film. The two peaks correspond to the Fe 2p3/2 and 2p1/2 core levels. Especially in the left
feature, the intensity in the two spectra (open and full symbols denote opposite magnetization
states M+ to M-) is clearly different when the magnetization is reversed. This behavior is
displayed by plotting the asymmetry of the reflectivity (normalized intensity difference, see
panel below). It should be noted that the asymmetry reaches values up to 50%. Together with
the fact that this strong dichroic effect is located on a small background of non-resonant
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reflectivity, it opens the possibility for a very sensitive technique to study magnetic
phenomena in ultrathin films. In order to compare the optical T-MOKE data with
characteristic element specific levels the lower part fig. 2 shows the corresponding
photoabsorption spectra obtained simultaneously.

Fig. 2: Left part: measured intensities in the reflected beam (top) for opposite magnetization
directions (M+ and M-) and asymmetry (below). Lower part: corresponding photoabsorption
spectra. Right part: calculated T-MOKE spectra and resulting intensity difference (dotted
line) for iron according to ref. [3].

Clearly, there is a small shift in the peak maxima of the reflected beam and the absorption
data. Both the enhanced reflection as well as the absorption arise due to a significant variation
of the real and the imaginary part of the dielectric function )(ωε (or the complex index of
refraction n, respectively) close to the core levels. Thus, the strong decrease in the reflectivity
at approx. 710eV occurs due to the competitive process of photoabsorption at the Fe 2p3/2

level. In contrast to the well known technique of Circular Magnetic X-ray Dichroism
(CMXD) [4] which allows the detection of orbital and spin momentum from different
absorption spectra, the two absorption spectra for opposite magnetization directions are nearly
identical in the case of using linearly polarized radiation. Only very weak intensity variations
are observed up to now [5].
In the following we have applied this technique to analyze the magnetic anisotropy for
nanoscaled islands with respective to epitaxially ordered flat films. As a model system we
used thermally annealed Fe(110) islands on W(110) which arrange themselves in a
rectangular array with the long axis pointing parallel to the W[001] direction of the
underlying tungsten substrate [6].
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We have analyzed the rotation of the easy magnetization axis of such self-organized islands
with respect to the behavior of epitaxial iron films. Our experimental data clearly show a
rotation of the easy magnetization axis depending on the original coverage of the Fe films.

Fig. 3: Dependence of the magnetization and the coercive force of oriented Fe islands
(thickness 8ML before annealing) on the in-plane direction of an externally applied B-field

In case of epitaxially ordered thin Fe(110) films the easy magnetization axis is pointing along
the W[1-10] direction due to a strong surface anisotropy [7]. However, the Fe(110) island
system investigated here clearly shows a remanent magnetization parallel to the W[001] axis
as can be seen in fig. 3 (full symbols denote the relative magnetization). This rotation is
caused by a strong shape anisotropy of the iron islands combined with a lattice relaxation in
the Fe islands and a surface anisotropy which decreases with increasing heights of the islands.
The coercive field HC also varies with the rotation around the surface normal, values close to
the W[1-10] direction are smaller compared to the W[001] axis. When reversing the
magnetization in an easy axis direction, it is necessary to rotate the spins through a hard axis
configuration which gives rise to larger coercive forces. In conclusion, where T-MOKE with
soft X-rays is an already powerful method to explore details of the anisotropy of structured
surfaces, the balance between reflectivity and absorption still has to be investigated.
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Photoemission from azobenzene alkyl thiol self-assembled
monolayers
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The efficient trans-cis-trans reversible photoisomerization of azobenzene has been studied
intensively over many years with particular emphasis on optical molecular switching closely
related to design opto-electronic devices [1]. Even though the precise knowledge of the
electronic structure of these species would be most valuable for both technological
development and for our basic understanding of the isomerization process itself
photoemission data from azobenzene thin films are yet rare. For that reason we have
performed photoemission studies from azobenzene alkyl thiol thin films either containing a
CH3 or a CF3 end group the role of which is twofold. On the one hand it is supposed to help
identifying (trace) changes of the azobenzene geometric and electronic structure. On the other
hand understanding the influence of the presence of a given group bound to the benzene ring
on the isomerization itself is of fundamental interest.
Films have been prepared by the self-assembling (SA) technique which yields highly ordered
monolayer systems [2]. Only for that high degree of order the systematic investigation of film
properties including the controlled optical response, e.g. the well-defined structural change
followed by orientational changes becomes possible. The investigated systems are composed
of a self-assembled standing C12 alkyl thiol monolayers and an azobenzene group covalently
bound on top of the alkyl chains. Finally, either a methyl or a trifluoromethyl group is attached
to the azobenzene in the para-configuration [3]. In fact, the molecular structural changes in
highly ordered organic thin films as a consequence of photoisomerization may be the crucial
step in effectively tuning the system properties, or in processing information as has been
demonstrated e.g. in biological systems [4]. Recently we have reported about photon-induced
changes of the surface potential of azobenzene containing SA monolayers which are caused
by molecular dipole moment changes due to isomerisation. These alkyl thiol azobenzene films
contained the same head groups as in the present study [3].
Here, we are concerned with determining the electronic structure of azobenzene thiol
monolayers on gold by photoemission. The experiments were performed at the MBI undulator
(U125) beamline [5, 6]. Typically, photon excitation was at 7o grazing incidence, and the
photoelectrons were detected by a hemispherical (EA 125) electron energy analyzer in normal
emission. Differences of relative abundance in the PE spectra as well as photon-induced
spectral shifts will be discussed. Regarding the secondary photon-induced phenomena we
focus on the effect of synchrotron exposure time using 50 to 75 eV photon energies. The
effect of 3.2 eV (360 nm corresponds to the peak absorption for the azobenzene cis-to-trans
transformation) pulsed laser irradiation will not be presented here as these experiments need
further investigation.
Typical photoemission spectra from X-azobenzene thiol/Au monolayer films for X = CF3 or
CH3 obtained for 75 eV photons are presented in fig. 1. Energies refer to binding energies
with respect to the vacuum level. For clarity the spectra have been vertically displaced. The
peak assignment has been derived from a comparison with the C12 thiol/Au base system but
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also invoking results from the literature on several thiol films [7, 8]. Features labeled 1 in the
bottom figure, at 25 eV binding energy, and 3, at about 18.5 eV binding energy, largely
correspond to the C2s valence band, and features 4 through 6 to a large extend correspond to
the C2p valence band emission from the thiol. Features labeled a (11.0 eV) and b (8.5 eV)
mainly arise from the Au5d emission. This contribution is found to vary significantly as a
function of the excitation photon energy as discussed elsewhere [7]. The small shoulder near
EF arises from the Au s and p levels. The characteristic benzene derived emission contributes
somewhat to peak 1 (near 25.0 eV) while peak 2 is almost entirely due to C2s molecular
orbitals of benzene [9]. The PE spectrum from the CF3-azobenzene alkyl thiol/Au system (top
curve fig. 1) exhibits four additional features, one weaker (labeled A) and three strong ones
(B, C, D), all corresponding to the fluorine emission [10, 11]. A detailed assignment to the
molecular orbitals will be presented in a forthcoming report.

We have cautiously applied low synchrotron exposure times and photon fluxes in order to
minimize photon-induced film degradation or transformation. Only if this effect were
sufficiently small PES would be useful to investigate changes in the electronic structure in
azobenzenes, either in a time-resolved two-color two-photon photoemission experiment (2C-
2PPE) or just for the attempt to identify changes in the electronic structure for the different
isomers. For the X = CF3 films longer synchrotron exposure causes gradual changes of the
relative peak intensities and also induces spectral shifts to higher binding energies as
displayed in fig. 2. These spectra were obtained using synchrotron sufficiently low photon

Fig. 1 Single scan valence spectra of
monolayer  azobeneze-X thiol/Au, X = CF3
(top), CH3 (bottom), for 75 eV excitation
photon energy.

Fig. 2 PE spectra from azobenzene-CF3
thiol/Au as a function of synchrotron exposure
time (as indicated). The fluorine derived
features (A-C) experience intensity losses and
also exhibit pronounced energy shifts
(indicated by arrow).
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fluxes in order to minimize photodegradation effects. The irradiated spot size at the sample
was about 1 mm diameter. This allowed for single scan experiments yielding reasonable
electron signal statistics, and enabled us to obtain a large number of first shot PE spectra from
new spots on the layer surface. Again the excitation energy was 75 eV.  The spectra are
vertically displaced for clear presentation. The top spectrum has been obtained after one scan
(first scan) from a film surface spot which has not been exposed to the synchrotron beam
before. The acquisition time for one single scan is 30 seconds. Correspondingly, the following
two spectra have been obtained for the second and the third scan (as labeled in the figure),
respectively, for the identical surface spot. Finally, the bottom spectrum has been accumulated
over ten scans (7th to 17th scan), again from the same spot. The larger number of scans is the
reason for the better signal statistics. Note that the bottom spectrum has been rescaled by a
factor of 0.1. Peak labels have been copied from fig. 1. Clearly from fig. 2 it is seen that all
fluorine related peaks (B, C, D, E) decrease in intensity for increasing synchrotron exposure
time – but not by the same relative amount indicative of orientation effects. For the third scan
the drop of intensity is up to half of the initial intensity. No intensity changes were observed
for any of the other features. Furthermore, all these features display a considerable energy shift
up to about 700 meV towards higher binding energy (as indicated by the arrows). A
quantitative analysis will be presented together with the corresponding X = CH3 as well as
lower-concentration X = CF3 at some later point. This would also include the spectral
evolution for different emission angles. These experiments are currently continued. For the
azobenzene-CH3 thiol films only very little effect of synchrotron exposure was found (data not
shown).
Based on our preliminary results presented here we would interpret the observed spectral shift
to be due to the change of the component of the CF3 dipole moment perpendicular to the
surface due to some altered orientation of the CF3 molecule. Likewise is the intensity decrease
of the fluorine features assumed to be related to orientation changes as well. It is, however,
not clear at this point if this behavior reflects the trans-to-cis structural change as expected for
the 360 nm photon irradiation, or if this is caused by some other synchrotron-specific
transformation, e.g. elimination of the CF3 moiety. Continuing work focuses on the effect of
laser-induced transformation in combination with angular resolved photoemission.

Partial BMBF funding under contract no. 05 650BMA6 is gratefully acknowledged.
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Spin valves are highly sensitive sensors for magnetic fields. Their operation
relies on the resistance change between the states of parallel and antiparallel
magnetization of two ferromagnetic (F) layers. In order to be able to switch between
these two states with opposite fields of equal magnitude one relies on the phenomenon of
exchange bias. Exchange bias is a shift of the F magnetization (M-H) loop away from
zero field. It is usually induced, when a sample with a F- antiferromagnetic (AF) interface
is cooled in a static magnetic field from above the AF ordering temperature TN with the F
ordering temperature TC greater than TN [1]. Exchange bias exists only as long as the
magnetization in the ferromagnetic layers remains uniform across the film.

In order to gain insight into the onset of F-AF exchange coupling, we have
studied a trilayer consisting of 20 nm Fe / 5 nm NiO / 10 nm Co of the type soft F / AF /
hard F.
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The trilayer was produced by magnetron sputtering. We used element selectivity
of x-ray resonant magnetic scattering, which allows to probe spin structures of F and AF
[2, 3].  The net magnetization of top Fe and barried NiO, Co layers have been recorded
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by measuring the Kerr intensity of p-linearly polarized light at the L3 resonances at the
undulator beamline UE56-1 of BESSY II with the soft x-ray polarimeter [4]. The Kerr
intensity is related to, but not linear in the magnetization. The external magnetic field Hext
was applied within the film plane transverse to the x-ray wave vector k. The exchange
coupling was switched on by field cooling the sample from above the TN of NiO to room
temperature [5] at the external field HFC = -200 Oe providing opposite magnetization of
Fe and Co.

The Ni loop (Fig. 1a, 1) clearly indicates the presence of weak uncompensated
Ni magnetic moments. The excess Ni magnetic moment is increased significantly (Fig.
1a, 2) in the field direction by field cooling the sample. This induces a sizeable exchange
coupling between the F and AF layers.

The coercivity of the hard Co layer (Fig. 1b) remains constant, or decreases
slightly, after field cooling. Due to the exchange interaction between Co and excess
interfacial Ni spins an effective static magnetic field appears, which shifts the hysteresis
loop of the Co layer by 20 Oe (exchange bias).

In contrast, the soft Fe layer exhibits an increased coercivity after field cooling
(Fig. 1c), but no exchange bias. The peculiar shape of the Fe hysteresis loop ➀-➇ (Fig.
1c, 2) may be explained as follows. At point ➀ (Hext =120 Oe) all Fe spins are oriented
along Hext (Ni spins are opposite to Hext). At point ➁ (Hext =200 Oe) the excess Ni spins
start to rotate along the applied field as well (see Fig. 1a). At the same time the Fe
magnetic moment decreases. We attribute this decrease to a twist of the interface Fe-spins
against the direction of Hext, suggesting an antiferromagnetic interface coupling between
the Fe spins and the Ni-spins of NiO. This process of twisting the Fe spins close to the
interface induces a domain wall in the Fe-layer that is fully developed when reaching ➂.

Additional measurements and calculations are planned to test this model.

Support of this work by the European Community (Contract No. FMGE-CT98-0105) and
the Swiss Federal Office for Education and Science (Contract BBW97.0392) is gratefully
acknowledged.
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It is well known that the lateral density and structure of self-assembled monolayers
(SAMs) are to a large extent the result of a delicate balance between the intermolecular and
head group/substrate interactions.1 Whereas in the aliphatic SAMs this balance is generally
understood,1,2 there still is a lack of the respective information for the aromatic SAMs.

As compared to the aliphatic SAMs, a different relation between the structure
determining interactions could be expected in the thiaromatic films. According to the melting
points of benzene C6H6 at 5.5 °C and n-hexane C6H14 at –95.3 °C as well as biphenyl C12H10
at 69.0 °C and n-dodecane C12H26 at –9.6 °C, the intermolecular forces between the phenyl
rings in aromatic systems are stronger than the vdW forces between the alkyl chains in
aliphatic systems. We studied SAMs formed from thiophenol C6H5SH (TP), p-biphenylthiol
H(C6H4)2SH (BPT), p-terphenylthiol H(C6H4)3SH (TPT), and anthracenethiol C14H9SH (AnT)
on polycrystalline Au and Ag surfaces (Fig. 1). The choice of these particular systems enables
a simultaneous variation of the most important parameters affecting the structure of
thioaromatic SAMs, namely the length of the aromatic chain (TP vs. BPT vs. TPT), the
rigidity and the character of the aromatic chain (AnT vs. BPT and TPT), and the substrate (Au
vs. Ag). In this way, both the intermolecular and adsorbate/substrate interactions are varied
and their effect on the film structure is monitored.

In agreement with the expectations, the investigated TP, BPT, TPT and AnT SAMs were
found to consist of the intact molecules bonded to the substrate via the sulfur head group. A
single S 2p3/2,1/2 doublet at approximately the same BE of ~162.0 eV (S 2p3/2) is observed in
the respective XP spectra for both substrates, while a single C 1s photoemission maximum at
a BE of ~284.5 eV with a higher BE tail is exhibited in the C 1s XP spectra (except for
TP/Au, where several additional peaks can be suspected).3 With the same exception, the
intensities of the S 2p3/2,1/2 doublets for both substrates exhibit the expected reduction by
going from TP to BPT and further to TPT, which is related to the increasing attenuation of the
S 2p photoelectrons by the thicker aromatic overlayer. In the same manner as the S 2p

emissions, the integral intensities of
the C 1s features correlate with the
molecular compositions of the
respective SAMs. As to AnT, a less
dense packing of the AnT molecules
is suggested for AnT/Au as compared
to AnT/Ag, based on the S 2p and C
1s XP spectra.3

The C 1s NEXAFS spectra of the
TP, BPT, TPT, and AnT SAMs on Au
(Fig. 2) and Ag (Fig. 3) exhibit a C 1s
absorption edge related to C 1s →
continuum excitations located at ∼287
eV and several pronounced π∗ and σ∗

resonances. The spectra of the TP,
BPT and TPT monolayers are quite

Fig. 1. Schematic drawing of the thioaromatic molecules in an
artificial upright adsorption geometry including the respective
numbers of carbon atoms and the length of the aromatic chains
(in closed brackets).
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similar, while the spectrum of the AnT film reveals a
more complex π∗ resonance structure, due to the
reduced symmetry of the AnT molecules.3 The
spectra of TP, BPT and TPT films are dominated by
a strong π1

∗ resonance at 285.0 eV, accompanied by a
weaker π2

∗ resonance at 288.9 eV. The spectra of the
AnT films in Figs. 2(d) and 3(d) exhibit a
pronounced splitting of the π1

∗
=resonance into the

π1a
∗ and π1b

∗ resonances at 284.4 eV and 285.7 eV.
The spectra in Figs. 2 and 3 (except for TP/Au)
exhibit an increase of the π∗ resonance and a decrease
of the σ∗ resonance intensity with increasing angle of
the light incidence, which implies an upright
orientation of the thioaromatic molecules in the
respective SAMs. The reverse behavior of the σ∗ and
π∗ resonance intensities is related to the orthogonal
orientation of the π∗ and σ∗ orbitals. In the case of
TP/Au, the decrease of the π∗ resonance intensity
suggests a preferential orientation of the phenyl rings
parallel to the substrate surface.

Based on the linear dichroism of the most
intense π1

∗/π1a
∗
=resonance, the average tilt angles of

the thioaromatic molecules in the respective SAMs
were estimated assuming a herringbone arrangement
of the these molecules with the same twist angles as
found for the respective bulk systems.3,4 For the
quantitative evaluation, we used the ratios of the
NEXAFS resonance intensities for the different X-
ray incidence angles (Fig. 4). The derived average tilt
angles for TP, BPT, TPT and AnT SAMs are 49°,
23°, 20°, and 23° in the case of Au substrate and 24°,
18°, 16°, and 14° in the case of Ag substrate. The
film thicknesses obtained based on these values
correlate well with the thicknesses derived from the
analysis of the XPS spectra.3 The average tilt angle
for BPT/Au coincides within the error bars with the
respective value of 19° from recent X-ray diffraction
study.5

Whereas TP/Au seems to be a poorly defined
film with a random molecular orientation, all other
films are well ordered in the same way as the
aliphatic SAMs. Similar to the alkanethiol (AT)
chains,  thioaromatic molecules exhibit smaller tilt
angles with respect to the surface normal on Ag as
compared to Au substrates. However, the absolute
difference of the tilt angles on Au and Ag is smaller
than that for the alkanethiols. Excluding the
relatively short TP, the thioaromatic SAMs reveal an
average tilt angle of ≈22° on Au and ≈16° on Ag

Fig. 2. The C 1s NEXAFS spectra of TP (a),
BPT (b), TPT (c) and AnT (d) on Au
acquired at different angles of X-ray
incidence. The characteristic absorption
resonances are indicated by arrows.

Fig. 3. The C 1s NEXAFS spectra of TP (a),
BPT (b), TPT (c) and AnT (d) on Ag
acquired at different angles of X-ray
incidence. The characteristic absorption
resonances are indicated by arrows.
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compared to the long chain alkanethiols with average
tilt angles of ≈30° and ≈12°, respectively.1 We
assume that the difference between the thioaromatic
and aliphatic films is related to stronger
intermolecular forces in the former systems, so that
these forces become a major structure-determining
factor. An additional support for this assumption is
that in contrast to the chain length independent tilt
angle of long chain ATs the tilt angle of aromatic
molecules in the respective SAMs varies slightly
with the length of the aromatic chain on both Au and
Ag substrates. Even the rigidity of the thioaromatic
molecule affects the final molecular orientation
within the layer to a smaller extent than the number
of aromatic moieties, as follows from the
comparison of the results for AnT and BPT/TPT
films.

Nevertheless, the substrate is still a valuable
factor for the structure of the aromatic films. First, in
spite of the supposed stronger intermolecular forces
(than in AT SAMs) there is still a difference in the
average tilt angles on Au and Ag substrates. Second,
for the TP monolayers on Au and Ag the effect of
the substrate on the structure of the SAMs is crucial:
A poor quality of the TP monolayers on Au can be
probably explained by steric constraints caused by
the pinning of the TP molecules to a definite

adsorption site, and by an unfavorable bond angle at the sulfur atom, which is for bulk poly(p-
phenylene sulfide) in a range of 101°-110°.

Note that in contrast to the AT SAMs, the substrate-S-phenyl bond angle, which is
associated with a definite hybridization of the S-atom (sp3- and sp- for AT/SAMs on Au and
Ag, respectively)2,4 can be rather similar in the thioaromatic films on both substrates. Along
with the enhanced intermolecular interaction, this similarity can be an additional factor
responsible for the observed, relatively small differences in the tilt angles of the thioaromatic
molecules on Au and Ag. Generally, the surface bonding of a S atom at a phenyl ring cannot
be easily described within either the sp3- or sp- hybridization, but can be probably associated
with some intermediate state, which is not precisely known at present.

We thank the BESSY staff, especially M. Mast for technical help and Ch. Wöll
(Universität Bochum) for providing us with experimental equipment. This work has been
supported by the German Bundesministerium für Bildung Wissenschaft, Forschung und
Technologie through grant No. 05 SF8VHA 1 and by the Fonds der Chemischen Industrie.
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Fig. 4. The angular dependencies of the π1
∗

intensity ratios for TP (circles), BPT (up
triangles), TPT (down triangles) and AnT
(diamonds) adsorbed on Au and Ag
surfaces. For comparison, the theoretical
dependencies for different tilt angles of the
aromatic backbone are added as dotted lines.
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Diamond as a large band gap material is a very promising material for semiconductor
applications. One of the obstacles for the use of chemical vapor deposited (CVD) diamond in
semiconductor technology is the inability to obtain a true heteroepitaxial growth on silicon. It
is important to note in this context that the detailed mechanism of diamond nucleation on
silicon surfaces is far from being understood. To this end we performed Photoelectron
Emission Microscopy (PEEM), as the high lateral resolution combined with the chemical
sensitivity should be an ideal tool to study this process.

To investigate the nucleation of diamond on Si, we performed bias enhanced nucleation in a
microwave CVD chamber. This method is known to result in a high nucleation density of
diamond, moreover it leads to a preferential orientation of the diamond crystallites in registry
with the underlying Si lattice, a prerequisite for heteroepitaxial growth. The sample was then
transferred to BESSY II where PEEM studies were performed on beamline U49/2-PGM 2.
The PEEM is equipped with a hemispherical analyzer which allows Micro-XPS
measurements of areas of interest selected by PEEM imaging [1].

Figure 1: PEEM image of isolated diamond
crystallites using a Hg-lamp (hν=4.88 eV).
The white circles mark the same set of
crystallites in the subsequent images.

Figure 2: PEEM image of the same sample
region under illumination with synchrotron
light, hν=170 eV.

Figure 1 shows a PEEM image (diameter ≈ 170 µm) of isolated crystallites using a Hg-lamp
for illumination (hν = 4.88 eV). This photon energy is not sufficient for excitation of electrons
over the band gap of diamond. Therefore, the crystallites appear as dark spots. Bright spots on
top of the crystallites are caused by defects in the diamond which cause sub band-gap
absorption. Subsequent field emission of these electrons, provoked by the extractor field of
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the first projector lens system, occurs on regions with high field strength, i.e. on top of the
crystallites.

Figure 2 shows a PEEM image of the same sample region, illuminated by synchrotron light of
photon energy hν = 170 eV. The direction of the incident photons is from the right, therefore
a shadow appears on the left side of the crystallites. With this photon energy electrons from
the Si 2p and Si 2s core level can be excited and contribute to the PEEM image, therefore the
substrate material appears bright.

A completely different image is obtained if a photon energy of 300 eV is used (Figure 3).
which may excite electrons from the C 1s core level. Now the substrate material is dark,
whereas the diamond crystallites appear as bright spots in the PEEM image.
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Figure 3: PEEM image using a photon
energy of hν = 300 eV.

Figure 4: C 1s core level spectra of a
sample region similar to those shown in the
PEEM images, hν=318.5 eV.

If a spectrum of the C 1s core level is recorded from a sample region covered by isolated
crystallites (similar to those shown in Fig. 1 to 3), two components can easily be distinguished
(Figure 4). Component I corresponds to C atoms covalently bound to other C atoms (graphite,
diamond, amorphous carbon), whereas component II can be attributed to C emission from
SiC. It is still under debate whether it is this SiC layer which acts as a template for the
oriented growth of diamond [2]. Further studies are planned to clarify this point.

