Freie Universitat (|~

RESEARCH WITH
SYNCHROTRON RADIATION

2000-2005







Freie Universitat (3™

RESEARCH WITH
SYNCHROTRON RADIATION

2000-2005



This volume summarizes progress and highlights of research with synchrotron radiation at the
Freie Universitdt Berlin. Browsing through the volume shows that a multitude of research
projects in physics, chemistry, and the life sciences have profited by the spatial proximity and
special scientific ties to the Berlin synchrotron radiation facility BESSY. We thank the
Bundesministerium fiir Bildung and Forschung (BMBF) and the Deutsche Forschungs-
gemeinschaft (DFG) for their support of the research with synchrotron radiation at the Freie

Universitit Berlin.

Exciting possibilities for novel research projects have been created by the inauguration of
BESSY-II in Berlin-Adlershof. This state-of-the-art research facility enriches and strengthens
Berlin as a prime location for excellent science. Due to the intense and efficient utilization of
the BESSY, it is foreseeable that also in the future the scientists of the Freie Universitit Berlin
together with their international partners are going to be at the forefront of research with

synchrotron radiation.

Research with synchrotron radiation is an interdisciplinary endeavor. I am looking forward to
a continuation and extension. This volume on research with synchrotron radiation in the years

2000-2005 may serve as an encouragement for the upcoming years.

Univ.-Prof. Dr. Helmut Keupp
Vizepriasident

Freie Universitit Berlin
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Preface

Synchrotron radiation is an invaluable tool for studying physical, chemical and biological
problems at the atomic level. Researchers at the Freie Universitdt Berlin realized early the
scientific potential of synchrotron radiation. They promoted and actively contributed to the
development of the Berliner Elektronenspeicherring (BESSY), which now is a state-of-the-art
facility and a particularly valuable asset of Berlin’s research infrastructure.

There is a specific framework of research with synchrotron radiation. More than in other
areas, development of and investments in infrastructure and instrumentation is required. The
magnitude of the needed resources requires a cooperative effort of a larger circle of research
groups. Typically state-of-the-art instrumentation is developed in a joint initiative of several
research groups and then used for cutting-edge research by an even larger community.
International cooperation plays a prominent role. More than in any other Berlin university,
researchers at the Freie Universitdt are active in both areas, development of novel
experimental technology as well as cutting-edge research using synchrotron radiation, as
demonstrated by the following collection of articles.

This volume provides an overview of the research with synchrotron radiation at the Freie
Universitdt. In 26 research and review articles, the numerous facets of synchrotron radiation
research and its increasing importance, especially in the life and material sciences, are
highlighted. The listed publications (more than 200) show the level of international
recognition. The 27 PhD theses and four Habilitations illustrate the role in the education,
training and promotion of young scientists.

Already in 1984, research groups at the Freie Universitét that are actively involved in the
synchrotron radiation research successfully started to coordinate their activities. In 1985, the
FK (Forschungskommission) of the Freien Universitét selected research with synchrotron
radiation as a ‘Forschungsschwerpunkt’ of strategic importance. At different levels and with
changes in focus, since 1985 the FK has provided financial support to motivate and strengthen
these coordinated research activities. The financial support was accompanied by the hiring of
internationally recognized principal investigators that are active in synchrotron radiation
research. Thereby the Freie Universitdt has strengthened further its role in research with
synchrotron radiation and the ongoing development of the BESSY.

The importance of synchrotron radiation research for the progress in life and material
sciences is increasingly recognized. Nonetheless, the financial resources allocated by the
Bundesministerium fiir Bildung und Forschung (BMBF) for research with synchrotron
radiation at German universities has not kept up with the increasing demand. Increasingly
fierce competition for dwindling financial resources in conjunction with changes in the
funding policies of the BMBF (in the program "Erforschung kondensierter Materie") also
have affected researchers at the Freie Universitit severely. However, our efforts to
compensate for the diminished support by the BMBF by acquisition of grants from other
agencies (mostly Deutsche Forschungsgemeinschaft, but also other BMBF programs) had
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been largely successful. Not only the excellence and perseverance of researchers at the Freie
Universitdt, but also the continued support by the university has played a role. This support
has facilitated the proof-of-concept experiments needed for new research or instrumentation
initiatives, and it provided the financial resources for the repairs and replacements that are
essential for running a state-of-the-art synchrotron experiments. We explicitly thank the Freie
Universitédt Berlin for this special support.

In research with synchrotron radiation, the mere scale of the used scientific instruments
requires extensive considerations on research strategies and the allocation of financial
resources. However, financial resources only provide the means for exciting science in
research fields that will shape the future of our society. We hope that the following collection
of articles, which summarize outstanding scientific results and technical progress of the years
2000 to 2005, may provide some enjoyable insights in the broad scope and possibilities of
synchrotron-radiation research as well as in the scientific progress recently made at the Freie
Universitét Berlin.

Prof. Dr. Holger Dau Prof. Dr. Wolfgang Kuch Dr. Ralph Piittner
Coordinator

BESSY user group

of the FU Berlin
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Previous page: Interior view of the chamber used for measuring the partial cross sections of
helium in the region of the doubly excited states. Twelve electron spectrometers on the basis
of a time-of-flight technique are mounted around a central ring. The copper needle in the
lower part of the picture is the gas inlet, and the propagation direction of synchrotron light is

out of the paper plane.
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Atomic and Molecular Physics

Atoms and simple molecules are the building blocks of compound systems over a wide
range of complexity from small clusters over solids to living cells. Based on these
considerations, studies of single atoms and molecules are of fundamental interest for two
different reasons. First, single atoms and molecules consist of only a relatively small number
of particles, namely nuclei and electrons. They are, therefore, well suited to serve as model
systems for studying complex fundamental properties, like e.g. electron correlation. Second, a
wide range of properties of more complex compound systems, like solids, can often readily be
derived starting from the properties of single atoms or simple molecules.

However, the properties of isolated atoms and molecules allow to describe only the static
properties of larger systems like the electronic structure of solids that determines e.g. the
conductivity of a solid. In order to describe a dynamic world including a goal-oriented
modification of surfaces or the living world, we need to understand the different aspects of
interactions between the building blocks like e.g. surface adsorption or chemical reactions.

Some topics within this broad field of atomic and molecular physics are studied at the
Freie Universitdt Berlin using synchrotron radiation. Fundamental research on electron
correlation and quantum chaos has been performed by Piittner et al. by studying the doubly
excited states in helium, which is the simplest atom that exhibits both of these properties. An
Auger process initiated by synchrotron radiation was used in the second contribution by
Piittner et al. to produce and study stable molecular di-cations. Molecular di-cations are a
class of molecules that play an important role in ionized gases like in a plasma or in the
ionosphere, but they are difficult to produce and study.

The contribution of Haumann ef al. deals with the field of life science. These authors
applied X-ray absorption spectroscopy on organometallic model complexes in order to
elucidate the chemistry of oxygenic photosynthesis and biological hydrogen production.

Two research projects focus on the interaction of atoms and molecules with surfaces. Ney
et al. studied the light-induced surface reaction between halogens and materials that are
relevant in structuring semiconductor devices. In order to shine light on the chemical-
analytical processes, the research group of Christmann studied the electronic structure of
adsorbate layers on transition metal surfaces.
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Doubly excited states in helium:

From electron correlation to quantum chaos

R. Piittner,’ Y.H. Jiang,l R. Hentges,2 J. Viefhaus,2 M. Martins,’
J.-M. Rost,* D. Delande,” U. Becker,2 and G. Kaindl'

!Institut fiir Experimentalphysik, Freie Universitit Berlin, Berlin, Germany
’Fritz-Haber-Institut Berlin, Berlin, Germany
*Institut fiir Experimentalphysik, Universitit Hamburg, Hamburg, Germany
?Max-Planck-Institut fiir Physik Komplexer Systeme, Dresden, Germany
’Laboratoire Kastler-Brossel, Université Pierre et Marie Curie, Paris, France

One very successful approximation for
understanding the electronic structure of
the
independent-electron  picture. this
approximation the movement of an electron

atoms, molecules, and solids is

In

is assumed to occur in the mean potential
created by the nuclei and all other electrons.
One consequence of this picture is that only
one electron can be excited by one photon;
this allows to understand the most intense
lines in the spectra of electronic excitations.
The
which is also known as electron correlation,
is, however, neglected in this picture and, as

direct electron-electron interaction,

a consequence, a number of interesting
phenomena cannot be explained. One of
these phenomena is the excitation of two or
more electrons with one photon, which will
be discussed for helium in the present article.
Other important phenomena based on the
electron correlation are high-T. super-
conductivity and the colossal magneto-
resistance, with the potential of applications
in sensors detecting magnetic fields. These
phenomena result in an increased interest in
advanced theoretical descriptions of electron-
correlation effects.

The helium atom consists of one nucleus
and two electrons and is — due to the mutual
interaction of all three particles — the simplest
that  exhibits
interaction. From a more fundamental point

atom electron-electron

of view, it is a three-body system that is

comparable in some respects to the well-
known three-body system sun-earth-moon.
Since the work of Poincaré a century ago it is
that three-body
system cannot be solved analytically (it is

well-known a classical
nonintegrable) and that the dynamics involve
a mixture of regularity (as e.g. in the stable
system sun-earth-moon) and chaos.

Under normal conditions, tiny objects like
atoms have to be described using quantum
mechanics. In the process of excitation,
however, electrons are promoted into higher
orbits resulting in larger sizes of the atoms.
The size of an atom can be tailored by
continuously varying the energy of the
photons used for the excitation process.
According to the correspondence principle,
with increasing size an atom becomes more
and more comparable to a classical object.
Therefore, close to the double ionization
threshold (which is equivalent to an infinite
large of the atom) the quantum
mechanical solution of the helium atom is

size

expected to be strongly influenced by the
chaotic dynamics of its classical counterpart.
This phenomenon is called quantum chaos.
There
difference

1S, however, a fundamental

between  classical  chaotic
dynamics and quantum mechanics: while
has to be
described by nonlinear equations of motion,
the fundamental equation for

mechanics — the Schrodinger equation — is

classical chaotic dynamics

quantum
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linear in time. This fundamental difference
rises the question how classical mechanics
and quantum mechanics can be reconciled?
What are the manifestations of the underlying
classical chaos in the quantum spectrum of
helium?

Since the interaction of the two electrons
is the origin of chaos in the helium atom,
quantum chaos can be considered as a
consequence of electron correlation. Doubly
excited states in helium are particularly well
suited to find new descriptions for electron
correlation and to study quantum chaos. In
this context one can change the main focus of
the studies from electron correlation to
quantum chaos by increasing the photon
energy. Therefore, doubly excited states in
helium have been extensively studied by a
number of groups since there first
observation by Madden and Codling in 1963
[1].

Due to the strong electron correlation in
helium, the doubly excited states cannot be
assigned using the independent-electron
picture. Instead, they have to be assigned
using the classification scheme N, K;,, with
N (m) being the quantum number of the inner
(outer) electron and K the angular correlation
quantum number that reflects the angle
between the two electrons. These excited
states decay to He'(n) ions by emitting an
electron; here n describes the principal
quantum number of the electron in the
helium ion, and the different values of the
quantum number n can be distinguished by
the kinetic energies of the emitted electrons.
the following, kinds of
experiments, which were performed at
BESSY 1II, will be described. In the first
experiment we measure the partial cross
section (PCS), i.e. we study the decay of
doubly excited states N, K, to the different
final states He'(n) by measuring the kinetic
energies of the emitted electrons. These
experiments were performed at lower photon

In two
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Fig. 1: Photoelectron (PE) spectrum taken at
hv=76.2 eV in green. The PCS to the final
state He'(n=3) derived from these PE spectra
is given in red.

energies and they aim to confirm
experimentally a graphical model for electron
correlation that is based on a molecular
description [2]. Fig. 1 shows in green a
photoelectron (PE) spectrum taken at
hv=76.2 eV, i.e. in the region of the states
with N = 5. The different peaks labeled by n
= 2 to 4 indicate the final states in the helium
ion subsequent to photoemission. By taking
such PE spectra each 3 meV and plotting the
integral intensities of the PE peaks, the PCSs
are obtained. The PCS leading to the final
state He'(n=3) is given in red as an example.

Since for a doubly excited state N, K, the

Partial Cross Sections

Scaled Photon Energy

Fig. 2: Partial cross sections 6", with AN =
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(a) (b)

/N

H+
Ht

Fig. 3: (a) The molecular ion H," and (b) the
helium atom. Figure (b) is obtained from (a)
by exchanging the electrons by nuclei and
vice versa.

quantum number n for the electron in He"
can be n = 1, 2, ..., N-1 a large number of
spectra can be obtained. As can be seen in
Fig. 2 for the case of AN = N — n = 2, there
are similarities in the PCSs if N and n differ
by the same value. These results demonstrate
the capability of the graphical model for
electron correlation [2, 3], which describes
the helium atom in a molecular picture,
similar to the molecular ion H,, by
exchanging the functions of the electrons and
the nuclei (Fig. 3).

In the second kind of experiments, we
measured the total cross section (TCS) of
helium, i.e. we did not distinguish between
the different final states He'(n). This
technique provides higher count rates and is
better suited to measure the parts of the
spectra with small cross sections. Fig. 4
shows the experimental and theoretical TCS
of doubly excited states in helium, with the
inner electron being in the states N = 9 to 14.
It can be seen that the variations in the cross
section decrease with increasing photon
energy so that for this energy region, which
is higher than for the PCS measurements, the
TCS is measured instead of the PCS. The
presented energy region is very close to the
double ionization threshold and, therefore,
signatures of quantum chaos are expected to
appear.

One way to study quantum chaos is the
analysis of the statistical distribution P(s) of
energy spacings, s, between neighboring
resonances. In the presented analysis, a step

I I I I I I I I I I I I I I I I I I I I I I I I I I
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W — Recent theory: D. Delande et al. (unpublished)
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Fig. 4: The experimental (red) and theoretical (blue) TCS of helium in the region of the states with

N=9to 14.
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Fig. 5: The expectations of N(s) for a regular
(orange) and chaotic (black) system together
with the results of a statistical analysis for
states with N =10, 12, 14, and 16.

function and a Wigner distribution for the
cumulative distribution N (s)= fP(s')ds'
are expected for a regular and a chaotic
system, respectively. As can be seen in Fig.

5, with increasing quantum number N of the
inner electron, the statistical distribution
based on the theoretical data matches more
and more a Wigner distribution. This
observation of the onset of chaotic dynamics
in a simple three-body system shows for the
first time how the underlying classical chaos
manifests itself in a simple and well-studied
quantum system [4].
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Probing molecular di-cations and highly excited cations
with Auger spectroscopy

R. Pﬁttner,l M Poiguine,l Y. F. Hu,2 M Bancroft,3 A. Kivimdiki,*
Y. H. Jiang," G. Kaindl," H. Aksela,” and S. Aksela®

!Institut fiir Experimentalphysik, Freie Universitiit Berlin, Berlin, Germany
’Canadian Light Source, University of Saskatoon, Saskatoon, SK, Canada
’Department of Chemistry, The University of Western Ontario, London, ON, Canada
‘University of Oulu, Department of Physical Sciences, Oulu, Finland

Removing two electrons from the valence
shell of a molecule leads normally to a
considerable weakening of the chemical
bonds so that the Coulomb repulsion of the
nuclei can no longer be compensated
resulting in a dissociation of the molecule. In
special case, however, namely when both
electrons are removed from non-bonding
orbitals, the resulting molecular di-cations
AB™ are still stable or quasi-stable with
respect to dissociation. These molecular di-
cations play an important role in plasma
physics and chemistry. The plasma state is
abundant in nature (more than 99% of the
observable universe is in the state of plasma)
often occurring in commercial

and 1is

manufacturing  processes. In  addition,
molecular di-cations occur in the ionosphere
and in interstellar clouds, and they are also
proposed as candidates for excimer lasers.
Despite their importance, little is known
their and geometrical
structure. What are the reasons for this lack
of knowledge?

One possibility to obtain information on
the electronic and geometrical structure is to

perform experiments directly with these

about electronic

molecular di-cations. Such experiments,
however, are limited by the very low target
densities that can be achieved under
laboratory conditions. A second approach
that has been widely used in recent years is
provided by double ionization with one

photon if both electrons are detected with a

coincidence technique [1]; this requires a
sophisticated experimental setup. In addition,
double ionization with one photon can only
be explained on the basis of electron
correlation. Due to this, the electronic matrix
element of the transition is not constant
requiring a complicated data analysis.

In our approach, we utilize the fact that
these molecular di-cations as well as highly
excited molecular cations can be created by
photoionization or photoexcitation,
respectively, of a shallow core level, with
subsequent Auger decay. These processes

can be described in two steps:

I-. AB?*" 4 e~ (normal Auger)

T AB™* 4
—L- AB* (excitation)

I" AB'™ + e~ (resonant Auger)
In this way, high count rates can be obtained

e~ (photoionization)

AB | hv

with standard techniques, and the electronic
matrix element can be considered constant.
This allows one to perform a Franck-Condon
analysis that provides detailed information on
the equilibrium geometry of the states
involved in this process. While this type of
data analysis is quite simple, the photo-
lead,

however, to further complications, which will

ionization and the Auger process

be explained using the molecule H,S as an
example.

Fig. 1(a) displays the S 2p photoelectron
spectrum of H,S. The threefold splitting of
the main line is due to spin-orbit and ligand-

field  splitting. In  addition,  weak
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contributions due to vibrational excitations of
the symmetric stretching mode are marked by
vertical arrows. Fig. 1(b) shows the spectrum
resulting from normal Auger decay to the
2b1‘2 final state. The vertical bar diagram
indicates that spin-orbit and ligand-field
splitting are also present in the Auger
spectrum. In the 2b1‘2 final state, both
electrons are removed from a non-bonding
valence orbital that is oriented perpendicular
to the molecular plane. As a result, the
molecular di-cation H,S*" is stable with
respect to dissociation, and the Auger
spectrum exhibits a vibrational progression
as indicated by the solid subspectrum of Fig.
1(b).

Fig. 1(a) reveals that the linewidths of the
various S 2p levels are comparable to the
splitting between the levels so that the lines
overlap. This holds in particular for the main
lines 4e;, and Se;n, but also for all main
lines and their vibrational satellites marked
by the vertical arrows. Due to the energy
overlap of the various states in the S 2p
spectrum, it is not exactly known in which
way, i.e. through which core-hole state, the
final state 2b,” is reached in the process.
This situation is comparable to a double-slit
experiment with an electron or a photon
resulting in similar consequences: The lack
of knowledge about the way leads to
interference.  Such
contributions from interference between the
level 3e;, and its vibrational satellites at
171.9 eV, marked by a vertical arrow can be
described analytically, and are given by the
dashed solid
subspectrum. The spin-orbit and ligand-field
splitting of the S 2p levels in combination
with the excitation of vibrational substates

contributions  from

subspectrum close to the

and interference contributions render the data
analysis more tedious, but all the above
mentioned contributions can be handled on
the basis of simple approaches within the
By

Born-Oppenheimer  approximation.

subjecting the vibrational progressions to a
Franck-Condon analysis, we derived for the
first time the equilibrium geometry of the
state 2b 1'2 in the molecular di-cation H282+;
this state has an H-S bond distance of 1.424
A and an H-S-H bond angle of 91.9°. Similar
analyses have been performed for di-cationic

HBr [2] and HCI [3] resulting in a
remarkable agreement with advanced
theoretical results.
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Fig. 1: (a) Photoelectron spectrum of H,S at the S
2p ionization threshold. (b) S 2p” — 2b,” Auger
spectrum including vibrational fine structure.

In the case of HBr, the results from
normal Auger decay were used to understand
the resonant Auger spectra. These spectra
allow to probe highly excited ionic states.
Fig. 2 displays - as an example - the resonant
Auger spectrum of the excitation of an
electron from a Br 3d core level into an 8px
Rydberg orbital. As can be seen in Fig. 3, this
orbital is mainly oriented perpendicular to the

molecular axis. The spectrum shows
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transitions with comparable intensity to
approximately 60 different final states, as can
be seen by the vertical-bar diagrams in the
lower part of Fig. 2. This large number of
transitions 1s in contradiction to previous
expectations based on observations made
with atoms and other molecules, where a
much smaller number of transitions was
found. This small number of transitions is
due to so-called monopole transitions, i.e.
symmetry-conserving shake processes. These
shake processes describe transitions caused
by reorganization of the electron density and
the orbitals subsequent to the emission of the
second electron, namely the Auger electron.
Since the ejection of the Auger electron leads
mainly to an increase of the charge at the
center of the atom or molecule, this
reorganization influences mainly the radial
direction, which explains the symmetry-
conserving character of the process. As a
consequence, for the given example of a 3d
— 8pr excitation, the Auger process should
lead to npr orbitals for the excited electron.
The present experimental finding, with a
larger number of final states, strongly
violates this concept of monopole transitions;
it can only be explained with final states
other than npm; which requires an orientation
of the orbital other than perpendicular to the
molecular axis (see Fig. 3(b)).

Auger Yield

11109| . 8
1110 gl m=8 1110[ 9 m=8 r :

34 33 32 31
Binding Energy (eV)

Fig. 2: The resonant Auger spectrum of the 3d —
8p 7 excitation in HBr.

The existence of such additional final
states can be explained in a semiclassical
way by an interaction between the Auger
electron and the Rydberg electron. As can be
seen in Fig. 3(a), the average angle <a>
between the direction of the outgoing Auger
electron and the molecular axis amounts to
57.3°, 1.e. the trajectory of the Auger electron
comes close to the excited Rydberg electron
in Fig. 3(a). For HBr, the kinetic energy of
the Auger electron is much smaller than
those of all other molecules studied up to
now, so that the interaction time is larger.
This results in a strong Coulomb repulsion
between the two electrons so that the
Rydberg electron is transferred to an orbital
different from nprz as can be seen in Fig.
3(b).

This process 1is expected to
considerable influence on the resonant Auger
transitions if the Auger electron has low

have

kinetic energy.

Fig. 3: Schematic picture of (a) the 8px orbital
and (b) the Rydberg orbital upon Coulomb
interaction with the Auger electron. The averaged
direction of the Auger electron is also indicated.
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Chemical mimics for small-molecule catalysis by proteins
investigated by X-ray absorption spectroscopy

M Haumannl, P. Liebisch], M Barml, P. Lojal, S. Lo"scherl, 0. Kirilenkol, M Mertinz,
F. Schéifers’, A. Magnusson®, M. Anderlund’, S. Ott’, and H. Dau’

!Freie Universitct Berlin, Institut fiir Experimentalphysik
’BESSY GmbH, Berlin
3 Uppsala University, Molecular Biomimetics, Uppsala, Sweden
and Swedish Consortium of Artificial Photosynthesis

To understand the mechanism of small
molecule catalysis (e.g. the conversion of O,,
H,, H,0) by biological proteins, is one of the
major challenges in life sciences. Particularly
promising for biotechnological applications
is the design of artificial molecules that
mimic catalytic features of the biological
templates (Fig.
the
compounds are pursued in collaborative

1). Advanced approaches

towards characterization of such
studies of our workgroup with investigators

from Sweden.