In conclusion, we were able to show that in the PEEM images using synchrotron radiation a
clear chemical contrast in secondary electron emission is visible, depending on the energy of
the incident photons. In further studies our goal is to extend this possibility to perform
laterally resolved x-ray absorption spectroscopy (µ-NEXAFS). This will also allow to
differentiate between the different carbon allotropes.
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2Technische Universität Czestochowa, Al. Armii Krajowej 19, 42-2000 Czestochowa, Poland
3BESSY GmbH, Albert-Einstein-Straße 15, 12489 Berlin

The oxidation stability of cast iron is influenced by the structure of the cast iron matrix as well
as the shape of the graphite inclusions. In particular spheroidic graphite (shown in figure1) in
single-phase cast iron (e.g. ferrite) leads to a large heat stability [1]. An admixture of Cer-
hybrid-metal and Ferrosilicide under optimised conditions yields in a maximum of spheroidi-
sation of the Graphite [2]. Beside the spheroidic graphite vermicular-graphite occurs in the
iron matrix (see figure2). Concerning heat stability both types of graphite give the cast iron
much better properties then lamella graphite. Under oxidation conditions the lamella graphite
will burn out and hence oxygen will enter the iron matrix and oxidise the iron.

Since the shape of the graphite inclusions depends on the concentartion of the carbide-
forming elements (e.g. Mg, Ce), the lateral concentartion and distribution of these elements
and their chemical state is the aim of our research at BESSY. Therefore we use our PEEM-
based spectromicroscopical equipment described elsewhere [3,4]. To probe the interface area
between the graphite and the iron matrix it is necessary to reduce the analysed sample section
to about 1µm in diameter. This is done by closing an Iris aperture. But selecting the desired

10µ 10µ 10µ

hν=4.9eV {Hg-Lamp} hν=313eV {synchrotron} hν=715eV {synchrotron}

Figure 1: Spheroidic graphite inclusions in cast iron. PEEM images taken with photon energies close to
work function (left hand side), 30eV above C-K-edge (middle) , and 5eV above Fe-L-edge (right hand
side)

10µ 10µ 10µ

hν=4.9eV {Hg-lamp} hν=310eV {synchrotron} hν=715eV {synchrotron}

Figure 2: Vermicular-graphite inclusions in cast iron. PEEM images taken with photon energies close to
work function (left hand side), 25eV above C-K-edge (middle) , and 5eV above Fe-L-edge (right hand
side)



sample section like this is only valid for the
image-generating secondary electrons with low
energy. Due to chromatic aberrations the im-
age- and focus-planes for the electrons with
higher kinetic energy are shifted and they will
not be faded out by the Iris aperture (situated in
the image plane of the first lens). To get an idea
of what order of magnitude the chromatic error
is we took spectra of C1s on spheroidic graph-
ite with an Iris of about 20µm Ø at different
photon energies (� different kinetic energies).
Then we shifted the sample so that the border
of the analysed area was 5µm away from the
graphite (see figure3, top). The spectra were
recorded with a contrast aperture of 1500µm
(using a smaller aperture would decrease the
chromatic error but also decreases the intensity
so that PES above 20eV kinetic energy is
nearly impossible). The results are shown in
figure3 bottom. The intensity of the emission at
286.0eV binding energy is growing with in-
creasing kinetic energy of the photo electrons
and hence has to be assigned as caused by the
growing chromatic error of the PEEM.
In figure4 the areas of the emissions at 286.0eV
for the spheroidic graphite and for the sample
section aside the spheroidic graphite are calcu-
lated and its ratio is plotted versus the kinetic
energy of the photoelectrons. From there one
can see that laterally resolved photoemisson
spectroscopy with PEEM causes an admixture
from non-selected sample sections of less then
10% when operating at a kinetic energy of
25eV. This admixture increases to about 75%
when using photo electrons with 120eV kinetic
energy. However, these measurements can only
give a rough idea of what order of magnitude
the influence of the chromatic error of the
PEEM is.

_____________________________
[1] Soinski M.S.: Gießereitechnik 36 (1990) 74-77
[2] Soinski M.S.: Acta Stereologica 5 (1986) 311-317
[3] P. Hoffmann, R.P. Mikalo, D. Schmeißer: Solid

State Electronics 2000, Vol 44/45, pp 837-843
[4] P.Hoffmann, D.Schmeißer, A.Klein,

W.Jaegermann, Ch.Pettenkofer, R.Follath:
BESSY Jahresbericht 1999, pp 443-444
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Figure 3: Demonstration of the chromatic aberra-
tion of the PEEM; Top: The white circles are indi-
cating the sample sections, one on top of the sphe-
roidic graphite and the other on the iron next to the
graphite. Bottom: At 6 different energies C1s-
spectra were recorded on each of these two sample
sections.
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Photoemission microscopy of spin-reorientation transitions in ultrathin magnetic films

W. Kuch, X. Gao, F. Offi, L. Chelaru, J. Gilles, K. Fukumoto, and J. Kirschner
Max-Planck-Institut für Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

BMBF 05 SL8EF19

The magnetic microstructure of spin-reorientation transitions is the subject of recent theoretical and
experimental research [1-3]. A spin-reorientation transition is the continuous or discontinuous
change of the direction of easy axis of magnetization in an ultrathin magnetic film. Its macroscopic
behavior is described by magnetization-direction dependent terms of the free energy, the so-called
magnetic anisotropy energy. The magnetic microstructure at the spin-reorientation transition,
however, is more complex, and requires much more involved methods for theoretical modeling [2].
We used photoelectron emission microscopy (PEEM) in connection with x-ray magnetic circular
dichroism (XMCD) in the absorption of soft x-rays to image the magnetic microstructure at spin-
reorientation transitions in ultrathin magnetic films. In this method, the local intensity of emitted low-
energy secondary electrons for excitation at the maxima of elemental absorption edges is imaged by a
set of electrostatic lenses. The local secondary intensity is a measure for the local x-ray absorption,
which depends upon the relative orientation of the magnetization direction and the direction of the
incoming, circularly polarized x-rays.
We present here images of spin-reorientation transitions in Fe/Co/Ni trilayers, grown epitaxially on a
Cu(001) single crystal surface. The Fe and Co layers have been deposited at room temperature as
perpendicularly oriented crossed wedges of 200 µm width on top of 15 atomic monolayers (ML) Ni
on Cu(001). The measurements have been performed at the UE56-2 PGM 2 beamline, using
radiation from the fifth harmonic of the elliptical undulator, and a commercially available PEEM [4].
The incidence angle of the radiation was 60° with respect to the surface normal.
Fig. 1 shows a domain image obtained from the Fe/Co double wedge. The contrast at the Co L3 edge
was used to image the magnetic domains. The directions of the Fe and Co thickness gradients are
shown by arrows. Within the imaged area the Fe thickness varies from 0 to 2.5 ML, the Co thickness
from 2.4 to 3.6 ML. The sign of the magnetic anisotropy changes twice as a function of Fe overlayer
thickness. For less than 0.6 ML Fe, the easy axis of magnetization is in the film plane (bottom part of
the image). Above 0.6 ML Fe it becomes out-of-plane, and stays out-of-plane until the Fe thickness
reaches about 1.8 ML (middle part of image). Above 1.8 ML Fe it is again in-plane (top). The dashed
lines indicate the two spin-reorientation transitions between these regions. The lower spin-
reorientation transition shows nearly no dependence on Co thickness, whereas the upper one is
located at slightly lower Fe thicknesses for increasing Co thickness.
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The occurrence of these spin-reorientation transitions is usually explained in a phenomenological
model, splitting the anisotropy energy into separate contributions from each of the three magnetic
layers. It is known that 15 ML Ni/Cu(001) exhibit a positive (out-of-plane) anisotropy [5]. Depositing
more than 2.4 ML Co on top of it, the total anisotropy of the Co/Ni bilayer is negative [3, 6, 7], due
to the relatively strong negative anisotropy energy of the Co layer. Thus before the deposition of the
Fe top wedge the whole area imaged in Fig. 1 is magnetized in the film plane. Upon Fe deposition,
the middle region between the dashed lines reorients again into the out-of-plane direction. This has
to be attributed to a positive anisotropy contribution of the Fe top layer. This positive anisotropy is
increasing in strength with increasing Fe thickness around the lower spin-reorientation transition, and
afterwards decreasing, resulting in the second spin-reorientation transition. The dashed lines
represent the zero crossings of the total anisotropy, i.e., the sum of the anisotropy contributions of
the three layers.
Below the upper spin-reorientation transition domain branching of the out-of-plane domains into
smaller and smaller stripe domains is observed. This shrinking of the average domain size as the spin-
reorientation transition is approached can be explained by the competition between the magnetostatic
energy on the one hand, and the energy cost for creating domains on the other hand [8]. Closely
spaced alternatingly up and down magnetized perpendicular domains have a lower magnetostatic
energy than a single out-of-plane domain due to partial magnetic flux closure [9]. The formation of
such domains can be energetically favorable close to the spin-reorientation transition because at that
point the anisotropy energy, and hence the energy for the formation of domain walls (in which an in-
plane component of the magnetization occurs) is low.
It is not fully clear why such a domain branching is not observed at the lower spin-reorientation
transition in Fig. 1. Kinetic barriers for the formation of the stripe domains in the course of film

in-plane

out-of-plane

in-plane

10 µm

dFe

dCo

Fig. 1: Domain image at the Co
L3 edge of 0–2.5 ML Fe/2.4–
3.6 ML Co/15 ML Ni/Cu(001).
Arrows indicate the gradients
of the crossed Fe and Co
wedges. Spin-reorientation
transitions are marked by
dashed lines. Whereas the
magnetization in between the
two dashed lines is
perpendicular to the film plane,
above and below it is in the
film plane.
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deposition could be responsible for that. Another possibility is that in this region the change of
anisotropy is too steep, so that the zone is too small in which the energy cost for domain wall
creation is low. Such a steep rise in anisotropy energy with Fe thickness could be the result of a
positive interface contribution from the Fe/Co interface. It would be consistent with the observation of
a very weak Co thickness dependence of the critical Fe thickness for that spin-reorientation transition.

[1] T. Duden and E. Bauer, in: Magnetic Ultrathin Films, Multilayers and Surfaces–1997,  J. Tobin et al., Eds. (Materials Research
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X-Ray Microscopy

B. Niemann, P. Guttmann, D. Hambach, J. Thieme, D. Rudolph, G. Schmahl

Institut für Röntgenphysik, Georg-August-Universität Göttingen,
Geiststraße 11, 37073 Göttingen, Germany

The construction of the X-ray microscopy beamlines [1]  at  the  undulator U41  has  been
finished (see Fig. 1). All beamline components are evacuated and are controlled by the
BESSY interlock system.  The transmission X-ray microscope beamline  as  well  as  the
scanning transmission X-ray microscope beamline fulfill all radiation safety requirements and
can be used with the X-ray beam.

Fig. 1. The status of the X-ray microscopy area at BESSY II. (a) Transmission X-ray micros-
cope (TXM) beamline with the TXM, (b) scanning transmission X-ray microscope (STXM)
beamline, (c) X-ray test chamber (XTC) beamline with the XTC transferred from BESSY I,
(d) preparation laboratory for X-ray microscopy experiments.
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Fig. 2. The transmission X-ray microscope at BESSY II. The light microscope (a) can be used
to adjust and prefocus the specimen (b) which is kept under normal air pressure. For this pur-
pose, a part of the condenser monochromator (c) can be moved to the left side and the light
microscope (a) can be moved down. The micro zone plate (d) is inside the vacuum chamber.
The CCD camera (e) can be moved to adjust the magnification.

The modified transmission X-ray microscope has been build up (see Fig. 2). For this micro-
scope the X-ray beam emitted by the undulator U41 is directed via two plane mirrors to the
monochromator. The direction of the beam given by these two mirrors has to be adjusted to
the optical axis of the monochromator as well as of the microscope. The new high numerical
aperture condenser monochromator [2] realizes a dynamical aperture synthesis by using a
fixed off-axis transmission zone plate (OTZ), an adjustable plane mirror and two rotating
small plane mirrors. This system produces a non-rotating source image and a one dimension-
ally dispersed, spatially fixed spectrum of the source in the object plane. The rotating con-
denser (RK) allows for the first time to match the condenser aperture to that of the high reso-
lution zone plate. For the first experiments a RK35 condenser has been used which is matched
to a micro zone plate with 35 nm outermost zone width.

For adjustment purposes several optical alignment tools and phosphor screens were incorpo-
rated. In a first step the radiation hardness of the OTZ was tested. Improvements of the stabi-
lity of the OTZ has been done. After extensive experiments it was found that the position of
the first mirror in the switching mirror unit (SMU) was not stable for about 12 hours after
switching the mirror to the X-ray microscopy beamline. This problem was solved by a per-
manent cooling of the mirror [3].
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Measurements for the determination of the horizontal full width half maximum (FWHM)
value in the object plane were carried out by using a GaAsP-photodiode. The result of 37 µm
FWHM corresponds to a source width (FWHM) of 222 µm which was calculated for the U41.
This means that the preceding optical elements the OTZ inclusive are working well. The de-
termination of the vertical source size was not possible because this is the direction of disper-
sion of the monochromator. As expected by theoretical calculations a photon density of about
2�108 photons/(sec�µm2

�100 mA) was measured in the object plane. By putting a phosphor
screen in the object plane the illuminating spot was observed with an enlarging lens and a
CCD camera. It was found that the position of the illuminating spot during the rotation around
the optical axis of the last two mirrors of the monochromator is fixed within about 2 µm.

The first images taken by the transmission X-ray microscope at BESSY II are shown in
Fig. 3. The smallest structures which are clearly visible have a size of 26 nm. In Fig. 3a co-
herent noise effects can be seen which is caused by coherent illumination of the object with-
out mirror rotation . Figure 3b demonstrates that these coherent effects vanish by illumination
with rotating mirrors. This can be explained in the following manner:
With an non-rotating condenser the source seen from the object has an angular diameter of
about one arcsecond. This means, that the object is illuminated coherently. With the con-
denser rotating over a full revolution the source has a virtual angular diameter of a few de-
grees resulting in a spatially incoherent illumination of the object.

      (a)        (b)

Fig. 3. Test structure imaged with the transmission X-ray microscope at BESSY II. The
smallest structures  which  are  clearly visible have a size of 26 nm:   (a) with non-rotating
mirrors clearly showing noise due to the coherent illumination, (b) with rotating mirrors of the
monochromator this noise vanishs.

At the scanning transmission X-ray microscope beamline a chamber was installed to perform
radiation induced cross-linking of polymers which are necessary to produce high resolution
zone plates [4]. In this case the used undulator beam was only reflected by the first mirror in
the SMU. No further optical components are in the beam.



280

Acknowledgements
This work has been funded by the German Federal Minister of Education and Research

(BMBF) under contract numbers 05SL8MG1 1 and 02WU9893/0. We thank P. Nieschalk and
his colleagues for making the excellent mechanical non series parts. The great support of the
BESSY staff is acknowledged.

References
1. P. Guttmann, B. Niemann, J. Thieme, D. Hambach, G. Schneider, U. Wiesemann, D.

Rudolph, G. Schmahl: „Instrumentation advances with the new X-ray microscopes at
BESSY II”, in: Nucl. Instrum. Meth. A (2001), in press

2. B. Niemann, P. Guttmann, D. Hambach, G. Schneider, D. Weiß, G. Schmahl: „The new
condenser-monochromator with dynamical aperture synthesis for the TXM at an undula-
tor beamline at BESSY II“, ibid.

3. T. Zeschke, BESSY, internal information

4. D. Weiss, M. Peuker, and G. Schneider: „Radiation-enhanced network formation in co-
polymer galvanoforms for diffractive nickel optics with high aspect ratios“, Appl. Phys.
Lett., 72 (15), (1998), 1805-1807



281

A new approach for investigations of circular dichroism in the angular distribution of
photoelectrons (CDAD) is presented. The image contrast using a photoemission line of a certain
material is combined with imaging of the angular distribution pattern using a photoemission electron
microscope (PEEM). CDAD can be used to investigate pure scattering information by means of the
same instrument in microscopically selected regions on a surface. This so-called CDAD-holography
method [1] delivers structural information about the local environment of the emitter atoms in an
indirect but simple and reliable way. We have described the principle of this method in the BESSY
annual report 1998 [2]. Normally, it requires a long range ordering of the size of the photon beam at
the investigated surface. The present approach works for microareas that can be selected by the
electron optics of the microscope (for details, see [3]). Hence, it can be applied to polycrystalline
surfaces with grains that might be distinguished using the PEEM.

W(110) was used for the first experiment, carried out at the elliptical undulator beamline
UE56/1-PGM. Direct photoemission from the W-4f core levels was observed at the fixed photon
energy hν = 148eV and at different polarisations. A high-pass energy filter has been used in
combination with PEEM based on a retarding field analyzer (RFA) [4] implemented at the end of the
imaging column. In addition, a transfer lens was implemented which allows to image the backfocal
plane of the objective lens. The instrument is capable of XPS- and Auger-microspectroscopy with a
resolution below 1eV and selective enhancement of workfunction contrast in threshold excitation. An
example of XPS image is shown in Fig. 1 a, displayed as the sum image taken with opposite circular
polarisations. The W(110) surface is partially covered with a few large impurity islands (presumably
carbon) after the heating procedure. LEED revealed sharp W(110) reflexes at this sample, indicating
large clean areas. Islands were visible in the XPS imaging near macroscopic scratches at the surface.
Fig. 1 a shows the boundary of such an island that strongly damps the W-4f photoemission (dark
areas).

There are two exciting aspects to use this novel approach. The first concerns the angle
resolved XPS-imaging, the second an indirect mapping of the local environment of atoms by means
of CDAD-holography. The solid angle of the transmitted electrons becomes smaller at higher starting
energy leading to a drop in transmission. CDAD asymmetry in the angular distribution pattern is
observable in the XPS-image by chance, either for tilted cristallites at the surface or for a defined off-
centre position of the PEEM contrast aperture. Fig. 1 b shows CDAD at the boundaries of the
scratch at the W(110) surface which is appearing with opposite sign (dark or bright for negative or
positive CDAD, respectively). It is well-known that CDAD in photoemission from inner shells is
antisymmetric with respect to surface symmetry planes, like crystal mirror planes or even with respect
to the surface. Consequently, CDAD vanishes if one detects all emission angles in a symmetric cone
around the surface normal. Consequently, one may observe this effect with PEEM only with an off-
centre position of the contrast aperture or from limited areas where we find an intrinsic angle
selection e.g. due to reflections on potential steps or a locally deviating surface normal. Obviously, we
have observed at least two such areas in Fig. 1 b.

In a conventional photoelectron diffraction or photoelectron holography experiment, it is
necessary to move the sample and/or the detector, e.g. a rotatable electron analyser is used to map a
full angular pattern. In the present approach, we map the diffraction plane for a certain kinetic energy
of electrons in the backfocal plane. As discussed above, the PEEM provides only a relatively small

Imaging of Dichroism in Photoemission Electron Microscopy at
Non-magnetic Materials using Circularly Polarized Light

 A. Oelsner, Ch. Ziethen, G. H. Fecher, G. Schönhense
Johannes Gutenberg – Universität, Institut für Physik, 55099 Mainz,Germany
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angle cone for imaging of the diffraction plane
in the present setup. The measured diffraction
image includes the polar angles below 15° for
kinetic energies above 100 eV. In the
experiment, we measured two diffraction
patterns of the W-4f emission line using light of
opposite helicity. The difference of both
diffraction patterns is shown in Fig. 2 a. We
adjusted the contrast aperture slightly in an off-
centre position in order to obtain the maximum
difference. Fig. 2 b compares the measured
result with a calculated CDAD pattern viewing
half space above the sample for a certain angle
of incidence (parameters of calculation:
ϑphoton = 75° in the W(100) plane, degree of
photon polarization: 100%, W-4f emission at
Ekin = 112eV). The agreement with the
experiment is satisfactory. This constitutes a
very encouraging starting point for the further
use of the CDAD-holography together with the
PEEM providing mesoscopic and atomic as
well as chemical resolution in micro-selected
areas on solid surfaces. From previos
measurements at the same system [2], we have
proven an inversion of the measured CDAD-
hologram that clearly shows the positions of
the neighboring atoms in the layer 1.937Å
above the plane of the emitting atoms. The
accuracy of the measurement is better than
0.2Å. It should be stressed that this was already
possible with a measured set of CDAD-data
taken at only one photon energy.
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Fig. 2: a: CDAD patte rn measured in the diffraction plane of PEEM (W-4f
at hν = 148eV)
b: Calculation of the CDAD pattern for all possible polar angles
white areas: positive CDAD, black areas: negative CDAD.
c: The parallel momentum k|| shows up in the backfocal plane (BFP) of the
objective lens at a given starting energy and emission angle α. The k||-
distribution can thus be imaged on the screen.
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Fig. 1:
a: The sum of both XPS-images taken with opposite photon helicity provides the
same information as a measurement with unpolarized light.
b: The difference of XPS-images (W-4f at hν = 148eV) taken with circularly
polarized light of opposite helicity shows a sign change in CDAD-contrast near
the boundary of an impurity island at the W(110) (arrows). Dark areas
represent negative CDAD, bright areas a positive sign.
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Characterization of adsorbate ensembles by X-ray linear dichroism
microscopy

M. Zharnikov, M. Neuber, M. Grunze
Angewandte Physikalische Chemie, Universität Heidelberg, Im Neuenheimer Feld 253,

D-69120 Heidelberg, Germany

The NEXAFS approach can be extended
to X-ray absorption spectromicroscopy, in
which both the chemical bond sensitivity and
the linear dichroism of the NEXAFS
spectroscopy can be exploited. Utilization of
the linear dichroism makes it possible to
image a domain or group of organic
molecules which differs from the adjacent
species only in the molecular orientation. If a
specific molecular orbital is probed, this
domain will provide either larger or smaller
NEXAFS signal than the surrounding
domains, depending on the relative

orientation of the electric field vector and the alignment direction in the domain.
Until present such X-ray linear dichroism microscopy was almost exclusively applied to

image the orientation of specific chemical bonds in polymers.1,2 Just recently we have shown
that this approach can be successfully extended to conventional surface science studies and
utilized for investigation of organic adsorbate systems at low coverages.3 Based on the
spectroscopic study of the adsorption geometry of benzoic acid (BA: C6H5-COOH) on
Ni(110)4 we have succeeded to image azimuthally
aligned BA molecules on the surface of the (110)
microcrystallites incorporated into a Ni polycrystal.3
Considering all relevant spectroscopic and microscopic
results on the adsorption of BA on Ni(110) and Ni
polycrystal together we have recently assessed the
possibilities, sensitivity and the experimental
requirements of X-ray linear dichroism microscopy in
surface science, using this adsorbate-substrate
combination as a test system.5

The orientation of BA molecules on Ni(110) at a
monolayer coverage derived from the NEXAFS spectra
acquired at variable X-ray incidence angles at two
different azimuthal orientation of the sample is
illustrated by Fig. 1: The azimuthal alignment of BA
molecules along the [110] surface direction occurs on
the average.4 This alignment was proven directly by
performing the NEXAFS measurements in such a
geometry that the electric field vector lay in the surface
plane, while the azimuthal orientation of the sample
with respect to the incident X-rays was varied. The
intensities of the most pronounced NEXAFS resonances
show characteristic anisotropic dependence on the angle
ϕ between the electric field vector and a fixed surface

Fig. 1. Derived orientation of BA molecules on
Ni(110) at a monolayer coverage. Different
possibilities are shown. A predominant alignment
of BA molecules along the [110] surface direction
occurs on the average.
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electric field vector E and the [110] surface
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azimuth [Figs. 2(b) and 2(c)]. In agreement with the
derived angular orientation of the BA molecules in
Fig. 1, the π* resonances reveal maximum and
minimum intensity at E || [001] and E || [110],
respectively, whereas the σ* resonances show an
inverse behavior.

The found azimuthal alignment of BA on
Ni(110) distinguishes this particular surface from
differently oriented single crystal surfaces of nickel.
If the same experimental geometry as for the curves
in Fig. 2 is used for a Ni
polycrystal covered by a
monolayer of BA, the
characteristic dependence
of the NEXAFS
resonance intensity on the
azimuthal orientation of
the sample can be
expected for the (110)
surfaces. Following Fig.
2(b,c) the intensities of
the NEXAFS resonances
change by a factor of 2-3
by going from the E ||
[001] to E || [110]
orientation. These
intensities are, however,

derived using a decomposition of the NEXAFS spectra into a set
of Gauss-like peaks and the absorption edge, which. does not occur
in a NEXAFS spectromicroscopy experiment. An additional
problem in the case of electron yield detection is a background
comprising of inelastically scattered electrons from the substrate.
In Fig. 3 the raw C1s NEXAFS spectra of a monolayer of BA on
Ni(110) taken at E || [001] (a) and E || [110] (b) are presented. The
inelastic background significantly reduces the directly measured
intensity changes at the positions of the NEXAFS resonances by
going from the E || [001] to E || [110] orientation as compared to
the intensities derived from the spectra decomposition. The
respective dichroic ratio (Imax - Imin)/(Imax + Imin) is equal to 20%,
8%, 5%, and 8% for the most pronounced π1*- , π2*-, σ*293eV - and
σ*303eV resonances, respectively. This ratio represents the expected
X-ray linear dichroism contrast, i.e. the maximum electron yield
intensity enhancement or reduction for the BA molecules on the
(110) surface as compared to other surfaces of a Ni polycrystal.