In the center of interest are investigations
on molecules containing transition metal
atoms, generated by synthetic chemistry, that
have been designed as mimics of
photosynthetic water oxidation / oxygen
production, i.e. mimics of the manganese-
calcium complex of photosystem II, and of
hydrogen conversion, i.e. mimics of the
bimetallic sites of hydrogenases. The goal is
to understand the restraints that govern the
kinetics and energetics (that is the rates and

routes) of the natural chemistry.

Two biological systems connected by one vision

Photm\ stem I
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Fig. 1: Vision of the future coupling of two natural reactions to generate energy.
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X-ray absorption spectroscopy (XAS) to

analyze structural and oxidation state
changes at the metal sites has evolved to a
particularly powerful tool to unravel the
catalytic mechanism.

XAS of
molecules was performed at the beamline
KMC-1 of the BESSY in Berlin. During
several measuring periods the equipment and
experimental setup of our group (e.g. energy-

large-area single-element

on various sets synthetic

resolving
germanium detector for X-ray fluorescence
analysis, liquid-
helium cryostat for XAS measurements at
10 K) was optimized to allow for high-
quality EXAFS experiments on biological
proteins and synthetic model compounds at
beamline KMC-1.

multichannel-analyzer,

(1) Binuclear manganese compounds
A set of binuclear Mn-compounds, which
mimic certain aspects of the MnsCa complex
of photosystem II, with variations in the O/N
ratio of the Mn ligands (Fig. 2) was
investigated by XAS in several oxidation
states [1]. The goal was to gain information

on the role of the metal ligation and of

changes in the metal coordination, e.g. loss
or formation of carboxylato and p-oxo

Fig. 2: Synthetic model compound that
mimics certain aspects of the manganese
complex of photosynthesis. Note the
asymmetric coordination environment of the
two Mn atoms.
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Fig. 3: Fourier-transforms of EXAFS spectra
of the model in Fig. 2 in two oxidation states.
Changes in the magnitude and position of the
the

coordination environment of the Mn atoms

Fourier-peaks reveal changes in

upon oxidation.

bridges, in compensation of charges as
created during metal oxidation.

Analysis of XAS spectra (Fig. 3)
suggested that changes in the bridging type
between the two Mn atoms are crucial for
maintaining a moderate and about constant
redox potential for the next oxidation step.
Similar bridging type changes may facilitate
the stepwise oxidation of the manganese
complex of photosynthesis during its
catalytic cycle of water oxidation [1-3].

(2) Fe-Fe models of hydrogenases

Hydrogenases containing an active site
with two iron atoms are highly effective in
hydrogen conversion. The design of model
compounds for these enzymes may open the
road towards biomimetic H, production. One
difficulty the high sensitivity of
hydrogenases to inhibition by dioxygen.

is

A synthetic compound was created [4]
which closely resembles the active site of Fe-
Fe hydrogenases and which can be prepared
in four different states. In some states
hydrogen may be bound between the iron
atoms (Fig. 4). All states were investigated

by EXAFS analysis.
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The results reveal changes in the distances
between the iron atoms upon protonation of
the nitrogen and, more pronounced, upon
binding of hydrogen to the Fe atoms.

One hypothesis is that protonation and
concomitant structural changes allow for
efficient hydrogen binding to the metal atoms
of the model. A similar mechanism may
apply for the native enzymes.

Fig. 5: A “hybrid” enzyme obtained by coupling
of photosystem I from a cyano-bacterium and a
hydrogenase from the bacterium Ralstonia
eutropha [5]. Upon excitation of the photosystem
by visible light, this hybrid is able to generate
electron flow from artificial donors to the
hydrogenase part where protons are reduced to
molecular hydrogen.

Fig. 4: Comparison
of the active site of
a Fe-Fe hydrogen-
ase (a) with a
N synthetic model

( compound [4] (b).
Note the close

similarity between

the key structural

features of the

[ bimetallic centers.

Outlook: The “evolutionary” design of
artificial compounds is inspired by the wealth
of information from analysis of the natural
by

such as

enzymes modern  spectroscopic
techniques, X-ray absorption
spectroscopy, and also by attempts for their
functional coupling in vivo (see Fig. 5) [5].
These investigations may pave the road
towards the employment of photosynthetic
water oxidation and hydrogen generation for
fuel production in biomimetic and

biotechnological applications.
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Reactions of halogens with surfaces stimulated by VUV light
V. Ney and N. Schwentner

Institut fiir Experimentalphysik, Freie Universitdt Berlin, Berlin, Germany

Reactions on surfaces remain a fascinating
field of research now since decades and new
facets of this subject develop at a fast pace. It
is still a real challenge to reveal the basic
chemical and photochemical elementary pro-
cesses involved in surface reactions. In
addition there is a strong request for struc-
turing surfaces with increased spatial
resolution. Localized desorption is a natural
route to convert a light pattern on a surface
into a permanent structural pattern. To im-
prove the resolution it is necessary to resort
to shorter wavelengths as displayed for
example in the International Road Map for
Semiconductors [1]. It shifts the emphasis
from 193 nm wavelength further into the
VUV spectral region to 157 nm and even to
13.5 nm in the EUV project.

In this contribution investigations on light
induced surface reactions in the spectral
range from 200 to 50 nm are summarized
which have been carried out in our group [2-
5]. An appropriate light source is Synchro-
tron radiation concerning tunability and
stability. To achieve a sufficient photon flux
remains however a challenge ever since the
first patterning experiments carried out on
beamlines in Japan [6, 7]. We have increased
the photon flux from bending magnets [2] by
introducing mirrors collecting a large angular
range at the 3m-NIM-2 beamline at BESSY |
as well as in the continuation at the 3m-NIM-
1 beamline at BESSY II. Halogen molecules
like Cl,, F, and XeF, are used as reagents.
They are rather reactive already in the ground
state. In addition they have strong electronic
transitions in the spectral range from 150 to
50 nm and it is expected that the reactivity

can be enhanced furthermore by stimulating
these excited states with light.
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Fig. 1: Dark reaction of Cu with Cl, for different
film thicknesses D. Notice the extreme quick
frequency change A at the beginning of the
reaction.

An exemplary study has been carried out
for Cu and Cl, since it has the strongest dark
reaction among the considered systems. In
addition the reaction products are the stable
CuCl and CuCl, compounds. Therefore the
accumulation of these products and their
composition can be followed and analysed
with exposure time. We adopted a quartz
microbalance, to follow the development of
light induced reactions [2]. It turns out that
the stability and the sensitivity requirements
are very demanding. However, now a
continuous recording of the mass deposition
in the reaction is possible as shown in Fig. 1.

These results correct previous
conclusions concerning the dark reaction. As

new

a consequence modifications are derived
which are necessary to slow down this dark
reaction in order to favour the light induced
one for the available photon flux.
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Fig. 2: Figure 2. Etching of Si with XeF,
produces good structures. a) AMF picture of a
sample irradiated with 120 nm. The distance of
the grids, which were covered by a mask is 50
um. b) Cross section measured with a stylus of an
irradiated area, which was covered by a mask.
Only a selective reaction is observed (d;) for A =
137 nm. c¢) Irradiating with 140 nm induces
selective (ds) and non-selective reactions (dys).

A reaction cell consists of the substrate
(metal, semiconductor) which is irradiated
through the halogen gas in front of it. A
photon can be absorbed in a reactive surface
layer (or in the bulk). In this case the reaction
is started in the laterally well defined spot of
absorption and this reaction is called
selective. If a photon is absorbed in the
halogen gas, then diffusion of the excited
species, until it reaches the surface and starts
a reaction, will lead to a lateral displacement
and the reaction is called non-selective. A
lateral modulation of the light intensity for

example from the structure of a mask will be
reproduced in the lateral distribution of reac-
tion products on the surface in the selective
case b) of Fig. 2 and it will be washed out in
the non-selective case c) of Fig. 2.

Obviously selective processes have to be
targeted for direct structuring with photo-
chemical surface processes. Combinations
have been chosen, for which several com-
pounds from the reaction are volatile. Thus a
direct reproduction of mask structures on a
semiconductor surface becomes feasible by
this so called light induced dry etching [2].
Inspection of the dependence on halogen
pressure and wavelength reveals that a rich
variety of passivation, dissociation and mi-
gration processes is involved.

nonetched area
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‘ ..u--"""P -
pore: @ 20 nm

atched area
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o o o
T T
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0 10 20 30 40 50 60
Distance [nm]

Etching depth [nm]

Fig. 3: Si pore at the border between etched
and nonetched area resulting from a single
photon event. AFM cross section shows that
the pore has a diameter of 20 nm and
corresponds to about 3x10° Si atoms.

Concerning an efficient use of photons it
turns out that the efficiencies are indeed very
high and even exceed unity. This provides an
immediate proof that the reaction extends
beyond a single molecule and the underlying
amplification processes still await for an
explanation. The local expansion of the pit
from a single photon event due to this ampli-
fication is directly displayed in Fig. 3. The pit
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volume corresponds to 3x10° atoms which Acknowledgments

have been removed due to one triggering
photon and an optimum with respect to

degradation and efficiency has to be chosen.

Fig. 4: GaAs etched with Cl,. The stripes are
1000 nm apart.

In particular SEM pictures of etched GaAs
wafers revealed very smooth surfaces and the
structures are indeed only limited by diffrac-
tion. Thus the combination of GaAs and Cl,
seems to be very promising to proceed
further in this direction. As an illustration we
show in Figure 4 an SEM picture of a struc-
ture etched into GaAs as described above
however with a much finer mask structure
and a periodicity of 1000 nm. The lateral
width of the etched wall is 100 nm or even
less in agreement with the diffraction limit.

Thanks to Dr. G. Reichard and the BESSY
staff in general for support. The SAM and
XPS measurements were carried out in the
laboratory of Prof. Grabke, MPI Hannover.
The SEM pictures were taken in the
laboratory of Prof. Weinberger, FHI. Mrs. 1.

Dencks, HMI Berlin, assisted at the

mechanical stylus.
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Electronic structure of two-dimensional adsorbate layers on transition
metal surfaces using VUV and soft X-ray synchrotron radiation
Klaus Christmann

Institut fiir Chemie und Biochemie, Freie Universitdt Berlin, Berlin, Germany

In our synchrotron-related research three
routes of interest were followed: 1) the de-
termination of the electronic band structure
of clean and adsorbate-covered transition
metal (TM) surfaces; ii) the orientation and
local geometric structure of adsorbed (or-
ganic) molecules (bond length, bond angles)
on Ag surfaces, and iii) the electronic and
geometric structure and the growth mode(s)
of thin metal films on refractory metal
surfaces (Ru, Re). Accordingly, different
synchrotron radiation ranges were used, viz.,
VUYV light (— angle-resolved photoemission
ARUPS: 10 < hw < 50 eV) and (soft) X-ray
radiation: iw > 100 eV (— X-ray absorption
spectroscopy {NEXAFS and EXAFS} as
well as X-ray photoelectron spectroscopy
{XPS}). The samples investigated were low-
index single crystal TM surfaces (Co, Ni, Ru,
Rh, Pd, Ag, Re, Pt, Au) covered either with
chemically reactive (oxygen, hydrogen and
nitrogen) or inert gases (xenon and krypton),
with larger organic molecules (cyclic ethers:
1,4-dioxane, 1,3,5-trioxane), or with thin
films of Cu, Ag, and Au in monolayer (ML)
and multilayer concentrations. In all our
studies we supplemented the synchrotron
data by results obtained from other surface
analytical techniques such as LEED, Auger
electron spectroscopy (AES), vibrational loss
spectroscopy (HREELS), thermal desorption
spectroscopy (TDS) and work function
change (A@) measurements. This helped a lot
to better understand our adsorption systems.