 In agreement with these estimates, a pronounced  linear
dichroism contrast was only observed in the π1* NEXAFS images.
In Fig. 4 optical micrograph (a) and the π1* NEXAFS images (b)
of a selected area on the surface of the BA-covered Ni polycrystal
are presented together with the drawing illustrating the
experimental geometry (c). The region imaged by the Auger
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Fig. 3. Non-normilized C1s NEXAFS
spectra of a monolayer of BA on Ni(110)
taken at the electric field vector parallel to
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π1* and π2* resonances at these sample
orientations can be compared with each
other and the inelastic background (pre-edge
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Fig. 4. Optical micrograph
(a) and π1* NEXAFS
images (b) of the selected
area on the surface of the Ni
polycrystal covered by a
monolayer of BA together
with (c) the drawing
illustrating the experimental
geometry.
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electrons is indicated by the circle in the optical micrograph. The areas revealing the X-ray
linear dichroism contrast are marked by 1 and 2. These areas presumably represent BA-
covered (110) surfaces which are oriented almost perpendicular to each other on the surface,
i.e. the [001] direction of the area 1 is almost parallel to the [110] direction of the area 2, and
vice versa. At ϕ = 0° the area 2 exhibits a larger Auger electron intensity as compared to the
surrounding areas, whereas the area 1 reveals a smaller intensity. The azimuthal rotation of
the sample by 40° results in the disappearance of the intensity differences, while the rotation
by 90° leads to their inversion as compared to the image at ϕ = 0°. Exactly this behavior, i.e. a
larger Auger electron intensity at E || [001], a smaller intensity at E || [110], and the same
intensity as other [than (110)] single crystal surfaces at an intermediate azimuthal orientation
is expected for the BA-covered (110) surfaces following Fig. 1. Thus, at ϕ = 0° the electric
field vector was almost parallel to the [110] and [001] directions in the areas 1 and 2,
respectively, and the situation becomes inverse after the azimuthal rotation by 90°.

The found X-ray linear dichroism contrast was used for the investigation of a
temperature-driven degradation of the azimuthal alignment of BA molecules on Ni(110)
(Fig.5). To monitor the quality of the microscopic data, the NEXAFS images in Fig. 5 are
assigned to the respective points on the experimental curve showing the temperature
dependence of the expected dichroic ratio derived from the spectroscopic data.4 As evident
from Fig. 5, there is a full agreement between the spectroscopic and microscopic data. The
larger or smaller (as compared to the surrounding areas) Auger electron intensities from the
areas 1 and 2 remain almost unchanged up to a temperature of ~150°C, an attenuation of the
X-ray linear dichroism contrast is observed at slightly higher temperatures, and the
disappearance of this contrast and it’s replacement by the photoelectron diffraction contrast3,6

(at ϕ = 90°) exclusively related to the photoelectrons emitted from the valence band of Ni
occurs at ~200°C. The observed degradation of the molecular alignment is predominately
related to desorption and fragmentation of the adsorbate layer.4

This work has been supported by the German Bundesministerium für Bildung
Wissenschaft, Forschung und Technologie through grant No. 05 SL8VHA 2.
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Fig. 5. Optical
micrographs and
the π1* NEXAFS
images of the
selected area on the
surface of the Ni
polycrystal covered
by a monolayer of
BA together with
the expected X-ray
linear dichroism
ratio derived from
the spectroscopic
data.
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Photoemission- spectromicroscopy of a-C and CNx Hard Disk
coatings
Ch. Ziethen, F. Wegelin, R. Ohr, G. Schönhense
Johannes Gutenberg Universität, Institut für Physik, D-55099 Mainz
M. Neuhäuser, H. Hilgers
IBM Speichersysteme Deutschland GmbH, Werk Mainz

The protective coating of magnetic disks is an important application of thin film
technology.  For this purpose, films made of amorphous carbon (a-C) and CNx are
used, where x notes the fraction of nitrogen. These overcoats serve not only for
mechanical wear protection but also for an increased corrosion resistance of the
underlying magnetic film.
The magnetic storage density is strongly related to the ‘magnetic distance’ between the
magnetic layer and the writing/ recording head (slider). This distance is determined by
the thickness of the protecting layer (overcoat; 10 nm), the lubricant (Perfluoro-
polyether; 1 nm) and the flying height of the slider (10nm).  To achieve the higher areal
densities prospected for the future (>20 Gbit/inch²), the head should be progressively

closer to the magnetic film. Figure 1 shows the temporal evolution of the physical
spacing and the data storage capacities achieved. One  important contribution  to in-
crease the data storage capability is the thinning of the carbon coating to around 2 nm,
which results in a decrease of the magnetic spacing.
One of the most important points is that these films should have the same or  even  
better mechanical and tribochemical properties like the 10  nm films one presently
used in customer-sold hard disc drives. In addition, the reduced flying height requires a
disk surface with a maximum in perfection and planarity.
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XANES spectromicroscopy gives an insight into the bonding conditions and serves as
a tool both for laterally resolved and chemically sensitive examination of hard disc and
slider surfaces. In general and especially for thin CNx films there is a discussion
concerning the interpretation of XANES (and XPS) spectra with regard to microscopic
bonding, because there exist sp, sp² and sp³ bonding environments for the C and N
atoms [1]. The arrangement of the atoms, the corresponding electronic structure and
the features recorded in XANES spectra depend on the substrate temperature and
nitrogen flux used for the preparation of the films. So, PEEM can be successfully
applied to investigate the nucleation phase, the growth, the finished film and the
interaction with the slider, e.g. after head crashes.
Here we report results for a-C and CNx thin films deposited on silicon wafers and on
hard discs using magnetron based and new cathodic arc reactors, both under
experimental and production line conditions (UNAXIS M12 at IBM). The film
thicknesses were around 5 nm, determined by ellipsometric measurements.

Figure 2 shows the Micro- XANES spectrum of an a-C sample, prepared during a test
run of the new cathodic arc reactor. The averaged intensity of a 30 x 30 µm² sample
area was recorded using the FOCUS IS- PEEM with a  SensiCAM CCD- Camera
(LaVision), triggered by the monochromator of the UE56/1 PGM beamline. Between
hν= 283 eV and hν= 290 eV it shows four clearly separated peaks. The first one at hν=
284.5 eV can be attributed to sp² bonded carbon atoms (π*- signal). The lateral
distribution of these atoms is mapped, taking an image at this photon energy and
subtracting the corresponding background at hν= 283 eV. It shows a smooth variation
of the intensity over the whole filed of view, a dark patch at the right due to
contaminations of the surface, and an area (diameter 20 µm) with an intensity
increased by about 15 % compared to the adjacent areas of the sample. The important
information of such orbital maps is, that the homogeneity of the local bonding
conditions can be checked [2]. At hν= 289 eV C-H*- bonds contribute to the spectrum.
In addition, the distribution of the sp² atoms seems to be structured on a micrometer
scale.
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Figure 2: Micro- XANES spectrum of an a-C film prepared by cathodic arc reactor plasma deposition
(left), distribution of sp² bonded carbon atoms (right); field of view: appr. 150µm.
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By doping the a-C films with nitrogen, the local arrangement of the atoms changes.
Figure 3 shows the evolution of the near- edge structure in dependence of the nitrogen
content. The origin of the first peak at hν= 284.5 eV are sp² carbon atoms, C=O bonds
most probably contribute to the double peak at hν= 286.1 [3]. The origin of the
structure at hν= 287 eV is not clear. The threefold π*-peak of the nitrogen K- edge
shows C=N, (hν= 398.6 eV), C≡N (hν= 399.6 eV) and nitrogen atoms in a graphitelike
bonding environment (hν= 401.1 eV) [4]. The contribution of sp²-carbon drops by 50%

if the nitrogen content rises from x=10% to 15 %, The C=O bonds appear at x=10%, in
addition to C≡N bonds. The contribution of this spectral feature increasea by 14%, if
the nitrogen content rises to 15 %.  These first results show the complex chemistry of
the samples and the variation of the bonding structure at the surface of the carbon thin
films. Due to the fact that XANES is determined by the initial and final states, laterally
resolved XPS studies are higlhy desirable.

[1] J.M. Ripalda, E. Román, N. Díaz, L. Galán, I. Montero, G. Comelli, A. Baraldi, S. Lizzit, A. Goldoni, G.
Paolucci, Phys. Rev. B 60 (1999) R3705-R3708.
[2] Ch. Ziethen O. Schmidt, G.K.L. Marx, G. Schönhense R. Frömter, J. Gilles, J. Kirschner, C.M.
Schneider, O. Gröning, J. Electron. Spectr. Relat. Phenom. 107 (2000) 261
[3] J. Stöhr, S. Anders, IBM J. Res. Develop. 44 (2000) 535-551
[4] I.Shimoyama, G. Wu, T. Sekiguchi, Y. Baba, Phys. Rev. B 62 (2000) R6053-R6056
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of C.M. Schneider is greatfully acknowledged.
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Electrochemically Induced Redox-Reactions on GaAs-Surfaces: High
Resolution Photoemission Spectra Taken at the U49/2 Beamline

M. Beerbom1, Th. Mayer1, W. Jaegermann1, D. R. Batchelor2, D. Schmeißer2
1TU Darmstadt, Fachbereich Material- und Geowissenschaften, FG Oberflächenforschung, D–64287 Darmstadt

2BTU Cottbus, Lehrstuhl Angewandte Physik-Sensorik, D–03013 Cottbus

Wet electrochemical treatment is a standard procedure for preparing semiconductor surfaces
for subsequent device preparation. However, the electrochemical behavior of GaAs electrodes
turns out to be rather complex due to the formation of surface states. Photoelectron spectros-
copy can be used to investigate electrochemical reaction products and surface potentials. Syn-
chrotron induced photoelectron spectroscopy (SXPS) provides high surface sensitivity, if em-
ersion and transfer of the electrodes is performed in a controlled and clean procedure. The
high energy resolution with synchrotron light allows us to identify species with low chemical
shifts. We present SXPS results for the characterization of GaAs electrodes after electro-
chemical treatment with a surface sensitivity of the spectral information of around 0.5 nm
(inelastic mean free path).
Experiments were performed in a specifically designed chamber under inert N2 atmosphere.
Previously, this chamber was used to perform etching experiments[1]. For the electrochemical
experiments, the chamber was fitted with platinum counter and reference electrodes. Transfer
into UHV was provided by a buffer chamber. Transfer times after electrochemical treatment
usually were in the range of 15–20 minutes. For electrochemical treatment, a droplet of the
electrolyte solution was produced on the GaAs samples and the electrodes were immersed
into the droplet. As electrolyte 0.02 mol KBr in H2O was used. Controlling of the potential
and measuring of the currents for electrochemical treatment was performed with a poten-
tiostat.
Fig. 1 and 2 show the Ga3d and As3d core level spectra, respectively, after cleaving and dif-
ferent electrochemical treatment steps. The voltage applied between the GaAs sample as
working electrode and the reference electrode are given, together with the number of electrons
per area transferred through the GaAs surface. The latter number was derived from the meas-
ured current density and time. Given in fig. 4 is an example of the measured voltages and cur-
rents for the first two treatment steps. The number of transferred electrons is an upper limit
electrochemically formed species present on the surface. The measured charge corresponds to
about 2–3 monolayers of oxides species. However, electrochemical methods like cyclic volt-
ammetry can detect changes due to chemical reactions in the range of 1/100 monolayer. Thus,
for a successful combination of electrochemical methods and photoelectron spectroscopy a
high surface sensitivity is needed.
After cleavage the well known asymmetry of the spectral shapes due to surface core level
shifts is evident. After exposure to the KBr solution in the reducing regime (first step), the
Ga3d emission shows an additional species, which binding energy shift of ∆E=0.8 eV can be
assigned to a substoichiometric oxid (Ga-Ox/Ga-OH mixed species, which results from the
dissociative adsorption of the solvent H2O on the the clean GaAs surface). Also a K3p emis-
sion due to KBr residue at 18 eV is evident. In the As3d emission two additional components
can be identified. Their energy shifts (∆E=0.6 eV and ∆E=1 eV, resp.) suggest the presence of
As0 and As-H, resp., in comparison to H2O adsorption experiments [2]. Applying an anodic
potential (U=+0.4 V) oxidizes the surface. The main oxide component in the Ga3d emission
with ∆E=1.7 eV can be assigned to Ga2O3, while the oxidized component in the As3d emis-
sion (∆E=3.6 eV) can be identified as As2O3. The relative intensities of the remains nearly
constant (fig. 4.2). The enriched Ga oxides are subsequently removed by a cathodic voltage
(U = –2 V).  Also,  the  As  oxides  are  removed  possibly  by  a  thermodynamically  favored
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reaction of As2O3 with GaAs to form Ga2O3 and As0. Therefore, soluble As-compounds are
produced and continuously removed from the surface. After applying a reducing voltage a
second time (last step), a surface composition similar to the one before the oxidization is
reached again. Given in Fig 3 are the valence band spectra of the reacted GaAs surfaces. The
overall cleanliness of the setup was evidently good enough in order to avoid dominating emis-
sions due to CxHy layers in the valence band spectra. After the first treatment, additional fea-
tures become visible in the valence band spectra, which can be assigned to the dissociative
adsorption process of H2O. After applying an oxidizing voltage (U = +0.4V), the Ga-oxide
emission become dominant. When afterwards a reducing voltage is applied again, the valence
band spectra resembles those before the oxidization. We have shown that the reaction prod-
ucts of electrochemical controlled reactions can be analyzed with synchrotron induced pho-
toelectron spectroscopy with high surface sensitivity and high energy resolution. It was shown
that the combination of electrochemical control and analysis of the related reaction products
with SXPS provides detailed insight in the process of electrochemical surface reactions.
[1] M. Beerbom, Th. Mayer, W. Jaegermann, J. Phys. Chem. B 104 (2000) 8503
[2] O. Henrion, T. Löher, A. Klein, C. Pettenkofer, W. Jaegermann, Surf. Sci. 366 (1996) 685
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Anomalous Diffraction at the Sulphur-K-Edge:
Structure investigation of bacteriorhodopsin with the new

Beamline KMC-1

Tobias Ederhof, Harald Otto, Maarten P. Heyn,
Freie Universität Berlin - Institut für Experimentalphysik, Arnimallee 14, 14195 Berlin

Multiple wavelength anomalous diffraction (MAD) has been used by our group to investigate
the positions of selected amino acid residues of the integral membrane protein
bacteriorhodopsin (bR). After the investigation of the two-dimensional crystal of this protein
at the KMC-beamline at Bessy1 [1], it was of interest to use the new beamline at Bessy2 in
order to exploit any improvement in the structure investigation with the same object, since
both beamlines are comparable in their technical specifications.
While the overall 3D-structure of this biologically important proton pump has been solved [2],
specific amino acid positions in the loops still have to be resolved due to their higher
temperature factor after crystallisation. BR occurs naturally in 2D crystals, which can be used
for 2D-x-ray crystallography. With the technique used here, the anomalous diffraction at the
sulphur K-edge (E=2471 eV) is used to determine the positions of the sulphur containing
amino acids methionine. This wavelength was provided by the Si(111) monochromator crystal
at ten times higher brilliance than at Bessy1. To avoid absorption losses, the beam had to
remain in the vacuum until the two dimensional detector (CCD-Camera with image amplifier,
Proscan) was reached. Our hydrated biological samples should not deteriorate the ultra high
vacuum. Therefore a separation was constructed, which keeps the sample-chamber
(containing the sample holder) at a less stringent vacuum (10-6mbar) than the vacuum in the
pre-chamber (10-8mbar). The pre-chamber is directly connected to the beamline vacuum. Both
chambers are separated by a small slit sealed with mylar foil, which proved to function well
under these conditions. A photo diode to measure the NEXAFS-spectrum was built in behind
the sample at the position of the primary beam and served at the same time as beam stop to
protect the detector. The wavelengths on both sides of the edge could be determined, but the
NEXAFS spectrum could not yet be measured because of problems with wavelength stability,
which are expected to be resolved shortly.
The diffraction data at the two wavelengths (2471 eV, 2473 eV) are presented in panel A of
the figure. Clear differences can be discerned. The normalized MAD differences are presented
in B. Panel C shows the difference density map with the sulphur distribution in the unit cell.
The details of the calculation are presented in [1].
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bacteriorhodopsin from multiple wavelength anomalous diffraction near the sulfur K-edge
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bacteriorhodopsin at 2.3 Angstrom resolution, Science 280, 1934-1937.

[3] Henderson, R. und Unwin, P. N. T. (1975) Three-dimensional model of purple membrane
obtained by electron microscopy, Nature 257, 28-32.
Acknowledgements
We gratefully acknowledge the assistance of the BESSY staff, in particular of Dr. F. Schäfers
and Mr. M. Mertin. This work was supported by the Bundesministerium für Bildung und
Forschung, grant 03-HE 5 FUB – 0.



292

200 400 600
0

200000

400000

600000

800000

A

(5,1)

(5,2)(4,3)

(4,2)

(5,0)

(3,1)

(4,1)(3,2)
(4,0)

(2,2)

(2,1)

(2,0)

(1,1)   l i n e :      E  =  2 4 7 1  e V
d a s h e d :  E  =  2 4 7 3  e V

s 
e 

c 
t o

 r 
  i

 n
 t 

e 
g 

r a
 l

c h a n n e l   n u m b e r

x

x
x

xx

x x

xx

C

200 400 600
-100000

-50000

0

50000

100000

150000

200000

B

d 
i f

 f 
e 

r e
 n

 c
 e

   
i n

 t 
e 

n 
s 

i t
 y

c h a n n e l   n u m b e r

Figure A: Scattered intensity of bR versus the distance from the beamstop for two different
wavelengths on either side of the absorption maximum of the sulphur K-edge. The reflections
are labeled by their orders according to [3]. The intensities were calculated by circular
integration of the Debye-Scherrer rings. Hence, unlike with a linear detector, Lorentz
correction could be avoided. From this radial intensity dependency, background was
subtracted for both plots. Plots where then normalized in such way, that a second integration
over all reflections gives the same value for both energies.
B: Difference of the two spectra in Fig. A. Before subtraction, normalization was done for
every channel by dividing by two times of the square root of one of the intensities of A,
neglecting in the denominator of the normalization factor the slight difference between both
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C: Fourier transform of the difference ∆F using the phases from cryo-electron microscopy.
The C3-symmetry of the two dimensional unit cell is clearly visible. The positions of nine
sulphur containing methionines are marked by x’s according to [2] for one of the three
molecules.
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                              Liquid microjet photoelectron spectroscopy

M. Faubel a, M. Dittmar a, R. Weber b, and B. Winter b
a Max-Planck-Institut für Strömungsforschung, Bunsenstr. 10, D-37073 Göttingen

b Max-Born-Institut, Max-Born-Str. 2a, D-12489 Berlin

Photoelectron spectra of liquid surfaces of aqueous solutions of alkali halide salts are studied
with synchrotron radiation in the photon energy range between 25 and 120 eV. With this work
on simple solvation systems we intend to find an independent access to atomic state properties
of more complex solutes in common chemical, or, in biological solutions.

The newly developed experiment was set up at the high brilliance undulator beam line U125-
SGM which approximately yields 1014 photons per second at a resolution of 5000. The
vacuum exposed liquid surface is a fast flowing fine liquid jet of only 6 micrometer diameter
in order to minimize the evaporation related problems at the free vacuum surface of liquid
water [1]. In addition, the fast replacement time of only one microsecond for an exposed
surface spot helps to minimize radiation damage by the high flux photon beam.

For a series of alkali cations, Li+, Na+, K+ and Cs+, vertical valence electron binding energies
in the bulk liquid water solvation state are determined in the 15 to 80 eV range. Typical
results are being shown in table 1.

Table 1 Hydrated alkali cation (vertical) photoionization energies for aqueous alkali halide salt
solutions obtained for 0.5 molar to 3 molar concentrations. For values in brackets see text.

  Cation :        Li+         Na+      [Na* in ethanol]    K+       [K+ in aq. K4[Fe(CN)6]   Cs+(5p)     Cs+(4d)

  EB
exp/eV       60.22     35.33        [35.02]           22.42               [21.8]                    17.16    82.41; 80.1

                                                                                                                                                (doublet)
  EB

theory/eV    59.3[2]     34.91[2]        --                23.27[2]               --                            --
_______________________________________________________________________________

For comparison with theoretical predictions of these outer shell ionization energies for
aqueous solutions (table 1) we use earlier estimates by Agren and Siegbahn [2] for the core
ionization energies of several hydrated alkali metals. For different atomic halogen anions the
alkali cation ionization energies are found to change by less than 0.05 eV for Cl-, Br- and I- in
aqueous solution.

For different solvents, the ionization energy usually changes by several 100 meV as is shown
in table 1 for Na+ in ethanol with respect to water. The cation ionization energy for large
polyatomic anion partner molecules can cause remarkably large variations of the ionization
energy. An example is shown in table 1 for potassium (in K4[Fe(CN)6] solution). Here the K+

ionization potential is being shifted by about 0.5 eV relative to the respective value as
compared to the holgen salt solution. The effect of different counter ions, giving rise to altered
ion-pair binding sites and binding structures, on the solvation will be systematically
investigated in future experiments.
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Further, independent information in photoelectron spectra is contained in the relative peak
intensity ratios for the different molecular constituents of the solution surface. In a first place,
the ratios reflect the surface composition of the given solution. In particular, they readily
show the relative surface enhancement of surface-active components. This we have confirmed
on dilute, 0.01 molar solutions of the known surface active salt tetra-butyl-ammonium iodide,
showing a 40-fold enhancement in the I- peak intensity over comparable diatomic iodine salt
solutions. Also the I- anion ionization energy is notably shifted from 7.9 eV for alkali counter
ions to a value of approximately 7.7 eV in the environment of the large TBA+ cation (for
TBAI salt).

Fig. 1 Photoelectron spectra for 2 molar NaI in aqueous solution (upper spectrum) and in
ethanol (lower spectrum, respectively. The excitation photon energy is 100 eV. Spectra are
vertically offset for clarity.
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In addition, we attempt to detect changes of the relative peak intensity ratios between identical
anions and cations in different solutions. This may particularly apply near the free liquid
surface as a consequence of the thickness of the solvation shell layers surrounding individual
ion species since the respective photoelectron signal intensities are exponentially attenuated
by the solvent layer, according to a law Iion~σion. nion λelectron exp(-d solv/ λelectron), with λelectron
being the electron attenuation length, σion the photoemission cross section, nion denoting the
ion density and dsolv being the solvation shell layer thickness. Assuming the solvation layer
thickness is different for anions and cations in aqueous solution, as was found in simulations
for Na+ versus Cl- in water [3], the photoelectron peak intensity exponential attenuation
should be different for the two ion species. In order to eliminate the unknown photon energy
dependence of the ionization cross section for anions and cations in solvation, we determined
in a preliminary experiment anion-cation peak intensity ratios at a fixed photon energy, but in
different solvents. Since the theoretically studied NaCl is insoluble in ethanol, we compare
photoelectron spectra of solutions, NaI in ethanol versus a solution of NaI in liquid water, for
tentative estimates of the ion solvation shell thickness near a liquid surface.

Photoemission spectra for 2 molar solution of NaI in both solvents are being displayed in fig.
1 for 100 eV excitation photon energy. For the salt ion intensity ratio I-/Na+ we find 0.6 and
4.9 for water and ethanol, respectively. The assumption that for both liquid solutions the
ionization cross section ratio Na+ over I-(4d) is approximately constant has been verified by
several control measurements at different energies near 100 eV in order rule out artifacts due
to the I- giant resonance in this energy region. Thus, the observed intensity change provides
evidence for changes of the solvation skin layer thickness on the order of 1 to 2 angstroms for
the Na+/I- solvation in water versus ethanol.
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Backcontact Formation on CdTe Thin Film Solar Cells

D. Kraft1, A. Thißen1, T. Mayer1, A. Klein1, W. Jaegermann1,
P. Hoffmann2, D. R. Batchelor2, D. Schmeißer2

1TU Darmstadt, FB Materialwissenschaft, FG Oberflächenforschung, 64287 Darmstadt
2BTU Cottbus, Lehrstuhl Angewandte Physik-Sensorik, D–03013 Cottbus

The advantage of polycrystalline thin film solar cells like CdTe-based cells compared to con-
ventional devices is a reasonable conversion efficiency of about 10% and above reached by a
low cost production process. Besides the issues of morphology and lateral inhomogeneities
knowledge of the band energy diagrams of solar cells is essential for a fundamental under-
standing of their function. The commonly used CdTe cell setup is composed of a float-glass
substrate with the transparent front contact, usually an ITO layer with a SnO2 diffusion barrier
and the energy converting heterocontact CdS/CdTe. A subsequent CdCl2-activation step is
necessary for good cell performance. Finally the backcontact is formed. Main limitation of the
conversion efficiency seems to be due to "non-ohmic" backcontacts. Therefore systematic
studies of different preparation procedures and different backcontact materials of high work
functions have to be carried out. In this first report the influence of wet-chemical etching with
a nitric-phosphoric acid of the CdTe-film before deposition of the backcontact material is in-
vestigated. This technique is used in many CdTe-solar cell production lines. The CdTe-
samples used for the experiments were provided by ANTEC GmbH in Kelkheim. The oxi-
dized samples have been inserted into the vacuum chamber and spectra were taken "as is"
(Fig1.). Wet-chemical etching of the samples removes the surface oxide and produces a thick
layer of elementary Te (Te0) at the surface indicated by a chemically shifted component in the
Te4d- and by the missing Cd4d-signal. This layer has been removed step-by-step by Ar-sput-
tering. After a sputtering time of 118min spectra of a clean CdTe-surface have been observed
again (Fig.1). The thickness of the Te-layer on the surface is very sensitive to the etching
conditions. To achieve reproducable Te-film thicknesses model experiments have been per-
formed. The oxidized samples were cleaned by Ar-sputtering. Thermally evaporated Te has
been deposited step-by- step on to this surface and afterwards removed again by Ar-sputtering
(Fig.2). This different experiments lead mostly to the same results indicating that no serious
effects result from the sputtering process. The Cd4d-signal disappears during deposition and
appears again during Ar-sputtering of the sample. The Te4d-signal changes during deposition
and sputtering (Fig.2). To explain these changes the two Te4d-components (elementary Te0-
and CdTe-component) have been separated by peak-fitting using two Voigt-shaped doub-
lettes. The Te4d-intensities of the two different Te-species are shown in Fig.3 as a function of
evaporation time and sputtering time, respectively. The intensities show the consistency of the
peak-fitting procedure. Finally the band diagram of the heterojunction Te/CdTe is derived
from the valence band maxima and the Te4d and Cd4d core levels. The position of the Fermi-
level was determined using a clean Au sample. The band-gaps of CdTe and Te were taken
from literature. The resulting band energy diagram is shown in Fig.4. The Te-layer has been
thought to form a good "ohmic" contact between the CdTe-layer and the metallic backcontact.
The band diagram clearly shows that this is not the case. Therefore further studies of different
backcontact materials (chemical inactive, large work functions and high conductivity) and
different preparation conditions (without interuption of the vacuum line) seem to be needed
for optimizing the hole cell performance.
This work was supported by the Bundesministerium für Wirtschaft (BMW) Grant No.
0329857.
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Excited-state structural relaxation of
4-dimethylaminothiophenyl-pyridinium cations

W. Rettig and V. Kharlanov
Institute of Physical and Theoretical Chemistry,

Humboldt University of Berlin,
Bunsenstr. 1, 10117, Berlin, Germany

The 4-dimethylaminothiophenyl-pyridinium cation 4DTPy (see formula) exhibits a very weak
fluorescence (λf =  493 nm, Φf <0.001) at room temperature. Absorption (EtOH, 298 K) and
corrected fluorescence spectra (EtOH, 140 K, excitation wavelength 450 nm) are presented in Fig. 1.

Fig. 1: Absorption (298 K) and normalized fluorescence (140 K) spectra of 4DTPy in EtOH.

Cooling of the solution to 140 K or 77 K causes an increase of the fluoresecence intensity with only a
very small shift of the emission band.
The decay of this fluorescence was measured at several temperatures and emission wavelengths using
BESSY synchrotron radiation (Table 1 and Fig. 2).

Compound λabs, nm λf, nm Φf
1) τf (296 K), ns τf (150 K), ns τf (77 K), ns

DTPY 468 493 < 0.001  0.11 2) 9.67 3)

1) by comparison with 4-dimethylaminophenyl-pyridium (Φf = 0.003, MeOH, 298 K)
2) main component of a three exponential fit at 520 nm: 0.11 ns (0.76), 0.64 ns (0.23), 2.20 ns (0.08),
mean decay time <τf> = 0.25 ns.
3) monoexponential fit was sufficient

300 400 500 600
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

 wavelength, nm

fluorabs
(a)

em
iss

io
n,

 a
rb

.u
.

ab
so

rb
an

ce
, a

rb
.u

.

N
CH3

S

N(CH3)2

+



299

Fig. 2: Fluorescence decay curves of 4DTPy in EtOH at 143 K and 77 K (observation at 480, 500 and
520 nm). At 143 K, the fluorescence decay is nonexponential, while it is monoexponential at 77 K..

Semiempirical quantum chemical calculations (AM1, PM3) were also performed showing that
4DTPy populates a planar equilibrium geometry in the ground state. The rotational barrier to the
orthogonal geometry amounts to 9.35 kcal/mol. AM1 calculations for the fully optimised equilibrium
geometry including a large configuration interaction demonstrate that the S0/S1 transition (∆E = 2.49
eV, f= 0.84) possesses considerable charge shift contribution. Similar calculations for the orthogonal
geometry of 4DTPy result in a low lying S1 state of biradicaloid nature (i.e. full electron transfer) (∆E
= 1.80 eV, f= 0.00) which may be responsible for the efficient radiationless deactivation of the S1
state at room temperature.

Acknowledgement: Financial support by the Deutsche Forschungsgemeinschaft is gratefully
acknowledged.
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Commissioning Results of the BTUC-PGM beamline

D.R. Batchelor, R. Follath1, P.H. Hoffmann, R.P. Mikalo and D. Schmeißer

Lehrsthuhl Angewandte Physik II-Sensorik, Erich-Weinert-Str. 1, 03046 Cottbus, Germany
1 BESSY II, Rudower chaussee 5, Geb. 14.51 (Magnus-/Einstein straße), 12489 Berlin

Introduction
Central to the CRG (Collaborating Research Group)
partners, BTU Cottbus, HMI Berlin, and TH
Darmstadt, research interests is the development of
technologically relevant materials, eg. thin films of
semiconductors and polymers, for solar cell and gas
sensor applications.  Of particular importance here is
the surface and interface characterisation of these
materials; morphology, electronic and geometric
structure.  The CRG beamline has been designed with
these goals in mind; to provide high resolution
spectroscopic and microscopic  information.

Figure 1: Optical layout of the beamline.

A Petersen plane grating monochromator which utilises
collimated light was chosen as the best candidate [1].
This design combines a variable spot size,
resolution/flux, whilst keeping the focus fixed over a
large energy range, thus satisfying the requirements of
a large number of different experiments.  The design,
Figure 1,  utilises two gratings a high density 1000lmm-

1 and a low density 300lmm-1 grating.  The first, third
and fifth harmonics of the Undulator cover an energy
region from 80-1500eV and are easily accessed by the
1000lmm-1 grating which has an energy range from 70-
2000eV.  The low density grating provides higher flux
at cost of energy resolution but more importantly
extends the energy range of the beamline to lower
energies by use of off axis Undulator radiation.  At
these low energies the suppression of higher orders is
important.  Unfortunately due to problems with the
gratings substitute laminar gratings (1200lmm-1,

400lmm-1), loaned from BESSY, had to be used in the
monochromator commissioning.

Results
The monochromator was commissioned in June 2000
and the results of the resolution and flux tests for the
1200 lmm-1 are presented in this paper.  The
measurements were made in a small purpose made
cross [2] which has parallel plates (80x18mm2; 14mm
apart) for the gas absorbtion  measurements and a
linear drive with GaAs diode and Au mesh for flux
measurements.  A window valve with a 100µm thick Al
window is used to contain the gas within the cell.  The
overall length of the cross is small 110mm making it
portable so that it can be placed either before or after
the experiment.

Figure 2: Nitrogen Absorbtion spectrum using
synchronous driving of  monochromator and Undulator .  The Inset
shows a detailed region of the resonance and demonstrates a
resolving power of 10,000.

For monochromator resolution tests certain gases are
acknowledged as standards for gas cell absorbtion
measurements.  In the present work three gases were
used Argon (244eV), Nitrogen (400eV), and Neon
(868eV).  In all cases the pressure was maintained at
10-4mbar to avoid problems with self absorbtion.
Nitrogen was also used to determine the
monochromator focus using off axis Undulator
radiation and determining the energy shift of the peak.
Figure 2 shows the Nitrogen absorbtion spectrum using
a Cff factor of 10.0 and a10µm exit slit.  The ratio of
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the first valley to third peak is generally used as a
criterion for the resolution, here it is found to be 0.70
which corresponds to a resolving power of ≈10,000.
The results of curve fitting this spectrum using a Vogt
function are shown as the solid line in the figure.  The
curve fit gives a natural line width of 116±5meV, for
the resonance in good agreement with literature [3] and
a Gaussian line width of 42±5meV for the
monochromator in agreement with the above valley to
peak ratio.

The results for Argon are not shown here.  However
analysis of the 2p1/2

-1-4s transition gives a natural line
width of 113±8meV, again in good agreement with
literature [3], and a monochromator contribution of
23±8meV.  This is larger than expected, however, for
such a small instrumental width compared to the
transition line width it is difficult to extract reliable
numbers from the analysis;  this small instrumental
width imposes constraints on the data quality and the
results of the analysis depend on the accuracy of the
assumption that the instrumental response is Gaussian.

Figure 3:  Neon  1s-np transition series for Neon.

Figure 3 shows the absorbtion spectra of 1s-np
transition series for Neon. The full width half
maximum of the 1s-3p transition is found to be
320meV.  The observation of the 1s-6p transition is an
indication of the good  resolving power of the
monochromator. The above gas absorbtion resolution
tests demonstrate that the monochromator delivers
excellent energy resolution over a very wide energy
range with just the one grating.

The monochromator flux characterisation was made
using a GaAs diode.  The measurements were made
using a 2.4x0.8mm2 Undulator pinhole,
monochromator Cff facotor of 3.0 and an exit slit of
140µm.  The uneven harmonics were measured for
different gaps and the harmonic maxima used to
construct a table for the synchronous driving of
monochromator and Undulator. The results of such a

paralell scanning mode for the first three odd
harmonics are shown in Figure 4 after correction for
the GaAs diode response.  Calculations of the flux in
the odd and even harmonics together with
monochromator higher order content using WAVE [4]
and REFLEC [5] show that the optimal pinhole size is
≈2x2mm2 .

Figure 4:  Flux curves for the 1st , 3rd  and 5th  harmonics
measured using the coupled mode of driving Undulator and
Monochromator.

Conclusions
In summary the monochromator is seen to work well
providing good resolution and flux over a large energy
range  The delivery of the designed blazed gratings will
improve the monochromator performance in both flux
(on blaze operation) and resolution (better slope
errors).  The optical elements will be Plasma cleaned
during the next shutdown and this will improve the
large dip due to Carbon contamination in the flux
curves.  Further characterisation of the focus/spot and
the measurement of the higher order content are
planned.
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In-situ core-level photoemission study involving a molecular beam – general
setup and first experiments

R. Denecke, M. Kinne, C. Whelan, G. Held, J. Pantförder, M. Probst, H.-P. Steinrück
Physikalische Chemie II, Universität Erlangen-Nürnberg

Traditionally surface science experiments dealing with adsorption and desorption are
performed ex-situ, that is, after the process has taken place. The main reason for this is that
the speed of these reactions is usually too fast for the measurements to follow in-situ. With
the operation of third-generation synchrotron facilities this limitation could be overcome for
photoemission experiments. In the past, a series of studies have been performed using what is
called fast-XPS or temperature-programmed XPS (TP-XPS) (see, for example [1,2]). The
next step forward would be the use of molecular beam techniques to control and vary the
kinetic properties of the incident molecules, such as translational energy or rotational motion.
In order to explore this idea we have designed and built a new apparatus, which combines
high-resolution photoemission with a three-stage supersonic molecular beam source. The
transportable setup has been optimized for use at BESSY II, but also allows experiments and
preparations in the laboratory by using a monochromated x-ray source. In the following we
will introduce the design of the machine and discuss the first results obtained in December
2000 at the U49/1-SGM beamline.

Figure 1 shows the general layout of the experiment. The preparation chamber, with the usual
techniques (LEED, ion sputtering, evaporation, TPD), is connected to the analysis chamber by
a manipulator. In the analysis chamber the electron energy analyser (Omicron EA 125) is
mounted in the polarisation plane of the incoming photons (at 50°). The molecular beam is
mounted directly underneath the electron analyser and impinges on the sample at an angle of
45°. The sample can be tilted in the analyser plane so as to vary the incident and exit angles
simultaneously. The standard configurations are either normal incidence and 50° electron
emission wrt. the surface normal, or normal emission and 40° incidence rel. to the surface.
The port used for the beamline connection can also be fitted with a monochromated x-ray
source. The sample can be heated and cooled (by LN2 down to 85 K). The molecular beam
source with three differentially pumped stages contains a 50 µm nozzle (Mo, heatable to 2000
K), a skimmer and a set of apertures. There are provisions for a chopper in order to determine
the beam energy in a time-of-flight experiment. The feed gas is controlled by mass flow
controllers. By heating/cooling the nozzle and seeding (adding a lighter gas to the feed) the
energy, for example of CO molecules, can be varied between 0.03 and 2 eV.

Präparations-
kammer

Monochromator

An
aly
sa
tor

M
olekularstrahl

Manipulator

Figure 1: Schematic layout of the new apparatus.
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For the first experiments we have chosen the system CO/Pt(111) for which there exists a large
number of publications, including some in-situ studies using a molecular beam [3]. CO is
known to adsorb in two different adsorption sites (ontop and bridge), leading to core-level
shifts not only in the C and O 1s levels, but also in the Pt 4f levels. Figure 2 shows a series of
Pt 4f spectra taken during the adsorption of CO (at a flux of 0.05 sccm) at 95 K with each
scan taking about 3 seconds. The resolution of about 120 meV allows us to distinguish
between the bulk and surface components for the clean surface at 71.0 and 70.6 eV,
respectively, and for the adsorbate phase two additional peak positions can be found. The
results are in excellent agreement with previous high resolution photoemission work [4].
During the CO uptake one can see that the on-top site (at 72.0 eV) is occupied first, with the
bidge site (at 71.4 eV) occupation starting with some delay. At saturation the surface
component has almost vanished.

Figure 2: Pt 4f spectra taken in normal emission at hν=150 eV as a function of time during uptake of CO at 95K;
measuring time per spectrum: 3 seconds. The top spectrum shows the clean surface. Positions marked and values
given are for the Pt 4f 7/2 part only.

Similar experiments have been performed at the C 1s and O 1s levels. Figure 3 shows a set of
C 1s spectra, again with an acquisition time of 3 seconds per spectrum. Here the resolution is
about 180 meV, but the adsorption sites can be clearly seen due to the relatively large splitting
of 0.7 eV. In this case adsorption took place at a sample temperature of 360 K, at which
significant desorption occurs. This is as evidenced by the saturation coverage as well as in the
time it takes to reach saturation. One clearly observes the occupation of the on-top site (at
286.9 eV) before adsorption in the bridge site (at 286.2 eV) occurs.
These measurements were repeated for different surface temperatures and molecular fluxes in
order to find dynamic parameters and respective sample coverages. As shown in Fig. 4, again
for the case of C 1s emission, the occupation of on-top and bridge sites depends on the surface
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Figure 3: C 1s spectra during CO uptake at TS=360K, measured with a photon energy of 380 eV.

temperature and impinging flux, as has been previously reported [3]. For TS=440 K the
relative occupation of the bridge site increases with increasing CO flux (=partial pressure).
For the highest flux shown a change in sample temperature to 333 K leads to a dramatic
change in the relative occupation of sites.

Figure 4: C 1s intensity as a function of incident CO flux and sample temperature.
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Coherent Soft X-Rays from a direct Undulator Beam

S. Eisebitt, R. Scherer, M. Lörgen, S. Cramm, M. Freiwald and W. Eberhardt
Institut für Festkörperforschung

Forschungszentrum Jülich, D-52425 Jülich

Synchrotron radiation is a unique light source covering the whole spectral range from the IR
to hard X-rays while simultaneously offering a control over parameters such as the
polarization. This has led to a vast range of applications in many fields of science and
technology. Due to the high collimation and brightness there exists the potential to also
exploit the coherent properties of the radiation, an area which so far has not gained much
attention. In contrast to e.g. a laser beam, synchrotron radiation is not coherent “by nature”.
More specifically, the transverse coherence length is typically the problem, as longitudinal
coherence is proportional to energy resolution, which can easily be controlled by
monochromatization.

Although a standard beamline presently does not have a “knob for degree of coherence”, the
coherence of x-rays is a very interesting property. As soon as one has a beam of known
coherence, interference experiments can be conducted. As we know from wave optics with
visible light, interference has many interesting applications. One is certainly the
interferometer, used to determine distances between parts of the interferometer or photon
energy. If interferometers were available for the soft x-ray region, they would allow for many
orders of increase in energy resolution as compared to the current instruments based on
diffractive optics. A project to construct a soft x-ray interferometer is currently carried out at
the Advanced Light Source, Berkeley [E.J.Moler].
The trend to produce smaller and smaller spots of synchrotron radiation will ultimately
require knowledge of the coherent properties of the beam, since diffraction limited focussing
requires coherent illumination. Holography is another area that requires a coherent light
source. Interference patterns created with coherent radiation can have spatial dimensions
comparable to the wavelength of the radiation and can thus be used for nanostructuring and
nanofabrication. Finally, the speckle patterns generated in coherent scattering can be used to
determine the individual properties of the scattering sample with special emphasis on the
length scale from 10 to 100 nm (using soft X-rays). Additionally, since the speckle pattern is a
unique representation of the individual sample, dynamic fluctuations can be monitored on this
length scale, which are averaged out in the statistics of the ensemble as a whole.

While this list is by no means complete, it illustrates the importance of understanding and
controlling coherence also for soft x-rays. Radiation from any source can be made coherent by
spatial and spectral filtering. Spectral filtering is identical to monochromatization, while
spatial filtering means controlling the divergence angle, typically by an arrangement of two
subsequent pinholes. With undulators being widely available in 3rd generation synchrotrons,
such as BESSY II, coherence experiments become more feasible. The portion of the photon
flux that is coherent scales as B(λ/2)2, where B is the brightness and λ the wavelength. As
undulators emit the radiation into a narrow solid angle and narrow energy windows, the
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coherent flux that survives the spatial and spectral filtering is substantially higher than the
coherent flux from a bending magnet. The idea tested here is to exploit the angular
dependence of the photon energy in the undulator cone to achieve the desired degree of
longitudinal coherence by choice of the acceptance angle in the pinhole spatial filter. For
some experiments this might be sufficient and no additional monochromator is required. This
in turn offers a substantial improvement in flux, allowing for better time resolution in
dynamic speckle experiments.

At the UE56/1 undulator at BESSYII, we have tested this concept. The direct undulator beam
is accessible with only one reflection by a mirror. Using 400eV photons generated in the third
harmonic of the 32 period undulator, we have set up the soft x-ray equivalent of Young’s
double slit experiment. In our arrangement, two pinholes of 1 µm diameter and 10 µm lateral
separation were used instead of parallel slits. A pinhole of 49 µm diameter is located 230mm
upstream of the double pinhole, constituting the spatial coherence filter in conjunction with
the double pinhole. Upstream of this arrangement, a 2 µm Co + 3µm Al transmission filter
was used in order to suppress the first undulator harmonic and to reduce the overall intensity.
The interference pattern was recorded with a 2D area detector for soft x-rays based on
multichannelplates and a resistive anode readout.

The interference pattern is shown on a logarithmic
intensity scale in Fig 1. Two main features can be
distinguished: a pattern of concentric rings is
modulated by fine, parallel stripes. On images with
the central beam blocked, 10 concentric rings and
about 50 stripes are visible. While the rings
constitute the superposition of the Fraunhofer
diffraction patterns from the 1µm pinholes, the
higher frequency stripes reflect the interference
between the pinholes. It turns out that the high
intensity spot in the center is due to transmission of
the radiation through the pinhole substrate (Fe),
which is approximately 4 µm thick. The 2D Fourier
transform of the experimental diffraction pattern is
shown in the inset. Both pinholes are clearly
visible. Apart from the transmission contribution,
the image is a textbook example of a two coherent
beam interference experiment [see Born and Wolf,
Principles of Optics, 6th edition, Pergamon Press,
New York, 1980, Fig 10.6] - except that it has been
conducted with 400 eV photons!

Fig. 1: Soft X-ray scattering
from two 1µm-pinholes  of 10µm
separation. The inset shows the
Fourier-transform of the
scattering pattern to illustrate the
pinhole arrangement.
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The extra intensity within the
Airy disk is clearly visible when
we compare the scan lines
through the center and slightly
off-center in Fig.2. The visibility
of the intensity oscillation is
determined to V=0.2. In our case,
the visibility is influenced both
by the transverse coherence and
the limited energy resolution. For
our case, E/∆E has to be
calculated for the 49 µm -
pinhole, as it accepts only a 1/30
of the undulator's cone. From the
standard energy resolution we
expect a minimum longitudinal
coherence length of 0.3 µm. A
distinction between transversal
and longitudinal coherence
lengths is not easily possible

without performing simulations. Upcoming publications will consider the coherence
properties in detail.

These experiments clearly demonstrate the feasibility to perform coherence experiments using
a direct undulator beam. The coherence requirements, however, depend very much on the
experiment in question. Often in coherent soft X-ray scattering, observations at high
momentum transfer are limited by intensity rather than by longitudinal coherence. In such
situations it is advantageous to work with the direct undulator beam or a high bandpass
multilayer monochromator.

Fig. 2: Scan-liness through the scattering  pattern.
The first Fraunhofer-maximum is modulated by the
intensity oscillation corresponding to the distance of
the two pinholes.
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ABSTRACT
The first successful tests of a graded crystal x-ray monochromator at BESSY II based on SiGe

crystals are reported. The monochromator crystals with Ge concentration gradient of 0.8% / cm along
the crystal surface have been tested at the KMC-2 beamline. The beam from the BESSY II bending
magnet with vertical divergence of 0.2 mrad was used. In comparison with conventional Si crystals the
enhancement of an energy resolution is 3-5 times and, simultaneously, increase of spectral flux density
of 4-6 times were obtained.

1. INTRODUCTION
Graded crystals as x-ray monochromators were suggested to be used both in Bragg reflection for the

low-middle energy range1 as well as in Laue transmission for high-energies2. The use of Bragg
reflection geometry provides a spectral flux enhancement with a divergent input beam and improved
spectral resolution of a crystal monochromator. In this case the monochromator can operate without a
premirror system. For the perfect crystal the integral reflectivity of the crystal is still the same. This
principle was realized at BESSY in the construction of the double-crystal monochromator KMC-2.
Experimental results of the monochromator tests are reported.

2. SINGLE-CRYSTAL GRADED MONOCHROMATOR PERFORMANCE
Graded crystals have been characterized by the x-ray scanning diffractometer using synchrotron

radiation (SR) from a banding magnet of the BESSY II. The KMC-2 beamline can deliver a
monochromatic SR beam with natural divergence.

The distance between the source and goniometer axes is equal to 35 m, so using exit slits with
different sizes it was possible to vary a beam divergence from 0.6 arcsec (horizontal slit size 0.1 mm)
to 60 arcsec (10 mm slit size). The incident beam was aberration-free because no optical element,
except two perfect plane Si 111 crystals were placed between the source and experimental sample.

A scintillator / photomultiplier counter as well as large area PIN diode were used as detectors. The
monochromator with two Si 111 crystals covers the energy range from 5 keV to 20 keV.
SiGe graded crystals were grown in the Institute of Crystal Growth, Berlin-Adlershof, by the
Czochralski method as described in 3. The Ge concentration gradient is directed along the growth axis
[111]. We have chosen [112] direction for the crystal cut to obtain the crystals with (220) reflection
planes. Both samples were cut from the same crystal, symmetrically to the growth axis with the goal to
have identical samples. Both samples were cut and polished to be used as a crystal monochromator in
KMC-2 with dimensions 30 mm x 30 mm x 10 mm LxBxH.

The Ge concentration gradient has been measured using a 2D scanning diffractometer and
monochromatised synchrotron radiation. The exit slit with sizes of 0.1 mm x 0.1 mm V x H was used. 
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Figure 1. The Ge concentration along the X axis
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Figure 1 shows the Ge concentration along the X - axis in the middle of crystal surface. The both
crystals were found to be very similar and could be used in the two-crystal monochromator. The
rocking curves of SiGe crystals were very similar to the reference Si 220 crystal. We have measured
that the crystallographic planes of the graded crystals are banded with the radius of curvature of 101 m.

Energy resolution measurements were performed at a fixed angle and with variable beam energy.
The experimental results are shown in figure 2. One can see that the "point" energy resolution in a

local area is the same for SiGe and Si crystals (figure 2a). The resolution curve of the SiGe crystal is
about 0.1 eV wider, than curve of the reference Si crystal due to the slight mosaic structure of a SiGe
crystal. In case of divergent beam an energy resolution is very different as it is shown in figure 2b. In
the case of graded crystal angular divergence is compensated by the lattice parameter gradient along the
crystal surface. Energy resolution of a graded crystal is the same, as for Si reference crystal in a parallel
beam.