A crucial parameter in all adsorption ex-
periments is the sample temperature: Ex-
posing TM surfaces to Hy, O, and N, at 7 =
30 K often stabilises a molecular (phy-

sisorbed) species (O, and N,, in particular) as
the dissociation reaction is slowed down [1].
The molecular interaction resembles very
much the one observed with noble gases and
is characterised by the dispersing MOs of the
molecular entities on an electronically
unperturbed substrate. This is illustrated for
Xe adsorbed at ~ 30 K on a Ru(10-10)
surface [2]. The sharp 5p (spin-orbit split) Xe
levels can conveniently be followed through
k space without perturbing substrate effects.
Parallel LEED and TDS experiments reflect
the long-range order and the concentration of
the Xe phases. As an example, the band
dispersion curves for a relaxed Xe monolayer
on Ru(10-10) is shown in Fig. 1.
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Fig. 1. Band dispersion of the Xe 5p levels for
the quasi hexagonal full monolayer phase [2].

The interaction of hydrogen, oxygen, and
nitrogen with TM surfaces (Fe, Ni, Co, Ru,
Rh, Pd, Pt etc.) is of particular interest in
view of chemical-catalytical applications. An
additional effect is that the crystal-
lographically more ‘open’ fcc(110) and
hcp(10-10) surface orientations are sus-
ceptible to adsorbate-induced surface re-
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Fig. 2. Dispersion of the O-induced bands of
the (1x5)-20 (left) and the (1x3)-20 phases
(right) on a Re(10-10) surface [3].

constructions (changes in the lateral peri-
odicities), one of the first stages of chemical
attack towards hydridic, oxidic, or nitridic
compounds. The respective surface Brillouin
zones (SBZ) of the clean and adsorbate-
covered surfaces can be mapped by means of
ARUPS, although a clear-cut distinction
between the adsorbate-related (likewise
periodically arranged) molecular orbitals
(MO) and the altered electronic bands of the
substrate is difficult, because of the strong
interaction. Nevertheless, the O-
induced electronic bands can sometimes be

mutual

distinguished with respect to their symmetry
properties (by performing polarisation-
dependent ARUPS measurements) and
followed through k-space. An example is
taken from our work on the O + Re(10-10)
system [3]. Five different ordered oxygen
phases appear as a function of oxygen
exposure at 300 K. The first phase, a c(2x4)-
O structure, is best developed at a coverage
of ® = 0,25 and exhibits three O-2p derived
states with practically no dispersion, neither
along X (=[12-10]) direction, parallel to the
densely packed rows, nor in A (=[0001])

direction, perpendicular to the respective
troughs. This behaviour is not unexpected,
since the mean distances between the
adsorbed O atoms are still relatively large at
® =
superstructures  with  non-primitive  unit
meshes, viz., the (1x5)-20 and the (1x3)-20

phase, the three 2p-derived oxygen bands

0,25. For two (higher coverage) O

could be detected and monitored over a fairly
large range of the SBZ using angle-resolved
and polarisation-dependent UPS. This is
shown in Fig. 2 and helps to develop a real-
space model of the O 2p orbital interactions
[3].

Near-edge X-ray absorption fine structure
is a powerful tool to determine the chemical
state and the geometric orientation of
adsorbed molecules. This is why we have
constructed and built a NEXAFS chamber for
use at BESSY II [4] and performed test
measurements with 1,4-dioxane adsorbed on
a Ag(110) surface, for various azimuthal and
incidence angles. Only at coverages ® < 0,1
the ether molecules are oriented parallel to
the surface as apparent from the loss in
intensity of the C /s — o transitions when
changing the light incidence from normal to
grazing Higher  coverages
the formation of

conditions.
apparently lead to
disordered layers.

Finally, we followed the growth of thin
Ag and Au films during their deposition onto
Ru and Re(10-10) surfaces by ARUPS.
Silver forms, in the submonolayer range, a
¢(2x2) and a (1x4) phase, depending on the
deposition conditions. STM measurements
showed that two occupied rows and two
empty rows alternate in [0001) direction
(perpendicular to the troughs) [5]. The re-
sulting E(k) dispersion curves revealed, in
both orthogonal directions, flat bands
indicating the d character of the observed
electron states of the Ag (Au) films.
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Previous page: Like stripes of a nanoscale zebra, magnetic domains appear in thin film mate-
rials with perpendicular magnetization direction when made visible by synchrotron radiation.
The example shows a photoelectron emission microscopy image (100 pm diameter) of mag-
netic domains in a 2 nm thick nickel film on a Cu(001) single crystal substrate. Dark and
bright areas correspond to magnetization out of the film plane and into the film plane alternate
in a labyrinth-like pattern. Magnetic properties in the upper part of the image have been modi-
fied by deposition of less than 0.2 nm of cobalt.
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Material Science

Material science investigations with synchrotron radiation at the Freie Universitdt mainly
focused on exploring the electronic and magnetic properties of solids by spectroscopic meth-
ods in the soft x-ray regime. The studies span the range from fundamental investigations of
material properties to technology-oriented questions of magnetization reversal dynamics.

Synchrotron radiation has the great advantage of easily variable polarization, which allows
access to the angle-dependence of electronic states. Starke ef al. used x-ray absorption spec-
troscopy and photoelectron emission spectroscopy to study the electronic properties of rare
earth materials. In particular, their data support the existence of a strong Rashba effect also in
magnetic rare earth materials, which may have important consequences for devices based on
these materials. Weschke et al. studied the electronic and magnetic properties of oxides by
photoelectron emission spectroscopy. Oxides are an important class of materials for future
magneto-electronic devices, since they unite magnetic behavior with high electric resistance.

X-ray magnetic circular dichroism (XMCD) is at the basis of many of these investigations.
It is a very versatile technique, since it allows direct access to element-resolved magnetic
properties. XMCD is based on transition selection rules from quantum mechanics, which tell
us that if circularly polarized light is used, the excitation probability for spin-up and spin-
down electrons will be different. Such transitions can thus directly probe the imbalance in the
occupation of electrons with different spin direction, i.e., the ferromagnetism. Since the effect
occurs only at elemental absorption edges, the technique is intrinsically element-selective, but
requires x-rays of tunable wavelength, hence synchrotron radiation.

It is possible to extract from a quantitative analysis of such XMCD spectra the element-
resolved magnetic moments, separated into their spin and orbital contributions. Scherz et al.
have explored fundamentals of this quantification, and suggest a new basic concept to extend
quantitative XMCD data analysis also to the light 3d elements, for which some of the previ-
ously used approximations do not hold. Wilhelm e al. have used quantitative XMCD analysis
in their study of the spin and orbital moments that appear in some of the normally non-mag-
netic 5d elements by the contact to a ferromagnetic layer. They observed that, in contrast to
what would be expected for free atoms from Hund’s third rule, the spin and orbital moments
in elements with less than half filled 5d shell are oriented parallel to each other. Closely
related is the question about the properties of magnetic impurities. Brewer et al. have used
XMCD to study the magnetic properties of 3d ferromagnetic atoms dispersed in gold. They
could show that particularly Co atoms retain a significant degree of atomic behavior, while
other 3d elements do not.

The depth profile of magnetization was the subject of interest in the second contribution by
Wilhelm et al. Here they compared the XMCD signal of magnetic multilayers with different
layer thicknesses, and could deduce from these data the depth profile of the induced magnetic
moments in the nominally non-magnetic spacer layers.

In combination with a microscopic technique, XMCD can be employed as a contrast
mechanism to obtain element-resolved microscopic images of the magnetic domain pattern in
thin films. Kuch et al. used their photoelectron emission microscope (PEEM) and XMCD to
study the magnetic domains in layered systems consisting of ferromagnetic and antiferro-
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magnetic layers. From the resulting domain patterns they could draw conclusions about the
spin structure of the antiferromagnetic layer, important information that is not readily acces-
sible by other techniques. The combination of XMCD, PEEM, and time-resolved measure-
ments taking advantage of the pulsed nature of synchrotron radiation allowed exploring the
magnetization dynamics in coupled trilayers, in which a non-magnetic spacer layer separates
two ferromagnetic layers. Such trilayered systems are of high technological relevance for
magnetic read heads, as sensors, or for future data storage technologies, for example magnetic
random access memories.

The combination of resonant absorption of polarized synchrotron x-rays and x-ray diffrac-
tion opens the door to the simultaneous study of geometric and magnetic properties. This was
done by Weschke et al. In their contribution they present a look at the magnetic order in thin
magnetic layers and nanostructured materials.
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X-ray magneto-optics and electron structure of lanthanide materials
K. Starke, J. E. Prieto, K. Débrich, O. Krupin, G. Kaindl

Institut fiir Experimentalphysik, Freie Universitct Berlin

In recent years, our research on lanthanide
materials with synchrotron radiation has
focussed on two directions: analysis of mag-
neto-optical (MO) effects in the soft x-ray
regime of lanthanide metals including their
application to the study of exchange coupled
layered structures, and on the valence elec-
tronic structure of three- and two-dimen-
sional magnetic lanthanide systems.

For a quantitative analysis of MO con-
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Fig. 1: (a) Tb N,s absorption spectra
measured with circularly polarized x-rays
parallel and antiparallel to the in-plane
magnetization of a 13-nm thick Tb film at 25
K. (b) Analogous spectra at the Tb M, 5 edge.
After saturation correction, the experimental
spectra are normalized to tabulated off-
resonance data [5]; Fig. from Ref. [4].

stants in the spectral region of lanthanide 4d
and 3d excitation thresholds, we measured
absorption spectra at grazing incidence from
in-plane magnetized lanthanide metal films
using circularly polarized x-ray beams from
BESSY undulator beamlines [1]. As an
example, Fig. 1 (a) shows absorption spectra
at the Tb N4s edge. Owing to their wide
photon energy range, the spectra could be
calibrated by matching them to off-resonance

- T T T T

3 . par. E

r —antipar.|
o b ]
£ F 3
> F b
g F :
. ]
v b

3 Tb g

2 | L | L | L | L | L | h 1 =

1160 1180 1200 1220 1240 1260 1280
Photon Energy (eV)
Gd M, Tb M,

I e EAREE Ry
@ 200K m— 204K | — %K
c - .
3 — —
= D= 175 K7
2t 17k \\ § 61K 1 | A — |
'Z’ L 4 F ]
9] r 91 K]
Er 1 B =
Wl 84K 64K | 1
[e) O — neg. FC| 7]
Zrm 1 (o — pos. FC |

Fig. 2: (a) Specular-reflection spectra from a
Gd/Y/Tb trilayer film in the region of the Gd
M, and Tb M,ys edges, recorded at 8° with
respect to the film plane. Element-specific
hysteresis loops of (b) the Gd layer and (c) the
Tb layer. The trilayers were epitaxially grown
on a W(110) single crystal by metal vapor
deposition in ultra-high vacuum (5-10™"
mbar). Gd, Y, and Tb layer thicknesses were
2.0, 1.2, and 10 nm, respectively; Fig. from
Ref. [4].
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Fig. 3: Change of the Tb Fermi surface with
temperature from (a) the ferromagnetic phase at
20 K to (b) the paramagnetic phase at 240 K. The
3D images show regions of high photoemission
intensity that correspond to regions of high den-
sity of states at the Fermi level (0.2 eV energy
window). High-symmetry points of the hcp Bril-
louin zone are indicated by the symbols ', M, K
and A (the I' -point is accessed at 102 eV photon
energy); Fig. from Ref. [6].

tabulated data of Henke et al. [5], yielding
the imaginary part of the refractive index.
The real part was calculated via Kramers-
Kronig transformation [2—4].