According to figure 2b energy resolution of the graded crystal in divergent beam is about 1.2 eV in
accordance with direct energy resolution measurements.

Figure 2. Energy spectrum from the SiGe (220) and Si (220) crystals reflected in horizontal plane.
a) Crystal reflectance at a fixed Bragg angle.

Beam divergence 1 arcsec
b) Crystal reflectance at a fixed Bragg angle.

Beam divergence 40-59 arcsec

The energy resolution and the corresponding flux were measured in the energy range of 6 keV - 12
keV and crystal to source distance of 35 m.

3. DOUBLE CRYSTAL GRADED MONOCHROMATOR PERFORMANCE.
The double-crystal monochromator KMC-24 was used for setting-up gradient crystals. Carefully

polished crystals with (220) orientation was placed in the positions according our calculations as it is
shown in figure 3. We have used the BESSY bending magnet source at the electron beam energy of 1.7
GeV and a maximum beam current of 220 mA. Corresponding total beam power of about 30 W was
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successfully compensated using indirect water cooling system mounted on the first crystal holder.
A calibrated GaAs photo-diode was used to measure the photon flux density as for Si (111) and SiGe

(220) graded monochromator. The comparison of both measurements is shown in figure 4.

Figure 4a. Energy resolution of the graded SiGe
monochromator (1) in comparison with double
Si (220) (2) and Si (111) (3) monochromators.

 Figure 4b. Spectral flux density enhancement in comparison
with Si crystal

In spite of the fact of lower photon flux density in case of graded crystal (220) monochromator the
spectral flux density in the case of graded monochromator is higher due to better resolution and lower
reflection coefficient. The energy resolution is still better than 10000 in all energy ranges (figure 4a). In
comparison, for the normal crystal monochromator in divergent beam energy resolution decreases very
fast with increasing energy.

4. CONCLUSIONS
For the first time a graded double crystal monochromator was built and tested. We have performed

comparative measurements of Si (111) and SiGe (220) double -crystal monochromators located at the
distance of 22 m from the source. In spite of the higher total flux of the Si (111) monochromator, the
spectral flux density for the SiGe monochromator was found to be 4-6 times higher due to optimization
of the Bragg conditions along the graded crystal. The BESSY KMC-2 graded crystal monochromator
can be used in the energy range from 3 440 eV up to about 20 000 eV with the spectral resolution of
about 10 000.
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ABSTRACT
A glass capillary array with a rectangular cross-section of each individual capillary has been tested

as a high-harmonic suppressor for synchrotron radiation beamlines. Using double reflection in the
capillary, the high harmonics of a double-crystal Si (111) monochromator were reduced by a factor
of 10-4 - 10-5 from their initial value. The beam spread due to glass surface roughness was measured
to be ~30 arcsec. A first harmonic transmission efficiency of 35% was measured at 7500 eV.

1. INTRODUCTION
In a previous publication we reported on the spectral filtering properties of a capillary array in

polychromatic synchrotron radiation.[1] Discussed there was the construction of a high-energy
suppression filter with a good low-energy transmittance based on a hexagonal capillary array.
However, the practical use of such a structure was limited due to the presence of six reflections
from each of the internal facets of the capillary. A new technology has since been developed for
fabrication of glass capillary arrays with a rectangular channel cross-section for each capillary. For
such a capillary the problem of multiple exit beams no longer exists. Furthermore, using two
reflections inside the capillary one can successfully apply the rectangular capillary array as a high-
energy filter.

In this work we report the measurements on a rectangular capillary array with synchrotron
radiation from a BESSY II bending magnet.

2. EXPERIMENTAL ARRANGEMENTS.
The BESSY Crystal-Monochromator Beamline (KMC-2) was used for the experiments. The

synchrotron beam from the bending magnet is monochromatised by a double-crystal
monochromator with two symmetrical Si (111) crystals. The capillary array is placed at distance of
35 m from the source on a goniometer and is carefully aligned along the x-ray beam. The beam
divergence at the position of the capillary is about 28 µrad/mm in the vertical and horizontal
directions. The image of the transmitted beam was observed using an x-ray camera. The energy and
angular spectrum of the transmitted radiation was measured using an x-ray energy dispersive
detector and an x-ray diffractometer with a Si 220 crystal respectively. The experimental
instrumentation is mounted in an x-ray hutch and is remote controlled.

A 4 x 5 glass rectangular capillary array with a facet dimension of d = 90 µm for each capillary
was tested. The micro-capillary is shown in figure 1.

Figure 1. Capillary array with a rectangular cross-section, experimental arrangement. d = 90 µm
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The slit size was chosen to illuminate horizontally four capillaries to avoid a possible influence of
the space outside of the capillary array. The length of the capillaries is chosen to provide two beam
reflections along the capillary in order not to change the beam direction and is dependent on the
grazing angle and the facet size:

L = 2d/tan(θ).                                                                     (1)
The angle θ is given by the cut-off energy and depends on the capillary material. In our experiments
we have an expected cut-off energy of about 10 keV. The corresponding angle for the glass
capillary is 3.6 mrad. This leads to a capillary length of 50 mm. This length can be successfully
used in the energy range from 5 keV to 9 keV for effective second harmonic suppression. Several
capillaries with different lengths can be used to cover the useful energy range of the
monochromator from 2 keV to 30 keV.

3. EXPERIMENTAL RESULTS
Efficiency

An absolute efficiency measurement shows that about 50% of the input flux is lost on front
surface of the capillary array corresponding to the relative surface areas of the open apertures to the
glass body. We obtained an absolute efficiency of 35% for the doubly reflected beam at 7.5 keV
and an angle of incidence of 3.6 mrad. Therefore, the reflection efficiency inside of the capillary
was about 89% for each reflection. . The spectral transmission of the capillary at 0° and 3.6 mrad
angles of incidence is shown in figure 2.

Figure 2. Absolute transmittance of the 50 mm length capillary at 0 mrad and 3.6 mrad

Energy spectral characteristics and high-order suppression
The KMC-2 beamline was constructed without a mirror system. As a result, high-order harmonics

from the monochromator crystals are strongly represented in the beam at the experiment.
An energy-dispersive detector was placed behind the capillary array. A Fe filter with a thickness

of 25 µm was used to reduce the intensity of the first harmonic at 7.5 keV. We have measured a
relatively strong intensity of the second, "forbidden", harmonic, which exists due to the non-
spherical form of the Si atom electron orbits and which can be easily observed by diffractometry.
Experiments show the strong reduction in intensity of the high-order harmonics with respect to the
direct beam. Experimental values of the high-order suppression are represented in table 1. These
values are obtained by normalizing the twice-reflected intensity to the intensity of the direct beam
in front of the capillary array. Relative values of high-order "contamination" of the transmitted
beam are calculated taking into account attenuation of the first harmonic by the Fe filter.

The relative harmonic intensity in the direct beam was obtained by direct beam measurements
without the Fe filter.
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Table 1.

Harmonic energy
(keV)

1st

7.4
2nd

14.8
3rd

22.2
4th

29.6

Relative harmonic intensity in
the direct beam

Absolute harmonic transmission
in the twice-reflected beam

Relative harmonic intensity  in
the twice-reflected beam

1

0.35

1

4.7 10-2

5 10-4

2.4 10-5

5.6 10-3

3.2 10-5

1.8 10-7

4.9 10-4

2.8 10-3

1.4 10-6

Angular spectral characteristics.
The angular spread of the beam transmitted through the capillary array was measured using a single
crystal x-ray diffractometer. A Si 220 crystal was used to analyze the angular distribution of the
transmitted radiation.
The results of the angular divergence measurements are shown in figure 4. We have observed an
increase in the FWHM of the beam angular divergence of up to 32 arcsec (0.14 mrad) in the twice-
reflected transmitted beam. This value could be due to inside surface roughness of the capillaries
and to capillary curvature. The shift in the angular distribution of the reflected beam relative to the
direct beam is probably due to the latter. One can estimate the radius of curvature to be ~100 m.

4. CONCLUSIONS
A rectangular capillary array can be successfully used as a filter of the high-energy harmonics of a

crystal monochromator. The relative intensity of high-order harmonics can be as low as 10-7. in
respect to the first diffraction order intensity. Due to the relatively small capillary array aperture (on
the order of 1 mm2) this device should be located at the focal position of a refocusing beamline
mirror.
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ABSTRACT
X-ray multilayer supermirrors for the energy range up to 25 keV, as a beamline front

elements for the BESSY Energy Dispersive Reflectometer Beamline, have been
experimentally measured with x-ray synchrotron radiation. A multilayer mirror with 100 W/Si
layers of different thickness on a Si substrate has a smooth reflectivity of up to 10 % in the
whole energy range from 5 keV to 25 keV at a grazing incidence angle of 0.5º. The two
identical supermirrors were settled up in a "tandem" arrangement to provide the total
deviation angle of 2°.

1. INTRODUCTION
BESSY-II will provide not only VUV photon beams applications, but also some relatively

high-energy beam lines, up to 25 keV from a bending magnet and up to 60 keV from an
insertion device. Thus, the need for hard X-ray optics has become considerable. For some
applications especially as a first beam line mirror the band-pass of crystals and periodic
multilayers are too narrow. A wider band-pass can be obtained using total external reflection
from heavy elements. This possibility, however, is impractical for hard X-rays (>20 keV)
because of the extremely small value of the critical angle for total reflection. One to produce
broadband reflection may be with supermirrors, well developed for neutron optics: a
multilayer structure, where the bi-layer thickness is gradually changed from top to bottom [1].
But compared with neutrons, where absorption is very low for most materials, x-rays have
relatively high absorption coefficient and the principles for designing of neutron supermirrors
cannot be directly applied in the x-ray region. However a successful example of x-ray
supermirror fabrication has been reported recently. There the capability of bent supermirrors
to focus x-rays at high energies was demonstrated. The W/Si supermirror showed reflectivity
of more than 30% for energies up to 65.5 keV [2].

The Energy Dispersive Reflectometer Beamline (EDR) was constructed at BESSY GmbH
to perform experiments on liquid surfaces at normal atmosphere using white synchrotron
radiation beam and energy-dispersive detectors. In order to investigate surface reflection of a
liquid sample, one needs to deflect white synchrotron beam vertically by the angle of
minimum 2°. This task was successfully solved using so-called "supermirror" - an aperiodic
multilayer structure. In this paper we are reporting about direct measurements of a
supermirror reflectivity using synchrotron radiation at BESSY-II. A prototype was used at the
wave length shifter (WLS) beamline at BESSY-I [3,4].

2. EXPERIMENTAL ARRANGEMENT.
In our case the band-pass of a supermirror must cover the energy range from 2 keV to 25

keV. Due to very high absorption, the number of layers constructively involved in
interference is much smaller than for higher energies. This leads to dramatic oscillations of
spectral reflectivity. The solution was found by combining the total external reflection from
the top layer of a heavy material and the interference reflection from a multilayer with
variable period in the bottom. The structure of the supermirror is described in [5].
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The two supermirrors, SM1 and SM2 with the maximum deviation angle of 1° for the cut-
off energy of 25 keV where settled up one after other in "tandem" geometry as it is shown in
figure 1. The maximum deflection angle of the each mirrors of 1° is limited by the
technological limitations of a possible structure period of about 2.8 nm. Diffraction efficiency
of a structure with smaller period decreases very dramatically with decrease of a structure
period. The use of two identical mirrors provides a compromise between reflectivity and
deflection angle.

The supermirrors have been fabricated at the University of Marseilles using the magnetron
sputtering technique [5]. In our experiment we used a W/Si multilayer mirror with a period
spacing in the range between 2.8 nm and 11.4 nm on the 20 mm thick, 20 mm bright and 150
mm long polished silicon substrate. A total of 50 bilayers were prepared with variable spacing
calculated with the program, developed by B. Vidal.

2° max

Side view

SM 1 SM 2Slit 1 Slit 2

White beam

26 m 30.50 m 31 m

Goniometer

Detector

θθθθ

Si (220)

Figure 1. Experimental setup.

A one-crystal Si (220) spectrometer was used to measure the photon spectra, reflected from
the supermirrors.

3. EXPERIMENTAL RESULTS
A divergent white synchrotron beam at the angle of incidence of 0.5° irradiated the

samples. The energy resolution of the crystal spectrometer was in order of 10 eV. The
reflectivity spectrum of the sample was obtained after division of the respective spectra
measured from the incident and reflected beam using a NaJ scintillation detector. The result is
shown in figure 2.

4. CONCLUSIONS
The experimental results, presented in this paper, show experimental parameters of the

EDR beamline, equipped with two supermirrors. An almost uniform reflectivity in a wide
spectral range opens up applications for supermirrors in spectroscopy and other energy-
dispersive experiments with white synchrotron beam.
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Figure 2. Photon flux density, reflected from the supermirrors vs. photon energy, measured
with one-crystal Si (220) spectrometer.

1) Two mirrors in a" tandem" geometry, deviation angle of 2°;
2) One mirror, deviation angle of 1°;
3) Direct synchrotron beam.
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Abstract
The total electron yield current is strongly influenced by external magnetic fields. We show that
asymmetries in the total electron yield field response will result in XMCD offset signals, which are
strongly photon energy dependent and follow the nonmagnetic absorption signal. A simple but
effective method to prevent those offset signals is the use of asymmetric magnetic fields.

In the majority of soft XMCD experiments, below
2000 eV, the absorption coefficient is measured
indirectly using total sample drain current Total
Electron Yield (TEY) or Fluorescence Yield
(FY). TEY has a significantly better intrinsic
noise statistic, because the dominant decay
channel of a produced core hole is the Auger
process. Each Auger electron has a high
scattering probability with other electrons in the
system which results in a ‘shower’ of inelastically
scattered low energy electrons leaving the
sample. Therefore the absorption coefficient is
nearly proportional, neglecting saturation effects,
to the amount of excited core holes in a surface
near region. In a XMCD measurement intrinsic M
and extrinsic H magnetic fields are present. The
trajectories of the low energy electrons leaving
the sample are strongly affected by magnetic fields. This influence is usually not the same for different
signs of magnetic fields1 and will result in an additional difference or offset signal in the XMCD
measurement, which is not related to dichroism and can not be reduced by simply subtracting a
straight line from the dichroism signal.

A Fe(0.4nm)/Gd(0.4nm)x75 multilayer system was measured at the BESSY I SX-700 III beamline,
with an energy resolution of about ∆E = 0.8 eV and a degree of circular polarization of nearly 69%
using a superconducting magnet system with maximum magnetic field of ±30 kOe. Measurements
were performed at room temperature. The sample potential was held at -40V to minimize magnetic
field influences and to increase the TEY signal. All data shown here were carefully corrected for dark
currents, which are present with closed beamshutters. All TEY signals are normalized to the
photocurrent of a gold mesh avoiding synchrotron dependent intensity variations. No further
smoothing was applied to all presented data. For all XMCD data points, the magnetic field was
changed at each point by fixed photon helicity. The photon beam is coaxially aligned to the magnetic
field.

We measured the magnetic field dependency and the Fe XMCD hysteresis of an Fe/Gd multilayer
system (Fig. 1), using a symmetric external field of ±5 kOe. An offset has been observed in the
XMCD signal at the Fe L2,3 edges (not shown). We measured the XMCD signal with asymmetric field
variation but with the same value of the f(H) function for positive and negative magnetic fields. From
this functional behavior, shown in Fig. 1, we get the optimal XMCD-offset suppression fields at -4.05
kOe and +5.95 kOe with the smallest distance to the starting symmetric field variation of ±5 kOe. The
resulting XMCD spectrum is shown in Fig. 2. The residual offset signal is smaller than 0.002. In a
symmetric field variation the offset signal has been 0.2 below the edge. Looking at Fig. 1, this
unsuppressed offset value can be easily extracted (dotted lines).
From our experience, we found that in a majority of experimental setups an asymmetry in the field
dependence is present.

Fig 1: Field dependence of the TEY signal below
the Fe edge; inset shows XMCD derived TEY
hysteresis for the Fe L3 edge (From Ref.2)
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The observed asymmetry in the total electron yield signal will directly influence XMCD related
values, like spin- and orbital- momentum. The measured TEY signal is nearly proportional, neglecting
saturation effects, to the absorption coefficient and the proportionality is given by a field dependent
function f(H).

In the case of a symmetric field dependent TEY function f(H), this simply reduces to

This result is generally used implicitly in
published XMCD TEY data. As shown in the
experimental part, the function f(H) is often non-
symmetric. Thus, the first term in equation 1 and
2 will not vanish and hence, an additional XAS
signal is added to the XMCD signal. Those
asymmetry induced offsets will influence the
shape of XMCD spectra, which is directly related
to integral values of the XMCD spectra and
therefore the use of sum rules leads to wrong
values. The influence to the orbital moment is
usually strong, even for small residual offsets.
Using an asymmetric flipping field, same values
for the field dependent TEY intensity function
f(H) (Fig.1) could be found in many cases.
Looking at the XMCD hysteresis (inset in Fig. 1),
a small reduction in the external field does not
change the saturated magnetization of our sample.
Therefore we minimized the XMCD-offset,
shifting the maximal and minimal field values by
0.95 kOe indicated by the straight lines in Fig. 1.

The resulting measured XMCD signal (Fig.2) is now nearly free of XAS-offsets. Residual offset
values are about 0.002, which is 100 times smaller compared to symmetric field variations of 5 kOe
(see Fig. 1). Further and more detailed discussions are presented elsewhere2.
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The first hard X-rays at the BAMline

W. Görner, M.P. Hentschel, B.R. Müller, H. Riesemeier
Bundesanstalt für Materialforschung und –prüfung, Unter den Eichen 87, D-12200 Berlin, Germany

M. Krumrey, G. Ulm
Physikalisch-Technische Bundesanstalt, Abbestraße 2-12, D-10587 Berlin, Germany

The Bundesanstalt für Materialforschung und -prüfung (BAM) and the Physikalisch-
Technische Bundesanstalt (PTB) are operating the BAMline [1], the first hard X-ray beamline
at BESSY II, which delivered the first radiation on 13th of October 2000. The basic concept as
well as some early results of the beamline commissioning are presented here.

The BAM traditionally performs computed tomography [2] and topography [3] with X-ray
sources and will upgrade these methods for the application of synchrotron radiation. The PTB
operates already a radiometry laboratory at BESSY II and will extend the usable photon
energy range for detector calibrations and other applications of monochromatized radiation up
to 50 keV [4]. Undispersed calculable radiation will be available up to 200 keV for
radiometric applications. In this mode the irradiated area can be up to 185 mm wide and
37 mm high.

1.7 GeV
B=7T

Slit
Unit

Filter:
Be
Al
Cu

W/B C, 250 layer,
=2/3

4

γ2d=5nm, 
Si(111)

or Si(311)

Experiment

Slit
Unit

DMMBESSY II
WLS

DCM

37 m
26.8 m

19.4 m

185 x 37 mm2

Figure 1: Layout of the BAMline with the optical elements. For best sagittal focussing
conditions the DCM is placed at the 3:1 position.

The source of the new beamline is a superconducting 7 T wavelength shifter (WLS) installed
by the Budker Institute, Novosibirsk [5]. The characteristic energy for an electron energy of
1.7 GeV is 13.5 keV. The beamline layout is shown in Fig. 1. The main optical elements are
two monochromators, a Double-Multilayer-Monochromator (DMM) and a Double-Crystal-
Monochromator (DCM). The DMM will mainly be used for X-ray topography and X-ray
tomography as well as for X-ray fluorescence analysis. It furnishes a much higher photon flux
than the DCM due to its limited resolving power E/∆E of about 40 which is acceptable for
these applications. For X-ray diffraction, detector calibration and reflectometry as well as
EXAFS, the DCM with E/∆E of about 103 will be the appropriate instrument. The DCM is
already installed, the DMM will be added in summer 2001.
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The two crystals of the DCM are mounted on one goniometer. While the first crystal is fixed
to the axis of rotation, the second crystal may be translated by a motorized x-y-table to
achieve a fixed exit mode. Furthermore the second crystal may be fine-adjusted by a piezo
translator. The DCM can be equipped either with Si(111) crystals or with Si(311) crystals.
The first crystal of each type is mounted on a water-cooled Cu-block. The heat load on this
crystal may be reduced by inserting water-cooled filters into the beam path. The second
crystal is mounted on a sagittal bender (ESRF-type). The bending radius of the second crystal
can be adjusted down to a minimum value of 1 m. The maximum available photon energies
under optimal focussing conditions are 27 keV for Si(111) and 50 keV for Si (311).
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Figure 2: Rocking curve at 50 keV with Si(311) crystals without sagittal bending. The
FWHM is about 0.8 arcsec.

The first commissioning of the beamline was performed with the Si(311) crystals installed in
the DCM. As detectors, a large area Cu photocathode was used for alignment and for rocking
curve measurements. Fig. 2 shows as an example a rocking curve at 50 keV without sagittal
bending of the second crystal. The obtained FWHM was 0.8 arcsec. From these first
measurements the photon flux at 50 keV was estimate to be 4⋅109 s-1 for a ring current of
100 mA. Precise measurements will be performed with a calibrated ionization chamber.

To test the focussing properties of the sagittal bender, a system consisting of a fluorescent
screen and a CCD camera was used, providing a visible area of 25 mm diameter and a spatial
resolution of 23 µm. This system was placed at a distance of 37 m from the source. By
bending the second crystal the horizontal beam width could be drastically reduced from
100 mm to well below 1 mm while the photon flux was found to remain unchanged. Fig. 3
shows a picture of the monochromatized beam, taken at 13.8 keV. The horizontal FWHM was
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about 250 µm. The vertical beam width is determined by the slit systems. With the future
DMM the beam can also be focussed in the vertical direction because the second multilayer
mirror will be equipped with a meridional bender.

Figure 3: Horizontal focus at 13.8 keV recorded with a CCD camera at the experimental
position (37 m from the source). The horizontal FWHM is about 250 µm. The
vertical beam width of 4 mm is determined by the slit systems.
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V/Ni MULTILAYERS FOR POLARIZATION ANALYSIS AT 510 eV

H. Grimmer 1,  O. Zaharko 1,  M. Horisberger 1,  H.-Ch. Mertins 2  and  F. Schäfers 2
1 Laboratory for Neutron Scattering, ETHZ and PSI, CH-5232 Villigen PSI

2 BESSY, Albert-Einstein-Strasse 15, D-12489 Berlin

Resonant soft X-ray scattering effects crucially de-
pend on the polarization state of the X-ray beam.  Its
polarization can be determined using a transmission
multilayer as phase shifter and a reflection multilayer
as analyzer [1].  Such components were produced at
PSI by sputter deposition and tested at the undulator
beamline UE56/1-PGM of BESSY. In the following,
results for V/Ni multilayers optimized for polariza-
tion analysis at the L3 edge of V will be presented.

The reflection multilayers have been deposited on
silicon wafers and consist of 100 V/Ni bilayers with
bilayer thickness db = 1.72 nm.  Fig. 1 shows that
their Bragg peak reflectances Rs and Rp for linearly
s- and p-polarized light drop by more than an order
of magnitude near the V L3 edge of 512 eV.
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Fig. 1: Bragg peak reflectances Rs and Rp in % as
functions of the photon energy E.  Θ is the grazing
angle, at which the Bragg peak occurs.

The multilayer can be used as analyzer if Rs and Rp
differ sufficiently.  Fig. 2 shows that the quotient
Rs/Rp is larger than 200 in the whole energy range
shown.  Rs/Rp is expected to be largest at the
Brewster angle, which is  ≈45°.  The figure shows
that, as expected, this quotient is closely related to
the deviation of the Bragg peak position Θ from 45°.
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The transmission multilayers have been deposited on
120 nm thick Si3N4 membranes and consist of 100

V/Ni bilayers with db = 2.28 nm.  Fig. 3 shows the
transmission, i.e. the ratio of transmitted to incident
intensity at normal incidence ΘT = 90°.
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for normal incidence.

Fig. 4 gives the transmission for s-polarized
radiation with E=512eV as a function of ΘT. The
smaller ΘT, the larger the path through the absorbing
material and the smaller is, therefore, the
transmission.  The curve also shows a dip at the
position of the Bragg peak.
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Fig. 4: Transmission and phase retardation at 512
eV as function of the grazing angle of incidence ΘT.

The relative phase of the s- and p-components of the
electric vector changes on the path through the multi-
layer.  This phase retardation can be measured by a
series of scans, in which both the transmission and
the reflection multilayers are rotated independently
around the optical axis.  Such scans have been
performed at 512 eV for 5 values of ΘT with the
reflection multilayer at the Bragg angle.  The phase
retardations obtained by fits to the transmitted
intensities are also shown in Fig. 4.  The value at
33.5° is -5.7°, which is sufficient to determine the
polarization of a beam with E = 512 eV and
unknown state of polarization.
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Emittance Determination using Undulator Radiation

K.Holldack, Th.Zeschke, F.Senf and W.B.Peatman
BESSY GmbH, Albert Einstein-Str.15, 12589 Berlin

The quality of Synchrotron Radiation emitted by dipoles as well as by  insertion devices is
characterized by its spectral brightness B:

where N is the photon flux , dω/ω the bandwidth and σ and σ' are the gaussian widths of
beam size and divergence in both, the vertical and horizontal direction. In real light sources
the latter values are given by the emittance of the electron beam as well as by the diffraction
limit. It was the goal of this work to obtain the contribution of electron beam emittance to the
brightness of BESSY II undulator beams and to determine the emittance quantity analyzing
the shape of the U49/1 beam by a monochromatic mapping.