Knowledge of the soft x-ray magneto-op-
tical constants enabled us to study magnetic
systems that contain different (lanthanide)
elements, simply by measuring the specularly
reflected intensity of circularly polarized x-
ray beams with the photon energy tuned to an

excitation threshold of the element in ques-
tion. As an example, Fig. 2 (a) shows graz-
ing-incidence reflectivity spectra of a
magnetically saturated Gd/Y/Tb(0001) tri-
layer film with in-plane magnetization.

Figures 2 (b) and (c) show hysteresis
loops at various temperatures of (b) the mag-
netically soft Gd layer and (c) the ‘hard” Tb
layer, with the x-ray energy tuned to the
respective M5 reflectivity maxima [see Fig. 2
(a)]. The Tb hysteresis loops indicate the
external field range in which the Tb layer
magnetization is constant. The Gd loops
reveal a pronounced shift due to coupling to
the Tb layer, mediated via valence electrons
of the Y interlayer. The interlayer exchange
coupling becomes stronger at low tempera-
tures. While this behavior has been observed
earlier in transition-metal systems, we find
that in rare-earth trilayers the direction of
interlayer coupling changes with tempera-
ture.

This new phenomenon of temperature-in-
duced change between ferro- and antiferro-
magnetic interlayer coupling motivated de-
tailed studies of the temperature-dependent
Fermi surfaces and valence band structure of
lanthanide metals using angular resolved
vacuum ultraviolet (VUV) photoemission.

Figure 3 shows how the Tb Fermi surface

i

r

Energy (V) S
- =
5 B

tn

Enargy {aV)

Fig. 4: Valence band structure of ferromagnetic
Tb metal along high-symmetry lines of the hcp
crystal (indicated by the symbols I'-M-K-I').
Bands of different crystal symmetry can be
‘switched on and off° by choosing the
appropriate photon energy: (a) hv=102 eV and
(b) hv=150 eV; Fig. from Ref. [7].
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changes with the phase transition between (a)
the ferromagnetic and (b) the paramagnetic
phase. Owing to the valence band exchange
splitting in the ferromagnetic phase, there is a
double ring structure around the center; it
collapses at the phase transition. The corre-
sponding band structure at energies below
the Fermi level is presented in Fig. 4.

Furthermore, we have started a joint ex-
perimental and theoretical project to investi-
gate the Rashba effect at surfaces and inter-
faces of magnetic systems [8]. The effect is
based on the fact that an electric field acts as
a magnetic field in the rest frame of a moving
electron, and electric fields of appropriate
shape and strength exist at surfaces and inter-
faces of solid crystals (broken structural in-
version symmetry). Up to now, studies of the
Rashba effect had focused on semiconductors
[9] and nonmagnetic metals [10,11], yet there
are interfaces between ferromagnetic and
nonmagnetic materials in practically all
spintronic device schemes currently sug-
gested [9].

Fig. 5(a) shows the dispersion of the ma-
jority spin surface state of ferromagnetic
Gd(0001), recorded by angle-resolved photo-
(hv=36¢V). The
changes from red to black when reversing the
sample magnetization, i.e., the surface-state

emission dispersion

energy changes upon flipping the electron
spin (with respect to the crystal electric field
and the propagation direction) in the 2-D
system. The energy shift (‘Rashba shift’) is
given in Fig. 5 (c) by blue data points. A
much larger Rashba shift is found upon
modification of the system by adsorbing a
small amount of oxygen on the surface in
such a way that the O atoms form a two-
dimensional lattice of GdO on top of the
metal surface. As is shown in Fig. 5 (b), the
electronegative O atoms strongly affect the
entire surface electronic structure: now both
the majority-spin state and the (exchange
split) minority-spin state are occupied, both
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02}
03 -I(a) . . .

0.0F h(1X1)0/Gd(0001)
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Fig. 5: At ferromagnetic surfaces, the dispersion
of two-dimensional states changes upon magneti-
zation reversal due to the Rashba effect. The
effect is small (a) at the Gd(0001) metal surface;
it becomes considerably larger upon formation of
(b) the metal-oxide/metal interface. (c) Rashba
shift of the states; (d) calculated charge density
distribution at a GdO surface layer on top of Gd;
Fig. from Ref. [8].
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dispersing upwards towards the Fermi energy
with increasing momentum. Again, their po-
sitions change between red and black upon
magnetization reversal; the associated shift is
plotted in Fig. 5 (¢).

This is the first experimental investigation
of two-dimensional electronic states in which
magnetic exchange
Rashba effect coexist. To understand the pre-
sent observations for Gd(0001) and
p(1x1)O/Gd(0001) with their strikingly dif-
ferent Rashba shifts in a quantitative way, G.

interaction and the

Bihlmayer et al. (FZ Jilich) have performed
ab-initio calculations using density functional
theory (DFT) in the so-called LDA+U
approximation [8]. The charge density
distribution in Fig. 5 (d) shows that the two-
dimensional state is distributed over the
whole region between the GdO layer and the
sub-surface Gd layer revealing that the state
is actually an interface state. Obviously, the
enhanced Rashba effect originates from the
steep charge density gradients in the interface
region, driven by the electronegative O
atoms.

We suggest to utilize the spin sensitivity
of the Rashba effect in magnetic systems to
study two-dimensional spin structures at sur-
faces and interfaces. Moreover, the present
findings can be of interest for future spin-
tronic devices, especially at interfaces where
Rashba and exchange interaction both control
the electron spin. The Rashba effect at a
metal/metal-oxide interface could in princi-
ple be used in a device that would become as
thin as a few atomic layers.

References

[1] K. Starke, F. Heigl, A. Vollmer, M. Weiss,
G. Reichardt, and G. Kaindl., Phys. Rev.
Lett. 86, 3415 (2001).

J. E. Prieto, F. Heigl, O. Krupin, G. Kaindl
and K. Starke, Phys. Rev. B 68, 134453
(2003).

(2]

[3] J. E. Pricto, F. Heigl, O. Krupin,
G. Kaindl, and K. Starke, Phys. Rev. B 66,
172408 (2002).

J. E. Pricto, O. Krupin, K. DG&brich,
F. Heigl, G. Kaindl, and K. Starke., Appl.
Phys. A 80, 1021 (2005).

B. L. Henke, E. M. Gullikson, J. C. Davis,
At. Data Nucl. Data Tables 54, 181 (1993).

K. M. Dobrich, G. Bihlmayer, K. Starke,
J. E. Prieto, K. Rossnagel, E. Rotenberg,
S. Bliigel, and G. Kaindl, (unpublished).

K. M. Dabrich, G. Bihlmayer, K. Starke,
J.E. Prieto, K. Rossnagel, H. Koh,
E. Rotenberg, S. Bliigel, G. Kaindl., (pre-
print 2006).

O. Krupin, G. Bihlmayer, K. Starke,
S. Gorovikov, J.E. Prieto, K. Dobrich,
S. Bluigel, and G. Kaindl., Phys. Rev. B 71,
201403(R) (2005).

[4]

[5]

[6]

[7]

[8]

L. Zuti¢, J. Fabian, and S. Das Sarma., Rev.
Mod. Phys. 76, 323 (2004).

[10] E. Rotenberg and S. D. Kevan, Phys. Rev.
Lett. 80, 2905 (1998).

[11]F. Reinert, G. Nicolay, S. Schmidt,
D. Ehm, and S. Hiifner, Phys. Rev. B 63,
115415 (2001).

[9]

36



Material Science

Electronic structure of thin films
E. Weschke, A. Gottberg, E, Schierle, H. Ott, C. Schiifsler-Langeheine, G. Kaind|

Institut fiir Experimentalphysik, Freie Universitct Berlin

The electronic structure of solids, i.e., the
allowed energy levels of electrons, deter-
mines their macroscopic properties, whether
the material is metallic or a semiconductor,
or if it is magnetic. Detailed knowledge of
the electronic structure is therefore a key to
the microscopic understanding of the proper-
ties of any material. Arguably the most direct
method to study the energy levels of elec-
trons in solids, i.e., the band structure, is
angle-resolved photoelectron spectroscopy.
The method is based on the photoelectric
effect, explained by Einstein in the beginning
of the 20™ century, where light of suffiently
high energy ejects electrons from the target.
Due to the energy and momentum conserva-
tion of the process, a direct image of the
energy distribution inside the material is
obtained. Photoelectron spectroscopy using
synchrotron radiation 1is a particularly
versatile tool, as it can make use of the
tunable photon energy. The method is
applied to study thin films and nanostruc-
tures, where interesting finite-size effects are
observed.

]! Eg[eV] M

-—|

As an example of mapping band structures
by photoelectron spectroscopy, Fig. 1 shows
the electron band dispersion of a thin film of
nickel oxide. NiO has played an important
role in basic research, being a prototype
insulating antiferromagnet with a band
structure dominated by strong electron corre-
lations. Recently, NiO has regained interest
due to its application in magnetic multilayer
systems with exchange bias. Fig. 1 shows a
two-dimensional photoemission intensity plot
as a function of the binding energy and the
electron emission angle, which was obtained
with a high-resolution photoelectron spectro-
meter at the beamline of the Berlin universi-
ties at BESSY. The mapping of the band
structure revealed an interesting result,
namely the crossing of the topmost band with
the Fermi energy. This indicates metallic
properties of the thin film in contrast to bulk
NiO, which is an insulator.

With the reduction of the dimensions, also
the properties of metals may deviate substan-
tially from those of the corresponding bulk

materials. This is illustrated in Fig. 2, which

I 2 3 4 5 6 7 g8 9 10 11 12 13 9%

Fig. 1: Valence-band structure of a thin nickel oxide film. Modern photoelectron spectrometers such
as the experimental station of the Freie Universitidt Berlin at BESSY allow to record spectra as a
function of energy and electron emission angle with a two-dimensional detector, yielding directly the

electronic band dispersion.
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displays photoelectron spectra recorded from
silver films in the thickness range from 7 to
20 atomic layers. The spectra on the top
panel exhibit a number of regular peaks
labeled 1 to 6, which change their position
with increasing film thickness in a systematic
way. This is typical for so-called quantum-
well states, which are induced by the spatial
confinement of the electrons in the material
on a length scale of atomic distances. The
electrons are forced to occupy discrete
energy levels in contrast to the continuous
band structure of bulk silver [1]. Neverthe-
less, the discrete electronic states closely
resemble the bulk band structure, as evi-
denced by the red data points in the bottom
panel of Fig. 1 representing the energy
positions of the quantum-well states. They fit
the behavior of the bulk band (solid blue
line) very well.