The basic idea was to use a high precision, high heat load pinhole of radius 50µm placed at 13
m from the middle of the undulator and the U49-SGM monochromator as a detector for the
flux. If the acceptance of the beamline is larger than the scan range of the aperture the result is
the spatial flux distribution at the pinhole location. Here we concentrate on the shapes of this
distribution rather than on absolute brightness determination.
The experimental setup is depicted in figure 1.

Fig.1 Experimental setup. Because the monochromator, the premirror and the slits accept all
radiation passing through the pinhole over its scan range, it can be employed as a small
bandwidth-detector for the angular distribution of undulator radiation at the pinhole location.

The results of the automatic mapping, which takes about 15 min to step over all pinhole
positions in a window of 2x2 mm, are depicted in figure 2. Here, first harmonic radiation of
U49/1 at 400 eV was observed. The bandwidth of the U49-SGM at this energy is < 10-4.. First,
the spectrum was taken with the pinhole on-axis and then the energy was set to different
photon energies within the harmonic for the mapping.

For the even harmonics, only horizontal off-axis features are observed, while odd harmonics
produce vertical spots above and below the ring level as in figure 1. This is as expected. In all
cases the features are very sharp and on the blue edges the size of the beam is vertically only
400µm FWHM at a distance of 13 m downstream from the source.
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1 2

3

Fig.2: Intensity mapping on the first harmonic using a pinhole (r=50µm) 13 m downstream
the undulator source U49/1( K-value: K=0.845). A GaAs diode has been used as a detector
behind the U49/1- SGM with an exit slit of 10µm width. Note that the brightness in the off-
axis spots is as high as on the blue edge.

The total gaussian shapes of the beam in this blue edge case can be written as follows [1]:

Where a is the distance to source and σr and σr' are the diffraction blurring values of size and
divergence, respectively. We have to rely on the β-functions, but they are well known within
a beta-beat of 10% [2]. Moreover, it is easy to see that the most relevant term (β+a2/β) is very
insensitive against absolute variations of β. The dispersion terms and additional blurring by
the energy width of the beam (on higher harmonics ) do not contribute. The second term goes
to zero for λ→0. Hence, we measured the size of the spot for different λ and the beam
emittance can be determined from (2) in the limit λ→0. The approximations σr

2=λL and
σ'r2=λ/4π2L [1] for diffraction blurring at a length L=4.2 m of the undulator are not nessecary.
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Fig.3: Results of spot size determination on the blue edges of the first harmonic for different
photon energies at U49/1. The influence of diffraction is weak and the beam dimension is
dominated by the electron beam emittance.

The emittance measurement was performed on the blue edges of the first harmonic while the
K-value was varied. Here the spot has a clear 2D-gaussian shape and a 2D-gaussian fit routine
was employed to obtain the σ-values. The influence of diffraction is very small for all photon
energies but using the λ-variation one obtains:

εεεεx=(5.3+-0.5)nmrad and εεεεy=(90+-30)pmrad.
These values correspond to values obtained from the electron beam images itself. To check
the sensitivity of the maps to the electron beam emittance, coupling was introduced and the
blow up of the source images on the dipoles leads to a corresponding blurring of the maps
described above. Maximum brightness of the undulator beam is achieved for the normal user
run.

Conclusions

The brightness of undulator radiation in an energy range above about 100 eV is governed by
the electron beam emittance. The values obtained confirm other measurements that the design
emittance of BESSY II is achieved. The method described above is a good quality control for
the undulator and the machine performance. The sharp shape of the beam (only 400µm
FWHM at 13 m) and the sharp off axis features can only be preserved by keeping the
emittance low using active transversal feedbacks. Further measurements already performed on
U41 and U125/1 lead to the similar results. A detailed analysis of the two undulator beams of
the UE56/1 and is being prepared.
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A Microfocus Imaging System

K.Holldack, Th.Zeschke, F.Senf, Ch.Jung, R.Follath and D.Ponwitz
BESSY GmbH. Albert-Einstein-Str.15, 12489 Berlin

Most of the BESSY monochromators on insertion device beamlines produce small focal spots
of a few microns on the user's sample to benefit from the high brightness of BESSY II
undulator radiation. In order to characterize them with respect to size , shape and stability a
fast imaging system of resolution on the micron scale was required.

Fig.1: Optical setup of the microfocus-detector. The video images are acquired by a
framegrabber and image features can be correlated with a 10 Hz rate to beamline control
and machine data. The setup is mounted to 400 mm longitudinal and 20 mm horizontal
translators with encoders.

Because industrial x-ray CCD-cameras usually have pixel sizes larger then the spot sizes of
interest, we decided to build a system as schematically shown in figure 1 where the x-ray
image, after conversion to the visible by a high resolution phosphor, is further magnified by a
subsequent microscope optics onto a conventional CCD[1]. Two types of phosphors were
used:

Fig.2: Determination of the overlap of the two microspots carrying opposite helicity on the
UE56/1-PGM [2] monochromator illuminated by radiation of the upstream- and downstream
undulator part, respectively.
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First, a layer of P43 (Gd2O2S:Tb) of 3µm thickness covered by a 50 nm Al-layer on a super-
polished quartz disk of 25 mm diameter was used. In this case, the system resolution is
limited to 3µm (rms) by the grain size of the phosphor. This is sufficient for most of the spot
sizes of interest as demonstrated in figure 2 for the UE56/1-PGM.

(a) (b)
Fig.3: Smallest microfocus (σy=3.1µm,σx=29.9µm) on U49/2-PGM1[3] detected with a BGO
crystal (a)  and a measured spectrum (b) using an area of interest of the microfocus behind
the U41-PGM [4].

For the observation of spot sizes ≤ 3µm a single crystalline B4G3O12 (Bismuth Germanate,
BGO)-scintillator of 0.5 mm thickness and 20 mm x 20mm quadratic size was employed.
Here, the system resolution is limited only by the numerical aperture of the microscope setup
to about 1µm. An example was taken on U49/2-PGM1 as shown in figure 3 viewing the
smallest microfocus ever recorded to date at BESSY. However, despite of higher resolution
the crystal seems to suffer from radiation damage at high beam power density.
The vertical as well as the horizontal position, size and intensity of the spots are calculated
frame by frame and fed with 10Hz to the beamline-control real time database such that spectra
like in figure 3b can be recorded by measuring the intensity in a selected area of the spot as a
function the monochromator energy.
The microscope optics as assembled from c-mount parts is equipped with a motorized zoom
as well as a remote gain control of the CCD camera. The maximum field of view can be thus
extended to 6.4mm x 4.8mm corresponding to a 1:1 magnification of the screen plane to the
CCD array of 768 x 574 pixels. In this mode, a large area in the focal plane can be observed.
The minimum field of view is 800 x 600 µm. If the exit slit of the monochromator is
vertically opened and the exit slit plane is imaged by a refocussing mirror onto the screen of
the microfocus-detector, the entire setup works like an imaging spectrograph. This mode is
demonstrated in figure 4 where a part (2m) of the U49/2-PGM1 monochromator was filled
with nitrogen gas of 10-2 mbar and the monochromator was set to 400 eV. The nitrogen
absorption can be well detected as an intensity loss in the image plane.
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Fig. 4: Online resolution measurement on the U49/2-PGM1 monochromator with open exit
slit on the nitrogen peak in absorption. The spectrum is updated with 50 Hz such that the re-
solution can be observed online while optimizing monochromator components.

Because the horizontal projection of the image is obtained frame by frame with 50 Hz, the
method represents an online resolution measurement of the monochromator. Depending on
the dispersion, the energy resolution is 0.7 to 5 meV/pixel i.e., much better than required for
the usual analysis of the nitrogen fingerprint.

Conclusions

The system exceeded the expected performance and seems to be a versatile tool for the
characterization of foci behind monochromators with respect to position, size and spectral
resolution. Because measurements from 75 eV up to 16 keV have already been performed on
several monochromators without efficiency problems, the system may cover all other BESSY
II beamlines. The resolution of about 1-3µm depending on the phosphor type is at the physical
limit as expected by the method, but is sufficient for all microfoci observed to date.
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Tab. 1: Source parameters for the low-β-sections
            of the storage ring.

εx 6 • 10-9 m rad
εy 6 • 10-11 m rad (1% coupling)

βx 1 m / rad
βy 1,5 m / rad

σx 78 µm
σy 12 µm

σx‘ 78 µrad
σy‘ 8,5 µrad
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Fig. 1: Optical layout of the U41-PGM beamline.

U41-PGM: commissioning results

Ch. Jung, F. Eggenstein, S. Hartlaub, K. Holldack, R. Follath,
M. Mast, J-S. Schmidt, F. Senf, M.R. Weiss, Th. Zeschke

BESSY mbH, Albert Einstein Straße 15,
D 12489 Berlin, Germany

The soft X-ray microfocus beamline installed at
BESSY’s undulator U41 is designed to deliver
high photon flux in a small focal area. The
insertion device U41 is the first instrument
installed at a storage ring section with low
values of the β-function (on the order of 1 m/rad
in both dimensions). Talking the small beam
emittance into account, the resulting electron
beam size delivers a highly brillant source (the
source parameters are collected in table 1). A
period length of 41.2 mm and a number of 81
periods offers photon energies of above 170 eV
at a storage ring energy of 1.7 GeV.

The undulator radiation is diffracted using a
Petersen-type plane grating monochromator
(PGM) operated in a collimated beam. To meet
the design goal of high spectral flux at a
moderate energy resolution E/∆E of about 2000
over the whole working range of the beamline
[1], it is recommended to conserve the high
source brillance.

To reduce the influence of slope and figure
errors, which mainly contribute to the loss in
brillance when the light
is passing through the
beamline, the common
orientation of plane
mirror and grating had
to be reversed: for the
U41-PGM the plane
grating is the first
optical element behind
the collimating toroidal
mirror. In addition, the
grating ratio of
diffraction and
incidence angle at the
grating (or to be more
precise: the ratio of the
sine of the respective
angles), represented by
the fixfoxus constant

cff, needs to be inverted. Thus, the U41-PGM is
operated at cff–values below 1.

As already mentioned, the first mirror collimates
the synchrotron beam in the plane of dispersion
(vertical plane). A cylindrical mirror behind the
monochromator chamber focuses the dispersed
collimated beam to form a monochromatic
image in the exit slit plane. The demagnification
depends on the source and image distances of
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Fig. 2: Contour plot of the photon flux of the
U41 PGM (600 1/mm grating, exit slit width 100 µm). Top:
3rd harmonic; bottom: 1st harmonic. White areas indicate
ranges not accessible for the given parameters. Dashed line
indicates the cff-path of optimised photon flux.

collimating and focusing mirror,
respectively, and on the cff–value
selected. Whereas the optical
distances are fixed, the cff–value
can be varied over a broad range,
limited only by the turning range
of grating and plane mirror. In
fact, the decision upon proper
values for cff also depends on the
available photon flux and the
required energy resolution.

The 600 1/mm-grating, shaped with
a blaze angle of 0.8°, is optimised
to deliver highest photon flux for
cff–values of about 0.65. The
price to be payed for this is the
energy resolution. If higher
resolution is required, smaller cff–
values can be selected, but in this
case the photon flux is reduced.

In the horizontal plane, the first
mirror images the source directly
onto the exit slit, demagnified by
a factor of 2.2. Thus, a mono-
chromatic image of the undulator
source is lying in the exit slit
plane. This monochromatic
image is currently further four-
fold demagnified by a toroidal
mirror (for the optical design see
figure 1). The vertical size of the focal spot thus
depends on the width of the exit slit and is
independant of the photon energy. The
horizontal size depends to a certain amount on

the photon energy. It can further be reduced by
using an additional aperture in the exit slit plane.

The U41-PGM beamline is under operation now
since March 2000. First commis-
sioning results were obtained using
the gas cell, which is permanent part
of the beamline. It is installed
between exit slit and refocusing
mirror, and it allows for the
characterisation of the performance
concerning both energy resolution and
photon flux (calibrated GaAsP-diode).
In figure 2, the available photon flux
is shown as a function of photon
energy and cff–value for an exit slit
width of 100 µm. From this figure it
is obvious, that the photon flux is well
above 1012 photons per second over a
large energy range (see also figure 3).

Two modes of operation are available
for the beamline. In one mode, the
undulator is set to a certain gap using
the ID control panel, and the
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Fig. 3: Photon flux of the U41 PGM for the 600 1/mm grating
and a cff–value of 0.65.
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Fig. 4: Focal spot of the U41-PGM. Vertical spot size 14.4 µm, horizontal size
56.8 µm (full width at half maximum). The toroidal mirror is fully
illuminated.

monochromator is scan-
ned at fixed undulator
gap. The more relevant
mode of operation is
where undulator energy
(controlled via the gap)
and monochromator
energy are tuned
synchronously. For this
mode drive tables were
generated for constant
cff–values, which corre-
late the parameter set-
tings of both instru-
ments. The goal is to
keep the monochro-
mator energy at the
maximum of the undu-
lator harmonic at any
given energy.

Since the drive tables are currently limited to
constant cff–values it is not possible, to stay at
the maximum photon flux when scanning the
energy. This option requires a more detailed cha-
racterisation of the beamline and will be
available probably at the end of the year 2001.

The energy resolution of the U41-PGM
beamline has been determined at the nitrogen K-
edge at about 400 eV. Absorption spectra were
recorded at various settings for cff and for
different diffraction orders. For cff of 0.7, the
resulting energy resolution E/∆E is better than
2000 even for the first order of diffraction. If
either the higher orders of diffraction are used or
smaller cff–values are selected, the energy
resolution increases, and values of more than
6000 can be obtained [2]. The detailed evalution
of the energy resolution over the working range
of the beamline is matter of the upcoming
commissioning shifts.

Finally, we analysed the synchrotron beam along
its path around the focal spot. The experiments
were carried out with the setup presented by K.
Holldack et al [3] at an energy position blue
shifted with respect to the undulator harmonic
(undulator gap 24.647 mm, maximum at 400 eV,
spot detection at 440 eV). First, the cross section
of the beam was recorded at different positions
of the fluorescent screen along the optical axis.
From the analysis of the data, the positions of
horizontal and vertical focus were derived and
the incidence angle was changed to get the focii
coincide at the same image distance. Second, the

remaining aberations (rotation of the cross
section) were eliminated by rotating the last
mirror by its surface normal. The resulting focus
is shown in figure 4.

For the final focal size values of 56.8 µm
horizontal and 14.4 µm vertical (full width at
half maximum) were obtained, with the
refocusing torus fully illuminated. The vertical
size can further be reduced by limiting the
illuminated area on the mirror. To reduce the
horizontal size, an additional aperture in the
plane of the exit slit can be used (sizes of 50 µm
and 80 µm are available.

Although the beamline is already in user opera-
tion since May 2000, a lot of work needs to be
done to complete its characterisation.
Optimizing the image properties, mapping both
photon flux and spectral resolution as a function
of photon energy and cff–value are the main
tasks for the near future. A further step is to
improve the refocusing stage to end up at a focus
size on the micrometer scale.
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The BESSY Broad-Band-Polarisation Detector

H.-Ch. Mertins, F. Schäfers, D. Abramsohn, A. Gaupp, W. Gudat
BESSY Albert-Einstein-Str 15, D-12489 Berlin

E. Meltchakov, S. Di Fonzo, W. Jark, O. Zaharko*,  H. Grimmer*
Sincrotrone Trieste, S.S. 14km 163.5 in Area Science Park, 34012 Trieste, Italy,   *PSI and ETHZ, CH-5232 Villigen

A new broad-band-polarisation detector has been developed at BESSY for the quasi-online

monitoring of the polarisation of soft X-ray synchrotron radiation. It consists of a high preci-

sion 5-axes polarimeter in a small UHV-chamber of 40 cm length which can be operated

between beamline end-station and a users experiment. The main features and the optical

elements in use, are listed in the table. The physical principles of the polarisation analysis are

based on non-magnetic multilayer optics and magnetic-optical techniques:

Non-magnetic transmission and reflection optics are used for a complete polarisation analysis

of light, distinguishing between linear, circular and unpolarised components, i.e. all 4 Stokes

parameters. This requires both a polarizer to introduce a phase shift between the two electric

field components and an analyzer which transmits preferentially only one particular linearly

polarised component. A polarisation measurement requires rotation of these components

around the optical axis while the transmitted intensity is recorded. A fit procedure /1/ gives

the normalised Stokes parameters and the characteristics of the optical elements i.e. the phase-

shift, and the ratio of transmission- and reflection-coefficients, respectively for s- and p-

polarisation geometry. Such optical elements (see table) are available in the energy range up

to 600 eV /2,3/.

For higher energies magneto-optical effects are exploited for polarisation analysis. A simple

XMCD detector using - once calibrated – magnetised transmission foils of 3d-transition

metals (Fe, Co, Ni) monitors the circular polarisation component S3 at the respective 2p

absorption edges (700 eV – 850 eV) /4/. The linear polarisation can be measured using

conventional multilayer and crystal optics in Brewster angle reflection geometry (<1300 eV).

Alternatively the transversal magneto optical Kerr effect on reflection optics (T-MOKE) may

be used for this purpose. From the asymmetry in the reflected signals upon reversal of the

magnetic field direction the linear component can be obtained. For this we developed a new

selfcalibrating procedure for the determination of S1, S2 without prior knowledge of the

sample properties /5/. In addition to the 3d-transition elements rare earth containing samples

have been developed to extend the working range up to 1300 eV (see table /6/).

The chamber was delivered in February 2001 and will be operational in summer 2001. This

project is supported by the European Community, ERBFMGECT 980105.
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Applications / features Technical features
• Determination of all Stokes parameters • 5-axes polarimeter of 40 cm length
   S0  (Intens.), S1, S2, (lin.pol.), S3 (circ.pol.)     - pinholes ∅: 0.2 – 1.5 mm, Transl.  ± 25 mm

    - Polariser / analyser:
• Optical elements (non-magnetic)         - Azimuthal angle: 0o ≤ α, β ≤ 370o

    - Polariser: transmission multilayers,         - Incidence angle: 0o≤ ΘP, ΘA  ≤ 90o

    - Analyser: reflection multilayers, mirrors,
    - Multilayers: Mo/Si, Cr/C, Cr/Sc, Ni/V

- GaAsP Diode in plane  0o≤ 2ΘA ≤ 180o

- Min. step: 0.01o

• Optical elements (magnetic)
• Magnetic fields
   - Transmission: longitudinal

   - calibrated XMCD-Foils: Fe, Co, Ni    - Reflection: longitudinal, transversal
   - Ref.: Fe, Co, Ni, Fe/C, Gd/Fe, Gd/Co • all optical elements retractable from the beam

• Ultra High Vacuum compatible, p≤10-9 mbar
• Working energy:   90 eV to 1300 eV • UHV / air motors for angle setting
       determined by optical elements in use • 12 samples, exchangeable in situ

1) A. Gaupp, M. Mast, Rev. Sci. Instrum. 60, 2213 (1989)

2) F. Schäfers, H.-Ch. Mertins, A. Gaupp, et. al, Appl. Opt. 38, 4074 (1999)

3) H. Grimmer, O. Zaharko, M. Horisberger, H.-Ch. Mertins, F. Schäfers, this annual report

4) K. Holldack, F. Schäfers, T. Kachel, I. Packe, Rev. Sci. Instr. 67, 2485 (1996)

5) L. Enge, D. Abramsohn, A. Gaupp, H.-Ch. Mertins, F. Schäfers, this annual report

6) E. Meltchakov, S. DiFonzo, W. Jark, H.-Ch. Mertins, F. Schäfers, this annual report
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The Optical Design of the Infrared Beamline at BESSY
W.B. Peatman and U. Schade*
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Albert-Einstein-Straße 15, 12489 Berlin,
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Abstract
The optical design of a beamline for infrared radiation for studies in the biological and material

sciences is described. Raytrace calculations were employed to estimate the throughput of the system for
various wavelengths from 2 to 1000 µm and the size of the focus at the entrance to a Fourier
spectrometer. In order to avoid problems of heat loading on the first mirror, a split mirror will be used.
The Optical Design

For  the electron storage ring BESSY with a maximum electron energy of 1.9 GeV, a value of 500
mA (above specification) has been used for heat load calculations. For 1.9 GeV, 99.7 % (6σ) of the
power, 22 W/mrad (horizontal), is concentrated in a vertical angle of ± 1.02 mrad while for 1.7 GeV,
the usual operating energy of BESSY with 14 W/mrad (horizontal), the vertical angle is ± 1.17 mrad.
For the ray trace calculations, 1.7 GeV was used because the larger divergence defines the dimensions
of the optical elements. The first mirror is split in order to permit over 99.7 % of the power to pass
through to an absorber at the rear of the dipole chamber. The percentage of the desired IR radiation
captured by this mirror has been calculated for 4 mm and 6 mm spacings and are shown in table 1.

We have studied the possibility of using the radiation from the edge region of a dipole magnet both
theoretically and experimentally and have determined that IR radiation from the fringe field cannot
compete with a large acceptance system from the homogeneous, full field within the dipole magnet
[1,2].

The geometrical constraints of the storage ring define the maximum horizontal and vertical
acceptance of the frontend: ± 30 mrad horizontally and ± 20 mrad vertically, the nominal central axis
lying at 2° into the dipole magnet with its 11.25° deflection. This vertical angle can be achieved at
BESSY without having to change the design of the dipole magnet of the storage ring. It does require a
unique dipole chamber. The fraction of the IR radiation accepted by the above vertical opening angle as
a function of photon energy is shown in table 1. The net transmission of IR radiation taking account of

the split first mirror is also shown there. The
large acceptance angles make for a source
which is difficult to refocus into a small spot:
it is a 266 mm long segment of a circle of
4354 mm radius with a projected width of 2.0
mm. The optical system must focus this deep,
curved, diverging source onto a spot suitable
for the experiments planned. The first mirror,
plane, serves to direct the IR radiation
upwards to the focussing mirrors.

The second and third mirrors of the optical
system focus the IR radiation vertically and
horizontally to an intermediate focus just in
front of a wedge window of polycrystalline
CVD diamond. This window separates the
ultra high vacuum system of the frontend
from the high vacuum environment of the
next part of the optical path, the following
refocussing mirrors, M4 and M5. A
satisfactory solution has been worked out
with the second, cylindrical, mirror focussing
the vertical source dimension in a 1 : 1.7
relationship at the intermediate focus. The
third mirror, also

Spectrometer

M1

M4

M3

M2

M5 Tunnel roof
Window

Dipole source

Intermediate focus

Electron beam

Figure 1: The optical layout of the frontend.
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Figure 2a: Ray traces of the intermediate and end focus for 5000 cm-1 photons.

Figure 2b: Ray traces of the intermediate and end focus for 50 cm-1 photons. Note the tenfold
change of scale between figures 2a and 2b.
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Table 1: Acceptance and transmission versus photon energy for the IR frontend.

 Photon wavelength:                                               µm 2.0 10 50 200 1000

 Photon energy:                                                       cm-1 5000 1000 200 50 10

a) Vertical half angle for ca. 90% flux+            +/- mrad 6 11 18 29 51

b) Flux accepted by solid angle chosen*               (%) 100 100 98 76 44

c) Flux on 1st. mirror with 6 mm spacing*           (%) 41 67 79 65 37

d) Flux on 1st. mirror with 4 mm spacing*          (%) 62 79 86 69 40

e) Transmission of optics#                                                        (%) 87 97 96 66 4 (2&)

f) Net transmission (c x e): 6 mm spacing             (%) 36 66 76 43 2 (9&)

g) Net transmission (d x e): 4 mm spacing            (%) 54 77 82 45 2 (10&)

h) Transmission of a CVD-diamond window §     (%) 71 71 71 71 71?

+ with 60 mrad horizontal acceptance
* +/- 30 mrad (H) and +/- 20 mrad (V)
#  finite size, diffraction, reflectivity, no window material
§ including reflective losses. Phonon bands 2.5-6.7 mm
& with 30 mm diameter opening (instead of  5x20mm2)

cylindrical, focusses the horizontal source dimension with a ratio of 1 : 0.71 at the same position. The
intermediate focus enables the beam to be easily refocussed with a Kirkpatrick-Baez two mirror system
in the secondary vacuum system. The relatively small window and the finite dimensions of the mirrors
do lead, however, to increasing diffraction of the radiation at lower energies. This expresses itself in
further losses in the overall optical system (table 1). The fourth and fifth mirrors, both cylindrical,
refocus the radiation at the end focus. They are so arranged that the asymmetric intermediate focus is
made more symmetric for the Fourier transform spectrometer. The optical layout of the frontend is
shown in figure 1.