The magnetic properties of a material are
determined by the coupling of the magnetic
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Fig. 2: Top: Quantized electronic states in Ag
films with thicknesses of only a few atomic lay-
ers. Due to the confinement in atomic dimen-
sions, quantum effects on the electronic structure
are visible as discrete energy levels (top). Bot-
tom: The discrete energies (red data points)
nicely fit the bulk band structure (blue solid line)
of Ag metal.
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Fig. 3: Systematic behavior of magnetic
exchange splitting in the lanthanide metals Gd,
Tb, Dy, and Ho. The left panel shows valence-
band photoelectron spectra recorded in the
magnetic phase, revealing a decreasing split-
ting from Gd to Ho (red bars). The right panel
shows the linear scaling with the 4f spin
moment.

moments associated with the electrons and
hence are also directly connected to the elec-
tronic structure. In metallic systems, the spin
polarization of conduction electrons provides
a mechanism to couple magnetic moments.
This polarization is also reflected in the fact
that the degeneracy of electron energies is
lifted, leading to a so-called exchange split-
ting of energy levels. This splitting has been
studied systematically for a particular class
of magnetic materials, the lanthanide ele-
ments. These metals are characterized by an
open 4f electronic shell, which carries a large
magnetic moment interesting for applications
as permanent magnets. Fig. 3 shows angle-
resolved photoelectron spectra of selected
lanthanide metals from Gd with seven 4f
electrons to Ho with ten 4f electrons.
Evidently, the magnetic splitting decreases
systematically, establishing a linear scaling
with the 4f spin moment. This interesting
result indicates that the magnetic exchange
splitting is independent of the type of magne-
tic order [2], since Gd is a ferromagnet, while
Ho is characterized by a helical antiferro-
magnetic structure.
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New concept to study magnetic behavior of early 3d elements
A. Scherzl, H. Wende], C. Sorg], K. Baberschkel, J. Minarz, D. Beneaz, H. Ebert’
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Nearly everyone uses magnetic nano-
structures similar to those which will be pre-
sented here, for example as read head sensor
of the hard disk drive in a computer. These
nanostructures consist of a sandwich of mag-
netic layers with a non-magnetic layer in
between (see Fig. 1). Such structures exhibit
new magnetic properties as compared to bulk
magnets, e.g. the giant magneto resistance —
the effect used nowadays to read data stored
on hard disks. Even though magnetic nano-
structures are widely used and function rea-
sonably well, fundamental questions about
them remain unsolved, e. g. the behavior of
the non-magnetic material placed between
the stack of magnetic layers is unclear. In the
ongoing process of miniaturization only a
few atomic layers of each material are used
and therefore the importance of the interfa-
cial properties increases dramatically. To
study the magnetic properties of those
nanostructures and especially their interfaces
one needs an element-specific method to
distinguish contributions of the various lay-
ers. X-ray magnetic circular dichroism
(XMCD) is a method of choice since the
energy positions of the x-ray absorption
edges are characteristic for each element. If a
magnetic sample is illuminated with circu-
larly polarized synchrotron radiation, the
absorption, especially close to certain ab-
sorption edges, will be significantly different
whether left or right circular x-rays are used.
The circular dichroism is defined as the dif-
ference of the corresponding absorption coef-
ficients. Since the XMCD signal can be re-
lated to the difference of the spin-split densi-
ties of states close to Fermi level, the direc-

Fig. 1: Schematic view of the Fe/V/Fe(110)
trilayers grown on Cu(100). The arrows
the layer-dependent magnetic
moments of Fe and V.

indicate

tion and the size of the spin and orbital mag-
netic moments can be determined.

Up to now, the classical ferromagnets Fe,
Co, and Ni have been investigated. A sys-
tematic study of XMCD throughout the 3d
transition-metals (TMs) series is lacking.
There are several reasons for this: (i) In
insulators the 3d ions may carry a magnetic
moment, however, e.g. ferromagnetic oxides
are difficult to investigate because the energy
ranges of the L edges (about 400-600 eV)
and the O-K edge (532 eV and fine struc-
tures) coincide. (i1) The XMCD signals of the
early 3d TMs Ti, V, and Cr are expected to
be much smaller than those of Fe, Co, and
Ni. (i11) The spin—orbit splitting of the core
hole reduces towards the early 3d TMs lead-
ing to considerable overlap of the L; with the
L, edge. The latter is also related to the
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Fig. 2: The isotropic x-ray absorption

spectroscopy and XMCD spectra at the L,;
edges for part of the 3d TMs. The spectra for
the early 3d TMs are determined from
Fe/TM/Fe trilayers [3].

appearance of core-hole correlation effects
[1,2] which strongly modify the relative
intensities of the L, 3 edges (see Fig. 2).

We have investigated Ti, V, and Cr layers
sandwiched between two Fe layers (Fig. 1)
[3]. The spectra are shown in Fig. 2 with Fe
for comparison. For the first time, we
obtained nearly noise-free data with clear
fine structure, bridging the gap from classical
ferromagnets to the early 3d elements. This
was made possible by two technical
developments [4]: (1) optimized in-situ prepa-
ration guaranteed for flat interfaces without
oxygen contamination, (ii) high photon
fluxes together with a constant high polari-
zation degree in the required energy-range
provided by the BESSY undulator beamline
UES6/1-PGM using the gap-scan mode. The
presence of an XMCD signal itself demon-
strates that the so-called non-magnetic layer
of V indeed exhibits an induced moment at

the interface [5]. The relative orientation of
the magnetic moments of Ti, V, and Cr at the
interface to Fe can be determined: As indi-
cated in Fig. 1, the V spin moments are anti-
parallel to the Fe moments as it is revealed
from the positive sign of the V. XMCD onset
at the L3 edge in Fig. 2 (compared to the
negative sign for Fe).

Even though the spectra reveal a large va-
riety of different spectral features, the so-
called integral sum rules are commonly ap-
plied to extract magnetic moments. In fact
the validity of sum rules is rather limited [6]
in particular for the early 3d TMs because of
the considerable overlap of the L,; edges.
Hence, we used a new analysis concept,
which compares the experimental fine struc-
ture to ab inito calculated x-ray absorption
spectroscopy (XAS) and XMCD spectra (for
details see Ref. [7]). The calculations are
based on a fully relativistic spin-polarized
Korringa-Kohn-Rostoker (SPR-KKR)
Greens-function method, which is appropri-
ate for itinerant magnetic systems as investi-
gated here. In Fig. 3 the new concept is dem-
onstrated for vanadium in a Fe/V trilayer and
a Fe/V alloy serving as an experimental
standard. Core-hole correlation effects were
not included accounting for the deviation of
the experimental branching ratio (close to
1:1) of the V XAS (see top panels). Looking
at the XMCD (bottom panels), we find that
nearly all fine structures in the experimental
data are reproduced by theory. The feature
(S) in the experimental XAS spectra located
at the high-energy side (~530 eV) could be
falsely assigned to contamination with oxy-
gen whereas the theory correlates the satellite
to the vanadium band structure (Fig. 3, inset).
The asymmetric contributions of the V
XMCD in Fig. 3 at the L3 edge (B) and, less
distinct, at the L, edge (C) are perfectly
obtained by theory. In particular, the oscilla-
tory fine structure (D) is elucidated as a con-
tribution coming from the L, edge (shaded

41



Scherz et al.

V Experiment
*g L;
5 41
el
&
2
12 / FeqoVp, alloy
Fe/V,/Fe trilayer
0 L : :
e B —— Fe,V,, alloy
2 Fe/V;/Fe trilayer x2.29
=]
502
el
&
S
0.0
2 D
g
L 1 C 1 1
510 520 530 540
Photon Energy (eV)

Theory

8r Theory 2o\ van Hovc singularity
—_ L3 N point bee-BZ
dZI) 18k
.E 6 -
:E ' ' Experiment
= no oxygen
a.:a 4l 14f Y
~— s
v | 12 S S,
; 2F "o 530 Era—
——FeoVp alloy
Fe/V,/Fe trilayer
0 " 1 L 1 " 1
041
B Fey oV, alloy: Ly, edge
@ FeyqVy,alloy: L, edge
= -
:: 02 Fe/V,/Fe trilayer X6
£
5
S’
()
@]
=
g
1 1 1 1
510 520 530 540
Photon Energy (eV)

Fig. 3: Comparison of the experimental XAS and corresponding XMCD at the V L,; edges (left
panel) to the SPR-KKR calculations (right panel) for an Fe/V alloy and an Fe/V layered structure

[7].

red in Fig. 3). Only the pre-edge feature (A)
cannot be reproduced. It most likely stems
from a multiplet feature. This is supported by
comparable atomic-multiplet calculations of
3d ions in a crystal field [8]. Therefore,
similar to Ni, the inspection of the XAS and
XMCD with the help of theory indicates
some localized character of the 3d electrons.

For the experimental standard the band
structure calculations provide the induced
spin and orbital moments being pus =—1.01 pg
and w; = 0.02 pg for V. The results are in
agreement with an independent polarized
neutron study [9]. For the Fe/V trilayers the
deviations of the calculated XAS and XMCD
i1s mostly related to differences in the band
structure, see [7]. However, this allowed us
to determine the vanadium moments in an
absolute manner by using an experimental
standard, avoiding the application of the
“traditional” approaches like the sum rules,
which lead to erroneous results for the early
3d TMs as demonstrated in [7].
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Magnetic multilayers are formed by periodic
alternation of ferromagnetic and non-mag-
netic layers. Nowadays, these structures are
used in magnetic storage devices, e.g. in read
heads of hard disks, or as possible candidates
for magnetic random access memories. For
these systems a large fraction of the atoms
are located at the interfaces, and two-
dimensional directly-coupled non-magnetic
layers are formed facing a ferromagnetic
layer. This special configuration allows the
tailoring of magnetic moments, magnetic
anisotropy, magneto-optics and magneto-
transport properties for each application.
Here we focus on the induced magnetic mo-
ments of the 5d elements in magnetic multi-
layers. While induced magnetic moments in
alloys have been studied previously, it was
difficult to separate the small induced
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Fig. 1: Normalized XAS (top) and XMCD
(bottom) spectra at the L;, edges of W. For
better illustration, the XMCD spectra have
been multiplied by 50, while the XAS spectra
have been shifted vertically. The XMCD
integrals (dotted line: measured, dashed line:
hypothetical) serve to visualise the relative
orientation of y; and ug.

moments from the total magnetization in
ultrathin magnetic structures due to the lack
of element-specific techniques with mono-
layer sensitivity. The experimental technique
that allows one to study the induced magnet-
ism is X-ray magnetic circular dichroism
(XMCD), which provides quantitative infor-
mation on spin and orbital magnetic
moments of the absorbing atom in both
amplitude and direction. It is demonstrated
that the induced magnetism in magnetic
multilayers may be radically different from
that in alloys due to the different geometry
and electronic structure, and so unexpected
phenomena may be observed.

In Fig. 1 we plot the normalized X-ray
absorption (XAS) and X-ray magnetic circu-
lar dichroism (XMCD) spectra at the Lj»
edges of W in a Fe/W magnetic multilayer
with three monolayers of W in each period.
The spectra were recorded at the ID12 beam-
line of the ESRF using the total fluorescence
detection mode. The XMCD signals are very
small compared to XAS, as the large scaling
factor of 50 reveals. However, the signal-to-
noise ratios are still large due to the high
photon flux and degree of polarization
offered at the ESRF. By knowing the direc-
tion of the magnetic field and the helicity of
the beam we conclude that W is polarized
antiparallel to Fe, in agreement with previous
reports for alloys. This behavior is consistent
with the general trend for the transition met-
als with a less-than-half-filled d shell. How-
ever, contrary to the third Hund's rule, the W
spin ps and orbital p, magnetic moments are
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Fig. 2: Schematic representation of the Fe/W
layers and the various type of interactions that
one needs in order to describe the violation of
the third Hund's rule in a simple atomic model.

coupled in parallel. This is visualized via the
XMCD integrals in Fig. 1. The measured
integral (dotted line) does not change sign,
showing that p./pus > 0. For a negative sign
(antiparallel coupling) the XMCD integral
should change sign as the hypothetical
dashed line of Fig. 1 reveals. This can not be
understood in a single atomic picture. One
has rather to consider interatomic spin—orbit
coupling. We consider three types of possible
interactions: (1) the largest is the spin—spin
coupling between Fe and W, Jiier S, e-SZW;
(i1) in addition, we have the classical intra-
atomic spin—orbit coupling for W,
MintaSz 'L, . If this was all, p, should be
antiparallel to p,. To understand the opposite
observation (parallel coupling) one may pro-
pose (ii1) an interatomic Fe—W spin—orbit
interaction Ainer'S, L," . As shown in Fig. 2,
we conclude the inequality that the inter-
atomic spin—orbit coupling is smaller than
the exchange coupling but larger than the
intra-atomic spin—orbit coupling of W. Such
an effect is attributed to hybridisation effects
at the Fe/W interface [1].

Results for the ratio p./us and the total
moment ., derived by application of the sum
rules for the beginning (W) and the end (Ir,
Pt) of the 5d series in magnetic multilayers
are listed in Table 1 [2]. n./us is significant

0.2-0.3 0.10 0.09
0.17-0.29 0.2  -0.2

Bi/Bs

“tot

Table 1: Data for the ratio p;/ug and the total
magnetic moment y,, (in pg /atom) for three 5d
elements (Pt, Ir, W).

only for Pt (~0.2-0.3), revealing a large
orbital magnetism contribution. Moreover,
we find p. ~ 0.2 ps/atom for both Ir and W,
which is in fair agreement with recent ab
initio calculations.

In conclusion, systematic trends for the
induced magnetism of elements of the 5d
series in multilayers are shown. These mul-
tilayers may serve as a demonstration of a
prototype experimental case of a 'violation' of
the pure intra-atomic Hund's rule picture,
which can be understood via the existence of
strong interatomic interactions at the 3d/5d
interfaces.
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The magnetic moment of the 3d transition
metals consists of two contributions: the spin
moment w, and the orbital moment u,.
However, an enormous amount of literature
discusses the magnetic phenomena in terms
of spin magnetism only. From a different
point of view the orbital magnetism may be
even more important: a finite orbital mo-
mentum ¢ is an indication of a non-spherical
charge distribution, be it for an atom or in
solids. Such a non-spherical charge distribu-
tion is the primary source for magnetic ani-
sotropy energy (MAE), which is important
e.g. for the fabrication of hard or soft mag-
nets and new magnetic storage devices. Often
it may be sufficient to treat in theory the
spin—orbit-coupling (SOC) as a weak pertur-
bation. However, strictly speaking magnet-
ism is a relativistic effect and may require a
fully relativistic treatment.

Nowadays the investigation of 3d transi-
tion metal clusters on surfaces has become
very important in view of magnetic
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nanotechnology. “Giant magnetic anisot-
ropy” has been recently reported [1]. Several
groups have shown that on surfaces or in
nanoclusters one observes giant orbital mag-
netic moments and MAE, respectively, con-
firming an old theory by L. Néel that the
symmetry breaking at surfaces keeps the or-
bital momentum “alive”. For 3d elements in
three-dimensional bulk materials the opposite
limit seems to hold: the research in the
1970’s and 1980’s on dilute alloys [2] fo-
cused mostly on the spin magnetism, e.g. the
Kondo Hamiltonian (JS-o). This is in
agreement with a standard exercise in solid
state physics showing that the expectation
value of L, vanishes in cubic symmetry
({L.)=0). Prototype cases in experiment and
theory were e.g. Mn, Fe, and Co impurities in
cubic Cu, Ag, and Au host materials.

The present work shows that under certain
conditions orbital magnetism survives even
in cubic symmetry [3]. X-ray magnetic cir-
cular dichroism (XMCD) at the L,; edges is
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Fig. 1: XAS (upper plots) for left and right circular polarization and XMCD spectra (lower plots) of
~1 at.% Fe and Co in Au at the L, ; edges. Note the strongly reduced relative intensity at the L, edge

of Co, indicating its enhanced orbital moment [3].
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an excellent handle to study the ratio u,/ u,.
Plenty of evidence exists from hyperfine
interaction measurements that the orbital
magnetism may survive in cubic structures.
However, only the 3™ generation synchrotron
facilities made it possible to measure u, and
u, in a direct way. A very high sensitivity is
needed because dilute alloys with ~1%
impurities correspond to 1/10 of an atomic
monolayer of 3d ions. Moreover, to measure
dilute paramagnets, a large magnetic field
and low temperatures are required. All this is
available at beamline ID8 of the ESRF. Fig.
1 shows the normalized XAS of Fe and Co
impurities and the corresponding XMCD.
The spectra were measured in an external
field B =7 T at temperatures down to 7 = 4
K at normal incidence of the X-rays. A com-
plete analysis via the sum rules [4] was
applied to determine the ratio u,/u, . Here
we use a simplified reasoning: For spin mag-
netism only, theory predicts a ratio 1:1 of the
integrated XMCD areas at the L, and the L,
edge. If the experimental ratio differs from
this (obviously for Co), a finite orbital
moment survives. The experimental numbers
are given in Fig. 2 (circles). The experiments
find that u,/u, is almost zero for Cr, Mn,
and Fe in Au, but 33% for Co/Au. Can this
be understood? Is this in conflict with the
quenching of orbital momentum in cubic
symmetry? Some insight is given by ab initio
calculations (Fig. 2, triangles and squares).
The calculations also yield a vanishing ratio
for all 3d elements except Co. Two values for
u,/ u, are given: 15 % and 70 %. The lower
number was calculated scalar relativistically
including SOC only as a weak perturbation
(3 Hund’s rule). The larger number takes
also into account orbital polarization (OP, 2™
Hund’s rule).

These XMCD experiments on paramag-
netic dilute alloys of Co/Au are the first
direct measurements of the 3d magnetic
moment which show that in cubic symmetry
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Fig. 2: Systematics of the ratio u,/ u, of the
3d series as impurities in Au [3].

an appreciable amount of orbital magnetism
may survive. The text book arguments about
the quenching of orbital moments are derived
on the basis of weak SOC, distinct separation
of t,, and e, states as well as no intermixing.
A strong hybridization of the 3d impurity
levels with the 5d host band structure and the
delicate balance of the spin-up and spin-
down filling of the 3d impurity bands can
indeed explain this experimental finding.
Nowadays, Co atoms or clusters on Cu(001)
surfaces may be used to study the Kondo-
effect on surfaces, e.g. by means of STM.
For future work of this kind it will be rele-
vant not only to apply the classic theoretical
models of spin magnetism [2], but to con-
sider also a surviving orbital magnetic
moment in these multi-particle effects.
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Magnetic multilayers constitute a new
class of materials exhibiting novel phenom-
ena for basic and applied science. Usually,
they are produced by a periodic repetition in
one dimension of a unit cell consisting of a
small number of monolayers (ML) of a
ferromagnetic and a non-ferromagnetic ele-
ment (Fig. 1). Hybridization effects, strain,
and reduced coordination numbers at the
interfaces of multilayers modify the magnetic
behavior with respect to the bulk. In addition,
remarkably, the non-ferromagnetic element
acquires an induced magnetic moment. The
magnetic properties of multilayers depend
essentially on the layer-dependent distribu-
tion of the magnetic moments of both ele-
ments. Only recently, progress in experi-
mental techniques with element specificity
and theory allows us to study interface mag-
netism at the ML limit.

Here, we have selected Ni/Pt multilayers
because (i) they have sharp interfaces at the
ML limit, and (ii) are of technological
importance as candidates for magneto-optic
recording. X-ray magnetic circular dichroism
(XMCD) experiments on a set of Ni/Pt,
multilayers with n and m between 2 and 13
ML were performed at 10 K under an applied
field of 2-5 T. The Pt L,;-edges were
recorded at the hard x-ray regime at the
ID12A beamline of the ESRF by using the
fluorescence detection scheme. The Ni L, ;-
edges were recorded at the soft x-rays at the

Fig. 1: Schematic representation of a Ni/Pt
multiplayer consisting of N repetitions of a unit
cell. The unit cell is also indicated.

ID12B beamline by using the total electron
yield detection mode. Intense dichroic sig-
nals were recorded for all multilayers. In Fig.
2 (a) and (b) we show XMCD signals at the
Pt and Ni edges for a Ni,/Pt, multilayer,
respectively. The determination of Ni and Pt
magnetic moments was done by application
of the sum-rules. In addition to the determi-
nation of magnetic moments, XMCD allows
for the separation into spin and orbital con-
tributions [1]. We probed a strong anisotropy
in the orbital moment of Ni of about 25% for
the Ni,/Pt, multilayer to be the source of
perpendicular anisotropy, which is a demand
for applications [2].

The XMCD data allowed us to construct a
monolayer-resolved magnetic moment pro-
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Fig. 2: XMCD and XANES spectra recorded
at the L, ; edges of (a) Pt and (b) Ni in a Ni,/Pt,
multilayer. The measurements have been
performed at normal incidence, T = 10 K and
H =2 T. Spectra were corrected for the degree
of circular polarization.

file for both Pt and Ni. Such a profile for a
Ni,/Pt; multilayer is shown in Figure 3 (a).
At the Ni/Pt interface, Pt acquires a large
induced magnetic moment of about 0.29
py/atom. The moment profile on the Pt-side
decays sharply from the interface. The Ni
interface magnetic moment of about 0.32
pg/atom is strongly reduced compared to
bulk Ni. The second Ni layer from the inter-
face possesses practically the bulk moment.
Figure 3 (b) shows ab initio theoretical cal-
culations using the tight binding linearized
muffin-tin orbital (TB-LMTO) method.
Qualitatively, for both elements, theory
shows the same trends as the experiment:
Hybridization effects are mostly localized at
the interface [3].

In conclusion, a complete monolayer-
resolved magnetic moment profile is pre-
sented for the first time for both constituents
of a magnetic multilayer in one experiment
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Fig. 3: (a) Experimental and (b) theoretical
magnetic moment profile for the unit cell in a
Nig/Pts multilayer [3].

and in theory. It gives new insight into the
fundamental understanding of interface mag-
netism.
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Antiferromagnets are an important class
of materials for several applications. Ultra-
thin antiferromagnetic films are frequently
employed in magnetic thin film devices like
magnetoresistive sensors in magnetic hard
disk read heads to manipulate the magnetic
properties of adjacent ferromagnetic layers.
The knowledge of the spin structure of the
antiferromagnetic layer is crucial for both the
design and operation of these devices as well
as the fundamental understanding of the
magnetic interaction between ferromagnetic
and antiferromagnetic layers, often referred
to as exchange bias effect.

In ferromagnetic materials the spins of the
individual atoms are subject to long range
parallel order, giving rise to a macroscopi-
cally observable magnetization. In antiferro-
magnetic materials, in contrast, the atomic
moments—although also long range or-
dered—average to zero within a few atomic
distances, and are thus much more difficult to
detect. The spin structure of many antiferro-
magnetic materials has been investigated in
bulk samples already decades ago by meth-
ods like neutron scattering or Mossbauer
spectroscopy. The spin structure of ultrathin
antiferromagnetic films with thicknesses of
only a few nanometers, however, has mainly
remained concealed, because these methods
require thick samples to obtain sufficient
signal. In atomically thin films the spin
structure may be altered significantly com-
pared to bulk materials by the enhanced
influence of the interfaces and the reduced
dimensionality.