All five mirrors are coated with aluminum. At the wavelengths involved, the reflectivity is nearly
100%. Because of the large source size and acceptance, mirrors of relatively relaxed figure error can be
employed without significantly spoiling the images: 2 arc seconds rms meridionally and 3 arc seconds
rms sagittally. Ray traces of the intermediate focus and of the end focus for 5000 cm-1 and 50 cm-1 are
shown in figure 2a an 2b. The effect of diffraction at long wavelengths is very apparent. In order to
effectively transmit wavelengths down to 50 cm-1, the window near the intermediate focus must be on
the order of 5 x 20 mm2. CVD diamond windows of such dimensions are available. For wavelengths
below 50 cm-1 the window must be larger. The transmission of 10 cm-1 photons for a 5x20 mm2 window
and that for a window of 30 mm diameter have been calculated. The transmission factor taking into
consideration the finite size of the mirrors and windows, diffraction and reflection over the five mirrors
but not window transmission, is given in table 1 for energies between 10 cm-1 and 5000 cm-1.

The IR dipole chamber and frontend are presently under construction and will be installed in the
first shutdown of BESSY in 2001. Support of this work through the BMBF grant 05 SR8KK19 is
gratefully acknowledged.
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The energy-dispersive reflectivity and diffuse scattering at BESSY II
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One of the possible applications of our energy-dispersive beamline at BESSY II is the
measurement of the X-ray reflectivity from thin films. Here the incident beam strikes the
sample surface at a fixed angle α=with respect to the sample surface and is recorded at the
detector angle 2α. Additionally the diffuse component of scattering becomes measurable
detuning α by a small offset ∆α for a fixed 2α.

qz

qx
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scans

2 /Lπ

∆α 1

∆α 2

∆ α ,qx

qz

<L>

2 /Dπ

D

      Fig.1

The reflectivity experiment can simply be interpreted in reciprocal space (fig.1). The vector qz
is directed parallel to the surface normal, while qx is perpendicularly directed. Both can be
expressed by experimental parameters, the incident angle α and the misalignment angle ∆α

                                          qz ≈ α E            ;         qx ≈ ∆α=α E                 (1)

making use of  4πe/hc ≈ 1/(Å*keV). qx,z is given in Å-1 when E is given in keV. A specular
scan measures the intensity distribution along qz  for qx=0. For a multilayer sample Bragg
peaks  whenever qz = n 2π/D. Longitudinal-diffuse scans run oblique to the qz axis aligned by
∆α.=They pass the qx-tails of the Bragg peaks (see fig.1a) which are originated due to the
vertical correlation of the interface roughness. The qx- dependence of the Bragg peak becomes
available drawing the peak intensities I for fixed E as a function of ∆α (see fig.1b).
Depending on the Bragg order n and considering equ.1 these curves represent different qx

ranges.  The lateral correlation length L can be determined from the half-width ∆qx = 2π/L
using I(∆α).  Assuming the correlation between the interfaces can be described by a height-
height correlation of the interface roughness σ ,  ∆qx becomes a linear function of qz

2.
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Fig.2 shows typical reflectivity spectra of a Cd-arachidate film at room temperature setting 2α
= 3°. Structural information provides the energy range between 4 keV < E < 30 keV. The
intensity of the 1st  Bragg peak is reduced due to a thin aluminium foil as absorber attached in
front of the detector. As the incident spectrum the overall reflectivity decays  proportional to a
function
                                         I ≈ exp (-a E) exp( - b/E³ ) R(E,D)         .            (2)

The first term describes the decay of the BESSY incident spectrum, the second term considers
the absorption by the beryllium window and by air.  a and b are fitting parameters, here
a = 0.4 and b = 400. R(E,D) stands for Fresnel´s reflectivity of the film.
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Fig.3
Fig.3 shows the variation of the first four Bragg peaks versus qx extracted from the respective
longitudinal-diffuse scans shown in Fig.2. The first decay changes with qx and corresponds
with the energy-dependent resolution of the specular beam. The resolution is mainly
determined by the width of the detector window. Beyond qx ≈ 10-4 Å -1 I(qx) represents the true
diffuse scattering of the sample. The curves are approximately equal for different qz. L is in
the order of 5 µm but the interface roughnesses seem to be not correlated.
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In our recent experiments, thin lanthanide-metal films were studied by resonant magnetic
soft x-ray scattering at the U49/1-SGM beamline at BESSY II. The experiments were carried
out in a two-axis diffractometer chamber that allows growth of monocrystalline films under
UHV conditions and in-situ studies in a large temperature range down to ≈ 30 K. The results
obtained at the MV edges of the lanthanides demonstrate the potential of the method for
magnetic-structure studies of ultrathin films and surfaces:

(i) Following first experiments that demon-
strated a huge enhancement of the magnetic-
scattering cross section at the MV edges of the
order of 106 [1], we exploited another feature of
the method, i.e., the high surface sensitivity due
to the strongly reduced penetration depth for
photons at the maximum of the absorption edge.
In the vicinity of the edges the penetration depth
of the x-rays can be tuned from several µm to
only a few nm, allowing studies of the
magnetism in the surface region. By exploiting
the different surface sensitivities of magnetic x-
ray scattering at the LIII and MV edges,
respectively, the ferromagnetic/antiferromagnet-
ic phase transition of Dy metal was studied in
UHV on in-situ grown films. In thin films, this
phase transition is characterized by a delayed

growth of antiferromagnetic domains upon heating from the ferromagnetic phase. This is
demonstrated by hard x-ray diffraction data recorded at the LIII edge of Dy (Fig. 1), comparing
the behavior of the c-axis parameter (open squares) with that of the intensity of the magnetic
satellite (open circles). Due to magnetoelastic effects, the lattice parameter exhibits a
discontinuous behavior across the phase transition with a hysteresis over a temperature range
of ≈ 10 K. With increasing temperature the c-axis parameter drops around 90 K to the value
characteristic for the antiferromagnetic phase. On the other hand, the intensity of the magnetic
satellite, which is the order parameter of the antiferromagnetic phase, reaches its full value
only at  ≈ 30 K higher temperature, i.e., the magnetic structure is not fully developed, while
the crystal structure is essentially relaxed. One might anticipate that this behavior is caused by
uniaxial strain induced by the substrate, leading to a clamping of the ferromagnetic phase.
However, surface-sensitive resonant magnetic x-ray diffraction at the MV edge with a probing
depth of the order of 1 nm (solid circles) exhibits an even more delayed development of the
antiferromagnetic structure, showing that the persistence of the ferromagnetic domains is not
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Fig. 1. c-axis parameter  (open squares) and intensity of the
magnetic superstructure satellite of thin Dy-metal films as a
function of temperature, recorded at the LIII (open circles) and
the MV  edge (solid circles).
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due to substrate-induced strain but rather caused by the presence of the surface. [The decrease
of the magnetic-satellite intensity upon cooling between 100 K and 70 K is due to the fact that
the position of the magnetic satellite changes with temperature. Hence, the satellite is recorded
at increasingly grazing incidence, with the consequence that the number of contributing layers
decreases due to the finite penetration depth of the photons. The present data are not corrected
for this effect.]

 (ii) A direct comparison of neutron
scattering data from a MBE-grown, 46-Å-
thick Ho film, sandwiched between two Y
layers [2], with the results of resonant x-ray
scattering at the Ho-MV edge reveals
identical results for the two methods (Fig.
2). This is found for all temperatures within
the antiferromagnetic phase, with the
temperature dependence of the magnetic-
satellite position and intensity as
determined by resonant soft x-ray diffrac-
tion being identical to the results of neutron
diffraction. In the former case, however,
data can be obtained with much better
statistics within much shorter data-
acquisition time.

(iii) The large enhancement factor at
the Ho-MV edge even allows to perform
critical-scattering studies of short-range
magnetic order with unprecedented data

quality (Fig. 3). While with hard x rays such
studies could be performed in a temperature
interval of  ≈ 1.5 K above the Néel-
temperature for bulk samples [3], we could
extend these investigations to up to 3 K
above TN in the soft x-ray region even for
such a thin film, opening the possibility to
study effects of reduced dimension on short-
range magnetic order.

This work was supported by the BMBF,
project SF8 KEC8 and the European Union
(EFRE).
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Resonant photoemission (PE) allows proper discrimination of 4f- and valence-band
contributions in the PE spectra of Rare-Earth (RE) systems. While 4f spectra of heavy REs are
characterized by atomiclike 4fn-1 final-state multiplets, Ce-4f spectra reveal apart from the
ordinary 4f0 final state arround 2 eV binding energy (BE) an additional 4f1 peak near the
Fermi energy (EF). This phenomenon is usually explained in the framework of a single-
impurity Anderson model (SIAM) [1]. In its simplest form [2], this model considers only  a
4f1  state at energy ε and a valence state at EF, that interact via a hopping-process characterized
by a hybridization parameter ∆. From this model a double-peaked PE spectrum may be
expected: A “4f0“ final-state at √(ε2+4∆2) BE and a “4f1“ peak at EF with a 4f1/4f0 intensity
ratio of about ∆2/ε2.
Double-peaked 4f PE features have also been reported for some  transition metal compounds
of Pr and Nd. The phenomena were tentatively ascribed to similar mechanisms as in Ce
systems [3,4], a quantitative analysis, however, was not attempted.
We extended the simple SIAM [2] to several valence-band states in order to simulate a
realistic density of states (DOS). Excellent agreement with results of the more elaborate SIAM
[1] as well as with experimental PE data of Ce systems were achieved [5]. In the present work
we apply our SIAM to Pr systems identifying ε with the energy of a 4f2 state and using a
renormalized ∆ value. Simulated PE spectra are compared to experimental resonant PE data
(BESSY II) of 100 Å thick REPd3(111) films grown epitaxially on W(110).
Figs. 1-3 show model PE spectra calculated as a function of ε (vertical bars) and three
different values of ∆. ε<2.5 eV corresponds to the case encountered in Ce systems, ε≈3 eV to
Pr, and ε≈3.5 eV to Nd systems. The valence-band is approximated in all cases by a Gaussian
at 2.6 eV BE modelling a situation typically encountered in late transition metal compounds.
Small ∆ values (fig. 1) lead to single peaks close to ε in the PE spectra, that are shifted
towards lower or higher BE depending on the relative position of ε with respect to the center
of the valence band. Intermediate ∆ values (fig. 2) lead to double-peaked structures in the PE
spectra, that for small ε reproduce the characteristic shape of 4f emissions in Ce systems,
while for the Pr case (ε≈3 eV) an almost symmetrical double-peak with a minimum at ε is
obtained. Large ∆ values (fig. 3) lead to a huge (“Kondo“-) peak at Ef for small ε, while for
large ε a double-peak near EF and an additional feature at energies larger than ε are obtained.
Figs. 4 and 5 show in their upper pannels experimental resonant PE spectra of CePd3 and
PrPd3, respectively, as compared to  PE spectra of the pure RE metals Ce and Pr. Note, that in
case of Ce metal a resonant PE spectrum is shown, while for Pr metal an ordinary XPS
spectrum was used. As a consequence, the structure near EF in the Pr spectrum is due to
valence-band and not to 4f emissions. The lower pannels show on the right-hand side the
calculated DOS and on the left-hand side the simulated 4f-PE-spectra for bulk and surface.
For the bulk, ε and ∆ parameters were set to -1.25 eV and 1.1 eV for CePd3 and to -2.95 eV
and 1.0 eV for PrPd3, respectively. For the surface, a surface energy shift of ε of 0.35 eV to
higher binding energies and a decrease of ∆ by 20% were assumed.
As a result, not only the CePd3, but also the PrPd3 systems are well described within the
SIAM using model parameters of comparable magnitude. This means, that also in Pr systems
hybridization effects may play an important role. Similar phenomena were also observed for
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Nd systems [3,4]. There, however, a quantitative description is complicated by multiplet
effects of the 4f2 PE final-state. For heavy REs hybridization effects may lead to energy shifts
of the 4fn-1 final-state multiplets, that should be considered in quantitative studies of
“chemical shifts“.

Fig. 1: Model PE spectra
for weak hybridisation

In
te

ns
ity

 [a
.u

.]

Binding Energy [eV]
6 4 2 EF

ε = -1.1 eV

ε = -1.6 eV

ε = -2.1 eV

ε = -2.6 eV

ε = -3.1 eV

ε = -3.6 eV

ε = -4.1 eV

∆ = 0.5 eV, U  = 6.0 eVff

valence
band

Fig. 2: Model PE spectra
for intermediate hybridisation
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Fig. 3: Model PE spectra
for strong hybridisation
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In comparison to conventional radiation sources the infrared IRIS (Infrared Initative Synchrotron

Radiation) beamline at the synchrotron storage ring BESSY II has superiour properties concerning

polarization and brilliance [1,2]. Ellipsometry will take advantage of the special properties of the

synchrotron dipole radiation in order to improve the quantitative analysis. Because of an

interdisciplinary interest in reliable optical constants in the IR-region of surfaces and thin organic or

inorganic films, it is planned to design an experimental set-up for infrared-ellipsometry combined with

an Ultra-High-Vacuum- (UHV) chamber. For temperature dependent measurements the use of a
supplementary cryostate is considered.

Advantages of infrared synchrotron radiation at BESSY II:

It is expected that the brilliance at BESSY II is more than one magnitude higher in a wide frequency

range (100-10000 cm
-1

) than the maximum of the spectral brilliance of a globar at 1200 K. At 1000

cm
-1
 the half vertical natural opening angle is 11 mrad and the vertical source diameter is 0.8 mm [1,

3]. Appropriate focussing of the IR radiation at BESSY II will allow better laterally resolved

measurements (< 1mm
2
) in a wide spectral range. This is impossible with a conventional radiation

source (e.g. globar) without strong intensity losses. Typical values for the lab ellipsometer, which is

attached to an Bruker IFS66, are 70 mrad for the acceptance angle combined with a spot size in the
range of a few 10 mm

2
. The high lateral resolution obtainable with the infrared radiation at the IRIS

beamline might be used for investigations of imperfections and heterogeneous samples such as domain

structures on semiconductor surfaces and ordered molecular films (e.g. polymer, Langmuir Blodgett

films, Self Assembling Monolayer). Furthermore, small spot sizes are necessary for investigations of

small samples like high-temperature super conductors [4] and mineral crystals. Exploitation of the

natural state of polarization will give a gain in signal intensities in comparison to the employment of a

conventional radiation source with unpolarized radiation.

Planned Applications:

Due to its working principle, ellipsometry delivers more information than conventional reflection or
transmission spectroscopy. The two ellipsometric parameters together allow a method-independent

description of the interaction of radiation with matter [5]. In comparison to conventional IR-reflection

spectroscopy no standards are required for a quantitative evaluation. This is of advantage for

quantitative in-situ measurements, for example in investigations of temperature dependent optical

constants or the application at an UHV or growth chamber. The optical contants n and k and the

thickness of thin films can be, dependent on the absorption, reliably determined from the nanometer to

the micrometer range [6, 7, 8]. The anisotropy of thin films and surfaces, which depends on the

structure and the molecule orientations, is of interest in the fields of material sciences, polymer and

biological research. Here, the frequencies, strengths and widths of oscillators and the optical constants

have to be determined. These parameters and film thicknesses can be evaluated from the IR-

ellipsometric spectra within best fit calculations [9, 10] in an anisotropic layer model.

The new IR-ellipsometry set-up at BESSY will be used for in-situ investigations of the anisotropic
vibronic and structural properties of surfaces and adsorbed molecules. The experimental procedure of

in-situ ellipsometry is restricted, because the sample-specific optimization of the incidence angle is



limited by the geometry of the preparation chamber. Therefore the enhancement of detection power

and signal/noise ratios by using the highly brilliant synchrotron radiation will be very helpful.

One project is the study of III-V semiconductor surfaces and the adsorption of molecules on these

surfaces. This will support the understanding of fundamental processes in metal organic vapour phase

epitaxy (MOVPE). Adsorption and surface catalytic decomposition of hydrides and metal organic

molecules are fundamental processes in the epitaxy of III-V semiconductors. In particular the

influence of the adsorbates on the surface structure is still unclear [11]. In these investigations the high

brilliance in a wide frequency range can be used for simultaneous measurements of surface phonons
(for semiconductors in a frequency range up to a few hundred wavenumbers) and molecular vibrations

(in a fingerprint region between 1000-2000 cm
-1

). Observation of surface phonons and molecular

vibrations allows conclusions on the surface structure and on decomposition processes respectively.

Another application is the determination of optical constants of planetary analog materials. IR-

ellipsometry at BESSY II will allow the investigations of small crystal samples. The optical data are

important as input data for the modelling and interpretation of IR-spectra from planetary surfaces [12].

The optical constants n and k spectra can be determined more accurately than from conventional

measurements because of the available high intensities at extreme low opening angles of synchrotron

radiation.
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3d→→→→4f Resonant Photoemission of Barium and Lanthanum Metal
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The phenomenon of strong resonant enhancement of photoionization cross sections for photon
energies close to certain absorption thresholds has been studied in detail during the last two
decades [1]. The resonance may be interpreted as an interference between the direct
photoionization channel and an excitation into a localized intermediate state that decays via
autoionization. Particularly well studied are resonances of the 4f-states of rare-earth (RE)
elements observed near the 4d→4f excitation threshold at photon energies between 100 and
180 eV. Starting from a 4d104fn(5d6s)m ground state the intermediate state is realized by a
4d94fn+1(5d6s)m configuration that decays via a Super-Coster-Kronig decay into the 4d104fn-1

(5d6s)m final state reached by ordinary 4f photoionization. On resonance the 4f
photoionization cross section is enhanced by about a factor of 20 while at the anti-resonance
the cross section is almost quenched. These strong cross-section variations are frequently used
to discriminate 4f from valence-band photoemission (PE) signals. Apart from the 4f states
also PE signals from other atomic subshells are subject to the resonance: Angle-resolved
resonant PE of the La 5d states has recently be used to monitor the wave-vector dependence of
the 5d admixtures to the valence bands of La metal [2], and for the La 5p resonance the
interplay between spectator and participator decay processes of the intermediate state has been
studied [3].
Similar phenomena as at the 4d absorption threshold appear also at the 3d absorption
threshold that falls in the range between 880 eV and 1500 eV photon energy for RE elements
[4]. Here, the resonant cross section variations are even stronger and the PE experiments have
the advantage that the surface sensitivity is much weaker than at the 4d→4f resonance due to
the larger kinetic energy of the photoelectrons. The latter is particularly important for
investigations of the correlated electron structure of light RE systems where bulk phenomena
may be masked by dehybridization at the outermost atomic surface layer [5]. Due to the
development of high-resolution undulator light sources for photon energies up to 2000 eV in
the last few years 3d→4f resonance are now readily accessible.
For a full quantitative understanding of the resonance process not only the autoionization
channel but also the competing radiative decay of the intermediate state must be considered.
Starting from 2001 corresponding resonant x-ray fluorescence experiments will become
possible using the x-ray emission spectrometer ROSA at the U41 undulator beamline of
BESSY II. During a  beamtime of few days in December 2000 first preliminary experiments
have been performed with ROSA on polycrystalline Ba and La films. Although neither the x-
ray detector nor the complete equipment for sample preparation was installed resonant PE
experiments at the 3d→4f absorption threshold could be performed using a hemispherical
Leybold EA10 electron analyzer. As an example, overview PE spectra from the region of the
Ba 4d emission are presented in Fig. 1 taken at the photon energies indicated by arrows in the
3d XAS spectrum shown in the insert. The data were normalized to equal intensities of the 4d
spin-orbit doublet observed at 85 and 88 eV binding energy (BE), respectively. In this
presentation, the resonant cross section variations can only be derived from a comparison of
the 4d emission intensity with the one of the MIV,VNIV,VOII,III Auger that appears  in the spectra
below 100 eV BE. More interesting than the absolute intensities are the 4d5/2/4d3/2 intensity
ratios that vary considerably as a function of photon energy. The phenomenon is related to
selection rules for the decay of the distinct intermediate states populated by the special  choice
of photon energy and the distinct coupling of autoionization and ordinary PE channels. Since
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for both Ba and La metal the 4f states are not occupied in the ground state a theoretical
interpretation of the data will be relatively simple [3]. The experiences achieved with these
systems will be used in the future for the interpretation of resonant 4f spectra of heavier RE
elements where also strong intensity variations of distinct final states have been reported [4].
Particularly for Ce systems where the 4f-spectra reveal both 4f0 and 4f1 final states a detailed
knowledge of the individual PE cross sections is crucial for an analysis of the spectra in the
framework of a single-impurity Anderson model that allows the determination of the
hybridization parameters of the 4f ground state [5].
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The energy dependence of photoionization cross-sections is a tool frequently used to identify
contributions from different atomic states to valence-band photoemission (PE) spectra.
Particularly useful are phenomena like Fano resonances [1] or Cooper-minima (CM) [2]
providing strong intensity variations of the PE signal from certain states. While the Fano
resonance is a many-body effect based on the coupling of the direct PE channel with
photoexcitation into a localized intermediate state and subsequent autoionization, the CM is a
matrix-element effect: Due to a node in the initial state wave function the transition matrix
element into oscillating free-electron-like final states becomes canceled. Atomic calculations
by Yeh and Lindau [3] provide PE cross-sections for all elements in a wide range of photon
energies. Thereby, not more than one CM is found for any atomic shell considered.
The behavior of the cross sections depend strongly on the shape of the initial state wave
function. For free atomic states, the amplitudes of the latter decay exponentially at large
distances from the nucleus, and transition matrix elements are calculated by integration over
the whole space. In a solid, however, periodic Bloch states are formed and for direct
transitions all Wigner-Seitz (WS) cells give the same contribution to the signal. This
difference should affect heavily the conditions for the appearance of CM, In fact, we found
experimentally the appearance of more than one CM for 4d states of Pd and Ag and were able
to reproduce this phenomenon by solid-state density-functional calculations as well as by a
simpler truncated-atom (TA) approach [4]. Similar effects are predicted for the 5d state of Au
and the 5f states of U.
Polycrystalline samples, which were prepared by in-situ thermal deposition of about 500 Å Pd
(Ag) onto a Cu substrate at a pressure better than 2x10-10 mbar, were studied by PE. The
experiments were performed at the PM5 beamline of the Berliner Elektronenspeicherring für
Synchrotronstrahlung (BESSY I). The PE spectra were taken in an angle-integrated mode
using a Leybold-Heraeus hemispherical electron-energy analyzer with an acceptance angle of
14°. The energy distribution curves of Pd metal were normalized to the total PE signal of the
3d bands of polycrystalline Cu metal measured in the same experimental set up. Radial dipole
matrix-elements were calculated in single electron approximation. In contrast to the original
work of Cooper {2], radial integrals were reduced to an upper limit r0 mostly identified with
the Wigner-Seitz radius, rws. For the solid-state approach, potentials were obtained from
LMTO-ASA-LDA calculations; for our simpler TA approach, relativistic free atom self-
interaction corrected LDA calculations were applied.
The lower panel of Fig. 1 shows intensity variations of the Pd 4d-emission close to EF (filled
circles) and at 1.4 eV binding energy (open circles) as a function of photon energies hν. The
resulting curves reveal similar behavior indicating that details of the density of states have
only minor influence on the cross-section variations. As it is evident from our results the only
CM obtained from the Yeh-Lindau (YL) calculations  at 115 eV has a counterpart in the
experimental solid-state data. The latter is shifted, however, toward hν ≅ 130 eV. Besides this
feature, another pronounced minimum is observed around 50 eV photon energy, and an
additional weak minimum is found around hν ≅ 210 eV. Our calculations show
unambiguously that similar to the YL-CM these structures are caused by matrix-element
effects. Results of our solid-state calculations (squared radial matrix elements) for fcc Pd are
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presented in the bottom in Fig. 1. For transitions into final-states of angular momentum l=3
and r0 = rws = 1.52 Å (light shaded area) minima are predicted at 65 eV, 142 eV, and 218 eV
in good agreement with the experiment. Transitions into l=1 final-states (dotted line) are about
one order of magnitude less probable and do not contribute significantly to the PE intensity.
Deviations of the intensity between theory and experiment can be explained by contributions
of initial states with other angular-momentum characters to the experimental PE signal and by
the fact that the theoretical dependence represents only the radial part of the dipole matrix
element. The transition of the observed series of solid-state CM into the single YL-CM may
be studied by increasing r0. The solid line presents results for r0 = 1.95 Å: All predicted
minima are shifted to lower photon energies and, particularly, the position of the second
minimum approaches the value of the YL-CM. Since further expansion of the solid is queer
within the LMTO-ASA-LDA formalism, we switched to our simpler TA approach. Results
within the latter for r0 = rws  are shown in the upper panel of Fig. 1 (dark shaded area). Again,
three minima are obtained in qualitative agreement with the solid-state approach. Increasing
r0, the first minimum disappears above a critical radius and the higher-lying minima become
less and less pronounced leaving only one single broad minimum that corresponds to the free-
atom case.
The insert of Fig. 1 shows results for Ag 4d and Au 5d bands, calculated within our simple
TA approach and presented on a logarithmic scale. Again, series of solid-state CM are
obtained. In both cases, the first two minima are in good agreement with the measured photon
energy dependence of PE intensities.
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Fig.1: Measured intensity variations of
the Pd 4d PE signal (circles) and
calculated squared radial matrix elements
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photon energy (see text).
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THE INTERFACE STRUCTURE BETWEEN AMORPHOUS SILICON
OXIDE AND CRYSTALLINE Si(111)

C. Westphal 1,2, S. Dreiner 2, M. Schürmann 2, and H. Zacharias 2
1 Universität Dortmund, Lehrstuhl für Exp. Physik I, Otto-Hahn-Str.4, 44221 Dortmund
2 Universität Münster, Physikalisches Institut, Wilhelm-Klemm-Str.10, 48149 Münster

The thermally grown SiO2/Si-interface has been studied extensively during the last years
because of the significant role of SiO2/Si-interfaces in semiconductor devices (for instance in
MOSFETs).  From previous studies it is known that the transition from the perfect crystalline
structure of the Si substrate to the amorphous silicon oxide film is abrupt and that it occurs
within one atomic layer.  Within this region, the intermediate oxidation states of silicon oxide
play a central role for the structural transition [1].  Photoemission extended fine structure
studies (PEFS)  [2] and angle-resolved photoemission [3] investigations established the
statistical cross-linking model being in agreement with the abrupt transition at the interface.
Within this model, the dangling bonds of the two sides of the interface plane are stitched
together.

We report results obtained from angle resolved high-resolution core-level photoemission
spectroscopy compared with model structure calculations.  Thin SiO2 films were grown in-
situ by thermal oxidation, the oxygen pressure was kept at 3x10-5 mbar for 2 minutes while
the crystal was at a temperature of 850º C.  The electron energy resolution was about 50
meV and the photon energy resolution was set to 80 meV.  At a fixed polar angle,
photoemission spectra were recorded over 180º azimuth range with an increment of ∆Φ=2°.
Subsequently, a new polar angle was set with an increment of ∆Θ=2° and a new azimuth-
scan was recorded.  This was repeated until the full polar and azimuth range were covered
(0°<Θ<84°, 0°<Φ<180°).

Figure 1 shows a typical photoemission spectrum of the oxidized surface after the secondary
background has been subtracted.  The line-shape consists of five resolved components,
which correspond to the electron signals of Si0+, Si1+, Si2+, Si3+, and Si4+.  Each measured
spectrum was decomposed by least squares fitting into five components, each of which
consisting of a pair of spin-orbit split Gaussian peaks.  Peak positions and peak widths agree
well within a few percent to previously published results [4].

Figure  1:
Typical photoelectron
spectrum of the oxidized
Si(111) surface.
Decomposition into
different silicon oxide
states is obtained from a
least squares fit.
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Figure 2 displays experimental (upper row) and calculated (lower row) photoelectron
diffraction patterns for the different oxidation states, recorded with hν = 155 eV photon
energy.  This photon energy was chosen since an electron kinetic energy of around 50 eV
allows backward and forward scattering events with nearly the same probability.  Therefore,
information about the structure above and below the emitter is contained in the diffraction
patterns.  The calculated patterns were obtained using the MSCD-package [5], electron
scattering phases are derived from a partial wave expansion for a muffin-tin potential.  A
multipole R-factor analysis described by Fasel et al. [6] was carried out to compare the
results of the calculations with the experimental data.

Si1+ Si2+ Si3+

experiment

calculation

Figure 2:  Experimental and calculated photoelectron diffraction patterns for the individual
silicon oxidation states at the interface.  The suboxides are ordered and embedded within
their local environment since definitive diffraction patterns and differences are displayed.  In
particular, the intensity maxima are located at different angles.

As a starting point for the analysis, the local bonding configurations of the various oxidation
states were obtained from the statistical cross linking model.  Within the model, each Six+

site is weighted by a probability function depending on the number of symmetry equivalent
configurations within the cluster and on the number of bonds to oxygen atoms (a silicon-
oxygen bond occurs twice as often than a silicon-silicon bond).  In the simulation the
distances of the Si-Si bonds and the Si-O bonds were varied.  In particular, parallel to the
surface, the horizontal distances were increased in steps of 5% of the silicon bulk distance.
For all clusters containing mainly Si-Si bonds the vertical lattice distances were varied in
steps of 0.05Å.  In the case of clusters mainly composed of Si-O bonds the vertical distance
variation is replaced by a Si-O bond length variation (in steps of 0.05Å).

The Si1+ suboxide can be found in an upper (probability = 1/3) or lower part  (probability =
1/9) of a bilayer.  Further, since the oxide film thickness was < 10 Å, silicon oxide might
occur directly at the surface and some silicon oxide might be located one or two layers below
the surface under amorphous silicon oxide.  The model cluster calculations included these
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various structures, within the R-factor analysis the contributions of each structure were
varied.  The silicon Si2+ suboxide is located in a lower part of a bilayer only and its probability
is 2/9 among all possible cluster structures.  Photoelectrons emitted from a Si2+ emitter atom
originate from an emitter below the surface leading to a weaker photoelectron signal
compared to the remaining oxidation states.  Three symmetry equivalent atom positions
were included within the R-factor analysis.  The Si3+ suboxide situation is similar to the Si1+

case. Si3+ may be located in an upper and lower part of a bilayer, the corresponding atom
clusters with their probabilities were included according to the statistical cross linking model.

Figure 3 shows as an overview a structure model of the SiO2/Si interface.  Within the model,
the transition to the bulk structure is abrupt and occurs within one atomic layer.  All Six+

suboxides can be found at the interface, within their individual local environment.

Figure 3:  Overview of the various suboxide structures embedded within the interface

In conclusion, the measured diffraction patterns agree well with the simulated results
obtained for Six+ suboxides in their local environment.  The main experimental observed
features in the patterns could be described assuming atom structures derived within the
statistical cross linking model.  A quantitative analysis indicates horizontally compressed
silicon oxide at the interface with the bond length of SiO2.  This is obtained by the R-factor
analysis for all three suboxides, where the structure parameters of each suboxide were
determined.  Also, while the R-factor analysis was performed for each suboxide separately,
structure parameters obtained for common atom bonds af all three suboxides (e.g. the
silicon bulk distance) are in good agreement to each other.  This confirmation supports the
assumed model being reliable within the recorded experimental data.
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First Tests of Crystal-Based Elliptical Bragg-Fresnel Lens.

A. Firsov∗, A. Erko, W. Gudat
BESSY, Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung mbH, Albert-

Einstein-Str. 15, D-12489, Berlin, Germany.
S. Shapoval, V. Aristov A. Svintsov, A. Asryan

Institute of Microelectronics Technology and High Purity Materials RAS, Chernogolovka,
Moscow distr., 142432, Russia.

M. Ferstl
Heinrich-Hertz-Institute fur Nachrichtentechnik, Berlin GmbH, Einsteinufer 37, D-10587

Berlin, Germany.

Introduction.
In this work the two types of crystal-based, elliptical shaped Bragg-Fresnel Lenses (BFL)

are tested in monochromatized synchrotron radiation. The first type I was an elliptical lens,
designed as the element with only first-order diffraction focussing. In this case the maximum
aperture is limited by the technological possibility to produce the finest zone width. To
enhance aperture and therefore, maximum flux in focal spot, the second BFL,s type II was
fabricated. Additional increase in the flux for the lens type II was achieved by creating zones
contributing to the third diffraction order. A. Michette and M. Simpson first suggested this
idea for zone plates (ZPs) in 1984 [1]. Dr. Svintsov has carried out mathematical analysis of
the crystal BFL lens behavior. The elliptical silicon-based lenses of both types I and II have
been fabricated to focus radiation with the energy of 10 keV.

Lens fabrication.
The primary patterns of diffraction structures were created by electron beam lithography

with the ZRM - 20 lithography   system   equipped   with   a   pattern generator and working

a                                                     b                                                  c
Figure 1 a)The type I lens with first diffraction order only (dimensions: 844µm by 160µm; last zone size –

0.3µm); b) The type II lens with the first and third diffraction order structures (dimensions: 3000µm by
484µm; last zone size – 0.3µm);

              c) Magnified SEM image of the first BFL zones after plasma-chemichal etching.
                                                          
∗ Permanent address: IMT RAS, 142432 Chernogolovka, Moscow dist, Russia.
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under the PROXY-WIN writing program. The diffraction element topology was established
using a specially developed ZON program, which allows to create the topology of any x-ray
lens (meridional, linear, circular, elliptical, kinoform). Plasma-chemical etching was done
with the system, based on the ECR ion source [2] in the IMT RAS, Chernogolovka as well as
with the reactive-ion system in the Heinrich-Hertz-Institute in Berlin [3]. In figure 1 a,b,c the
JEOL-840 SEM images of the diffraction focusing elements are shown. The smallest size of
the diffraction zones is 0.3 µm and the depth of the grooves is 1.25 µm. The single crystal Si
(111) was used as the BFL substrate.

Experimental results.
The experiments were performed at the BESSY КМС-2 beamline in Bragg conditions. The

synchrotron radiation beam with the energy of 10 keV, monochromatized by the double-
crystal SiGe monochromator was used. Energy band-pass was measured of FWHM = 0.8 eV.
The intensity distribution was obtained by scanning of the 5 µm pinhole in the focal plane.
Photons passing through the pinhole were detected with a scintillation counter. In figure 2 is
shown the intensity distribution in the focal plane of the type I BFL with the profile depth of
1.26 µm.  The similar result was obtained with the type I lens with the depth of profile of 0.6
µm. Measurements of the type II lens show increase of the focal flux in factor of 1.5 due to
the increase of the lens aperture. In all of three cases the FWHM of the focal spot was
measured of 12 µm, which corresponds to the geometry of the experiment and source size.

Figure 2. Intensity distribution in the focal plane of the type 1 BFL.

Conclusion.
The synchrotron radiation intensity distribution in the focal plane of a silicon-based crystal

elliptical Bragg-Fresnel lenses was experimentally studied for the first time. The lenses of
type I exploring only the firs order diffraction focussing have shown the same photon flux in
the focal spot both for the 0.6 µm and 1.26 depth of profile. The lens o type II with the
aperture, enlarged due to the combination of the first and third diffraction orders has shown
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spot flux intensity in 1.5 times higher. The father improvement in a lens technology and
experimental instrumentation, could allow as to reach better focal size and flux.
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The Undulator Beam Line U49/2 PGM  of the
 Brandenburgische Technische Universität Cottbus

was officially put into operation on July 17, 2000
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Topping-out Ceremony

On September 22, 2000 BESSY and Hahn-Meitner-Institut celebrated the topping-out

ceremony of the extensions of the office and laboratory building in the Albert-Einstein-

Straße. Both projects will be realized on time, i.e. by the end of 2001.

picture: H. Wollenweber

      
                                                                                                                 picture: H. Wollenweber

Left:
BESSY has expanded the present
infrastructures building in
direction Magnusstraße for
additional laboratories and office
space.

Bottom:
Simultaneously, the infrastructure
building has been extended along
Albert-Einstein-Straße in the
direction of the parking lots by
Hahn-Meitner-Institut.

Dr. Hardo Braun, manager of
the Department of Construction
and Engineering of the Max
Planck Gesellschaft during his
speech.
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SRI 2000

The “7th International Conference on Synchrotron Radiation Instrumentation" was an outstanding
event in 2000. The conference was held in Berlin from August, 21-25 and hosted by BESSY and the
Technische Universität Berlin. More than 700 scientists from all over the world attended this
conference to present and discuss new technological developments and experimental techniques in
research with synchrotron radiation. Major emphasis was put on the utilization of synchrotron
radiation in micro technology, biotechnology and materials sciences. The conference programme
included a guided tour to the BESSY II facility which was well attended by the participants.

             

              

               

Chairmen of the Conference:
Prof. Dr. W. Gudat, BESSY  (left) and Prof. Dr. P. Zimmermann, Technische Universität Berlin (right)
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Tour  to BESSY II

   

Boat tour on the lake Wannsee
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BESSY Users' Meeting
December 7 and 8, 2000

Berlin-Adlershof, Building 12.2 WISTA
Rudower Chaussee 17, D-12489 Berlin

P r o g r a m m e
Thursday, December 7
from 9:00 h Registration, Coffee (Building 12.2)

Poster set-up ( Experimental hall, BESSY building,
Albert-Einstein-Straße 15)
Vendor exhibition (Building 12.2, WISTA)

Session in Robert-Bunsen-Saal
10:15 h Welcome and Introduction

W. Gudat (BESSY)

10:30 - 12:45 h Presentations on research results obtained at BESSY
Moderation: K. Baberschke (FU Berlin)

W. Wurth et al. (Universität Hamburg)
X-Ray Absorption Studies of Deposited Metal Clusters

J. Bansmann et al. (Universität Rostock)
Application of Tuneable Linearly Polarized
Synchrotron Radiation to Surface Magnetism

F. Wilhelm et al. (Freie Universität Berlin)
Element Specific Curie-Temperatures
and Magnetic Moments in Monolayers

H.-C. Mertins et al. (BESSY)
Soft X-Ray Magneto-Optical Polarization Spectroscopy

M. Katsikini et al. (Aristotle University of Thessaloniki)
Characterization of III-V Nitrides with X-Ray Absorption

Techniques

M. Golden et al. (IFW Dresden)
When and Where are there Quasiparticles in the High Temperature
Superconductors? An ARPES Point of View

12:45 – 14:00 h Lunch (Restaurants on campus)

14:00 –14:50 h Bestowal of the Ernst-Eckhard-Koch Prize by the Society of
Friends and Sponsors of BESSY
Presentation by the winner of the E-E-K Prize

14:50 – 15:05 h Information on “Verbundforschungsförderung”
Der Projektträger Dr. L. Incoccia-Hermes



375

15:05 - 15:15 h Introduction to the poster presentation

15:15 - 18:00 h Poster presentation in the Experimental hall of BESSY with the
possibility to view the BESSY facility

18:00 – 20:00 h Invitation to a "Berliner Buffet", sponsored by vendor companies

Friday, December 8
9:00 – 10:20 h Presentations on research results obtained at BESSY

(Session in Robert-Bunsen-Saal)
Moderation: E. Rühl (Universität Osnabrück)

M. Faubel et al. (MPI Strömungsforschung, Göttingen)
Photoelectron Spectroscopy of Liquid Water Solutions

K. Godehusen et al. (Technische Universität Berlin)
2p and 3p Multiplet Structure of 3d Transition Metals

D. Schmeißer et al. (Brandenburgische Technische Universität
Cottbus)
Interface Engineering of Semiconductor Surfaces

F. Scholze (PTB Berlin)
At Wavelength Metrology for EUV Lithography

10:20 – 11:05 h Technical Developments and Plans
Moderation: J. Fink (IFW Dresden)

A. Erko (BESSY)
X-Ray Instrumentation at BESSY

R. Bakker (BESSY)
Some Thoughts about a FEL at BESSY

11:05 – 11:40 h Coffee-break

11:40 – 11:50 h Bestowal of the BESSY-Poster Prize

11:50 - 12:50 h Reports on BESSY
- Operation of the storage ring D. Krämer
- Status and development of instrumentation
   and user operation W. Braun

12:50 – 13:20 h Discussion related to the reports
Moderation: G. Schütz (Universität Würzburg)

End of the Meeting
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Parallel to the Users' meeting a vendor exhibition will be held in the Einstein- and Newton-Kabinett
of the WISTA-building (12.2). The following companies will participate in the exhibition:

 Accel Instruments GmbH, Bergisch Gladbach
 BESTEC GmbH, Berlin
 Caburn-MDC GmbH, Berlin
 Gammadata Scienta AB, Uppsala, Sweden
 GMS Frank Optic Products, Berlin
 IfG-Institut für Gerätebau GmbH, Berlin
 ILMVAC GmbH, Ilmenau
 iseg Spezialelektronik GmbH, Hamburg
 Jenoptik Mikrotechnik GmbH, Jena
 Leybold AG, Berlin
 Omicron Vakuumphysik GmbH, Taunusstein

 Optikkomponenten & Kristalle, Berlin
 Oxford Instruments, Oxford, UK
 Pink GmbH Vakuumtechnik, Wertheim
 Pfeiffer Vakuum GmbH, Berlin
 SIS Struck Innovative Systeme GmbH, Hamburg
 SPECS GmbH, Berlin
 VACOM GmbH, Jena
 Vacuum Generators, Hennstedt
 Varian GmbH, Darmstadt
 VAT-Deutschland GmbH, Grasbrunn
 VTS-CreaTec GmbH, Castrop-Rauxel
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As a representative of
the BESSY user’s
community Professor
Dr. G. Schmahl (left)
from the University
Göttingen, , thanked
Professor Gudat for his
merrits as scientific
director of the BESSY
GmbH.

Professor Gudat (right)
was a member of the
BESSY board of
directors for 12 years
until December 2000.

For the first time the
poster session was
held in the BESSY
storage ring hall.
The posters are to
remain in the hall
until next year’s
meeting so that the
results of the
experiments can be
discussed the whole
year round by
visitors and by other
user groups.
As in the last years
the best poster was
honoured with a
voucher for scientific
literature. This year
the  poster prize was
awarded to T.
Eimüller  from the
University
Würzburg.
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Thomas Knuth of the BESSY Accelerator Group
received  the Ernst Eckhard Koch Award 2000.

The Prize was handed over by the president of
the BESSY Förderverein Prof. Dr. Peter
Zimmermann.

Ernst Eckhard Koch Award 2000

On the BESSY Users‘ Meeting the BESSY-Förderverein granted the Ernst Eckhard Koch
Award 2000 to Dr. Thomas Knuth for his thesis in accelerator physics on work at BESSY.
The Koch Prize is awarded by the BESSY Förderverein for an outstanding thesis on work
with synchrotron radiation at BESSY or at HASYLAB, Hamburg. The prize was awarded for
the tenth time. The year 2000 also marks the 10th anniversary of the BESSY-Förderverein
which was founded in 1990.

Dr. Knuth made his work from 1997 to 1999 at BESSY and was graduated at the Humboldt-
Universität zu Berlin. He achieved a further improvement of the beam stability and the
brilliance of the BESSY light source. Dr. Knuth constructed electronic damping systems and
installed them into the BESSY storage ring to damp instabilities of the electron beam caused
by the interaction of the beam with the surrounding vacuum chamber. The further
improvement of the brilliance of the BESSY light source is a precondition to operate the
storage ring at higher currents. This will extend the experimental feasibility with synchrotron
radiation at BESSY.
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Visitors in 2000

January
Wirtschaftsfachschule Berlin GmbH, Filmaufnahmen

February
Dr. B. Kanngießer (TUB) and students, 15 participants
Mr. Holstein HUB, geogr. Institut Wirtschaftsgeographie
Forschungsinstitut der Europäischen Akademie Bozen, 3 participants
Prof. Dr. M. Heinemann, director of the Zentrums für Zeitgeschichte von Bildung and Wissenschaft,
University Hannover (ZZBW)

March
foreign guest of the German Government,  6 journalists
the president of the UNESCO
Dr. Akira, Photon Factory,Japan
4 members of  the MPG-Bauabteilung , 4 participants
Dr. B. Bhaneja, Dr. W. Davidson,  National Research Council China
Senior Group of the  Zentrale Telekom AG, 15 participants
Betriebsrat of the Hahn-Meitner-Institut, 13 participants
Chin. Academy of Science, Prof. Chen, Mr. Yang, Mr. Li, Mr. Hou, Ms. Dong, Ms. Zhang, Ms. Liu

April
Staatl. Technikerschule Berlin, Mr. Linke, 12 participants
RotaryClub Berlin, 50 participants
Dr. Thomas Link, TU Berlin, Inst. F. Metallforschung, Mikroanalyse and 12 students
MPG Bauabteilung, Ref.3c,  Mr. Grömling,  8 participants
Pisgat zeev Highschool, Jerusalem, Prof. Elsässer (MBI), 20 participants
FHI Ausbilder für elektrotechn. Berufe, 25 participants
Fachschaft Physik der Universität Rostock, 40 participants
Prof. Schwendtner (FUB) and 20 students

May
BAM (Dr. Riesemeier) and guests, 10 participants
Proteinstrukturfabrik (Dr. Illing) and  television team of the  Bayrischer Randfunk
Wissenschaftsausschuss der SPD-Fraktion im Abgeordnetenhaus von Berlin, 10 participants

June
Prof. Lin,  Hongkong  (guest of the FhG, Fr. Rehak)
IFW Dresden, Prof. Dörfel, 30-35 participants
TU Berlin, Projektlabor,  9 participants
Ms. Koch (TFH Berlin) and guest scientists
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Dr. Murli Manohar Joshi, Minister of Science and Technology & Ocen Development, India

July
Fa. Johnson Controls, 2 participants
Prof. Pietsch, Uni Potsdam mit Studenten der Physik, 16 participants
Dr. Bittl (TUB) with 10 students (chemistry)
5 members of the Deutsches Patent- and Markenamt
25 participants of the  Weltkonferenz Urban 21,  BAAG
Dr. Esser (TUB) and students, 15 participants
Universität Erlangen, Dr. Seyler and 15 students

August
Direktorenkonferenz der Physikalisch Technischen Bundesanstalt, 16 participants

September
Mr. Pulvers and 20 Ingenieure
MPI Plasmaphysik, Dr. Sünder + students of the summer university, 50-60 participants
visitors of the "WISTA-Forschungstage",  40 participants
visitors of the "WISTA-Wissenswertes Wochenende",  30 participants
visitors of the "WISTA-Wissenswertes Wochenende",  22 participants
Prof. Grunze, Uni Heidelberg mit Arbeitskreismitgliedern, 30 participants
Delegation der National Natural Science Foandation of China, 22 participants

October
Mitglieder des Wissenschaftl. Beirats des MBI,  13 participants
TUB, Studienfachberatung, 5  students
Sen. Verwaltung Stadtentw.,  Dr. Steinmetz and 12 guests

November
Prof. K.R.F. Bätjer TFH Wildau, 50 students,  (x-ray and optics laboratory)
Prof. K.R.F. Bätjer TFH Wildau, 20 students,  (x-ray and optics laboratory)
Vertreter der  Deutschen Stahlindustrie, 25 participants
Mr. Wollenweber, TFH Berlin and colleagues

December
Dr. Bartl (HUB)  and students, 20 participants
AG Schmeißer, 7 participants
Prof. Wirulh Sayakanit, Chualongcorn University, Bangkok
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Visiting Schools

March

Gymnasium Eisenhüttenstatt, 18 participants
Alexander-v-Humboldt-Oberschule, LK Physik, Mr.Liebmann and 18 participants
Gymnasium Emden, GK Physik, 16 participants
Alexander-v-Humboldt-Oberschule, LK Physik, Ms. Harlinghausen and 26 participants
Erich-Hoepner-OS, LK Physik, Mr. Schleissing and 17 participants
Georg-Forster-OS Lichtenberg, LK Physik, Mr. Auerswald  and 18 participants
Erich-Hoepner-OS, LK Physik, Mr. Gebauer-Kwee  and 24 participants

May
Ges.Schule Voerde, Mr. Uhlmann , 12 participants

July
H.v.Kleist-Oberschule,  LK Physik, Dr. Puschmann mit 15-20 participants
Paul Gerhardt Gymnasium Lübben, GK Physik Herr Zschau and 32 participants
Barnim Oberschule Hohenschönhausen (Dr. Hoffmann), LK Physik,15 participants
Kopernikus Gymnasium Blankenfelde, LK Physik, Mr. Albus and 20 participants
Lise Meitner-Gymnasium, LK Physik, Mr. Krause and 10 participants
Nelly Sachs Gymnasium,. LK Physik, Mr. Härtner and 12 participants

August
Windhorst-Gymnasium  Meppen, LK Physik, Mr. Koch and 12  participants

December
Canisius-Colleg, LK Physik, Mr. Reitebuch and 18 participants





Publications

We have tried to collect all the publications founded on work with BESSY

synchrotron radiation but we know, that our efforts might be unsuccessful.
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Nachtrag Veröffentlichungen 1999

Baumgärtel, P., R. Lindsay, O. Schaff, T. Gießel, R. Terborg, J.T. Hoeft, M. Polcik,
A.M. Bradshaw, M. Carbone, M.N. Piancastelli, R. Zanoni, R.L. Toomes, D.P. Woodruff
The dimer stay intact: A quantitative photoelectron study of the adsorption system Si(100)(2xl)-C2H4

New J. Phys. 1, 20 (1999)

Becker, U.
Photoelectron emission from oriented molecules
in: X-ray and Inner-shell Processes, edited by D.S. Gemmel, E.P. Kanter, and L. Young
(American Institute of Physics, New York, Chicago, Illinois) pp. 205 (1999)

Beijersbergen, M., M. Bavdaz, A. Peacock, E. Tomaselli, G. Fraser, A. Brunton, E. Flyckt,
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