Photoelectron emission microscopy

(PEEM) with X-ray magnetic circular
dichroism (XMCD) as magnetic contrast
mechanism was used to study the magnetic
interface coupling in single-crystalline stacks
containing ultrathin antiferromagnetic FeMn
layers that are sandwiched between two fer-
romagnetic layers. XMCD-PEEM detects the
difference in absorption of circularly polar-
ized x-rays that are resonantly tuned to at
elemental absorption edges between parallel
and antiparallel alignment of sample mag-
netization and helicity of the exciting x-rays.
By assembling trilayer stacks that have non-
collinear axes of magnetization of the ferro-
magnetic layers the collinearity of the anti-
ferromagnetic spin structure can be probed.

FeMn thickness (ML)

I |
7

Co thickness (ML)

Fig. 1: Element-resolved magnetic domain
images of 3 ML Co/15 ML Ni/FeMn
(wedge)/Co (wedge)/Cu(001). Top: domain
image at the Co L; edge, bottom: domain
image at the Ni L; edge.
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Single-crystalline, virtually unstrained fcc
FeMn films with no indications for chemical
order were obtained by deposition on a
Cu(001) single crystal substrate [1]. Scan-
ning tunneling microscopy measurements
had revealed that the FeMn films grow on
Cu(001) in a near-perfect layer by layer-
mode in which the surface roughness is con-
fined to monatomic islands or vacancy is-
lands [2] due to the low lattice mismatch
between FeMn and Cu (=0.4%). Some of the
layers were prepared as wedges suitable for
microscopic imaging in order to explore the
thickness dependence of the magnetic do-
main patterns. The XMCD-PEEM meas-
urements were performed using synchrotron
radiation at the UE56/2-PGM2 beamline at
BESSY.

Fig. 1 shows element-resolved magnetic
domain images of a sample in which an
FeMn wedge (thickness increasing from
bottom to top, left axis) was sandwiched
between a Co wedge as the bottom ferro-
magnetic layer (thickness increasing from
left to right, bottom axis), and a top ferro-
magnetic layer consisting of 15 atomic
monolayers (ML) of Ni and 3 ML Co. The
top panel shows the magnetic domain image
obtained at the Co L3 absorption edge; its
signal is therefore composed by contributions
of both the bottom and top ferromagnetic
layers, since both of them contain Co. The
bottom panel shows the magnetic domain
pattern obtained at the Ni L3 edge, which
represents the domain pattern of the top fer-
romagnetic layer only. Regular stripes with
alternating parallel and antiparallel coupling
between the two ferromagnetic layers across
the antiferromagnetic FeMn spacer layer are
recognized as the FeMn thickness is
increased. The period of 2 ML in FeMn
thickness indicates direct exchange coupling
through the antiferromagnetic spacer layer.
In addition to these stripes, a sawtooth-like
wiggling of the phase of this periodic
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Fig. 2: Magnetic domain image at the Ni L,
edge of Co (wedge)/15 ML Ni/FeMn
(wedge)/15 ML Ni/Cu(001). In the left part of
the image the magnetization of the top layer is
perpendicular to the film plane, while it is in-
plane for Co thicknesses above 0.5 ML.

interlayer coupling is observed as the Co
bottom layer thickness is increased. It is
attributed to the periodic modulation of the
bottom interface roughness due to the layer-
by-layer growth of the films.

Fig. 2 shows the magnetic domain pattern
at the Ni L3 edge of a trilayer in which an
FeMn wedge (left axis) 1s sandwiched be-
tween 15 ML Ni on the bottom and Co
(wedge, bottom axis)/15 ML Ni on the top.
The bottom layer had been magnetized into a
single domain state by an external magnetic
field after deposition. The image thus repre-
sents the domain pattern of the top Co/Ni
layer. In the left part of the image, for zero or
low Co thickness, a stripe-like domain pat-
tern with a stripe period of 2 ML FeMn
thickness as before is observed at FeMn
thicknesses above 9 ML. Here the magneti-
zation directions of the bottom and top fer-
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romagnetic layers are perpendicular to the
film plane, with alternating parallel and anti-
parallel alignment between the two ferro-
magnetic layers. At Co thicknesses above 0.5
ML the magnetization of the top ferromag-
netic layer turns into the film plane. The
small domains observed in this region for
FeMn thicknesses above 12 ML show that in
addition to an oscillatory coupling of the spin
component perpendicular to the film plane,
the spin component in the plane experiences
a laterally fluctuating pinning [3]. This pro-
vides direct experimental evidence that a
three-dimensional non-collinear antiferro-
magnetic spin structure, reminiscent of that
of bulk FeMn, must be also present in its
near-two dimensional realization. Such a spin
structure, the so-called 3Q structure, is sche-
matically depicted in Fig. 3. It is character-
ized by four different sublattices in which the
spins point along four different (111) direc-
tions.

This interesting result has also major im-
plications on theoretical models of the inter-
action between antiferromagnets and ferro-

magnets that try to describe the exchange
bias effect.

Fig. 3: Sketch of the 3Q non-collinear
antiferromagnetic spin structure. Monatomic
steps at the (001) surface exhibit 90° different
axes of the spin component in the film plane,
and opposite sign of the spin component
perpendicular to the film plane.
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How long does it take to load this text
from the hard disk of your computer? With
the current technology this depends on the
time needed to turn the magnetization of a
soft magnetic layer in the read head of the
hard disk drive. A magnetoresistive spin
valve read head sensor, as it is nowadays
commonly used in magnetic hard disk read
heads, consists of a trilayer system in which
two ultrathin ferromagnetic layers are sepa-
rated by a non-magnetic spacer layer. The
magnetization direction of one of the mag-
netic layers is switched by the magnetic bits
on the disk over which the head passes,
leading to a change in electrical resistance.
Presently, read and write times approach one
nanosecond, corresponding to 1 GHz fre-
quency. Controlling and understanding the
magnetization reversal dynamics in magnetic
thin films is thus a major issue for accelerat-
ing the speed at which data can be stored and
read back.

Only very few experimental techniques
can address the microscopic magnetization
reversal behavior of the different magnetic
layers in a spin valve separately. One of them
is photoelectron emission microscopy
(PEEM) with synchrotron radiation, which
employs x-ray magnetic circular dichroism
(XMCD) as magnetic contrast mechanism
[1]. Because of the element selectivity of
XMCD, different magnetic layers in a multi-
layered stack can be imaged separately. Time
resolution is obtained using a pump—probe
approach (Fig. 1). Magnetic field pulses pro-

vided by a microcoil and a fast power supply
(the pump) are synchronized with the X-ray
photon pulses from BESSY (the probe) [2].
Images are acquired for different constant
delays between pump and probe, i.e., at dif-
ferent times before, during, or after the appli-
cation of the magnetic field pulses. In this
way the magnetization dynamics of each
magnetic layer can be visualized separately
with a time resolution limited by the X-ray
pulse width (about 60 ps).

time

Fig. 1: Sketch of the stroboscopic time-re-
solved magnetic imaging technique. Current
pulses with a period of 1.6 us from a fast pulse
power supply induce magnetic field pulses of
several nanoseconds (red curves) in a microcoil
close to the sample position. Synchronized X-
ray pulses of about 60 ps length hit the sample
at a variable time delay At relative to the
magnetic pulses [2]. Electrons excited by these
x-ray pulses are used to obtain dynamic
stroboscopic and layer-resolved domain images
in a photoelectron emission microscope
(PEEM).
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We have used the combined temporal,
spatial, and layer resolution of time-resolved
XMCD-PEEM to study the magnetization
reversal dynamics of a 5 nm FeyoNigy/4 nm
Cu/5 nm Co spin valve on the nanosecond
time scale. Fig. 2 shows stroboscopic domain
images of the FeyNigo layer (domain contrast
green/blue) and of the Co layer (domain
contrast yellow/red). A 4 nm non-magnetic
metallic Cu spacer layer separates the two
magnetic layers. The images were acquired at
different times during the application of short
field pulses as indicated in the upper left
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Fig. 2: Layer-resolved stroboscopic magnetic
domain images of an Fe,,Nig/Cu/Co spin valve
at different times during the periodic applica-
tion of 18 ns-long magnetic field pulses (red
curve). Panels a—d represent the magnetic
domain pattern of the magnetically softer
Fe, Nig, layer at the time delays indicated in
the graph, panel e represents the magnetic
domain pattern of the magnetically harder Co
layer. Black lines in the images indicate the
position of domain boundaries domains in the
Co layer.
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Fig. 3: Analysis of magnetic switching of the
Fe,Nig, layer by expansion of domains during
the plateau of the field pulse, shown in a mag-
nified view on the left. The images at the right
represent the expansion of the switched areas
in one nanosecond time steps. Differently col-
ored areas indicate the increase of switched
domains at the times indicated by symbols of
the corresponding color in the graph on the
left.

panel. The magnetic pulse amplitude is ad-
justed so that the magnetization of the mag-
netically harder Co layer is not affected by
these pulses, i.e., the Co layer shows the
same pattern as in panel e for all times. In the
FeyoNigy layer, the magnetic field pulses fa-
vor the growth of the blue domains through
propagation of domain walls (panels a—c).
Upon reduction of the field, magnetic cou-
pling to the Co layer leads to a shrinking of
the blue domains (panel d), until after 1.6 pus
eventually the starting configuration is re-
stored (panel a), and the same cycle starts
over again.

Closer analysis of the domain wall motion
of the FeyoNigy layer during the plateau of the
field pulse (between panels b and ¢ of Fig. 2)
is shown in Fig. 3. The right hand side shows
the evolution of the FeyoNigyp domain pattern
in time steps of 1 ns. Different colors repre-
sent the incremental expansion of regions of
switched magnetization at the times indicated
in the graph at the left hand side, which
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shows a blow-up of the peak of the field
pulses. Due to the domain wall energy, which
opposes the expansion of small domains, the
domain wall velocity is greatest in areas
where two existing domains merge together
[3]. Measurements on similar samples have
shown that the magnetization reversal dy-
namics depends also on the competition be-
tween local magnetic interlayer coupling and
intrinsic properties of the sample [4]. The
combination of temporal, spatial and layer
resolution makes this technique so extremely
powerful for studying magnetization dy-
namics in layered magnetic systems.
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Nanostructured magnetic materials play
an important role for applications in sensors
and magnetic storage media. The interesting
properties of these materials arise from com-
plex magnetic structures induced by interac-
tion across non-magnetic layers or coupling
at magnetic interfaces. Like other material
properties, also magnetism on the nanoscale
can deviate substantially from the behavior
of the corresponding bulk materials.

The characterization of the magnetic
structures and the understanding of these
phenomena is a challenging task of funda-
mental research, the classical method for
these studies is magnetic neutron diffraction.
With the tunable, high-intensity photon
beams at synchrotron radiation sources, how-
ever, a new method has emerged, which pro-
vides unprecedented sensitivity. Tuning the
photon energy to the energy of a resonance
excitation in a magnetic material can enhance
the magnetic photon scattering cross section
by several orders of magnitude, which allows
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Fig. 1: Magnetic diffraction peaks recorded
from a thin film of holmium metal with
neutrons (blue) and with synchrotron radiation
exploiting a holmium resonance. In the latter
case, count rates are orders of magnitude
higher than in case of neutrons.

to study thin films and nanostructures [1].

The power of resonant x-ray scattering is
illustrated in Fig. 1, showing a comparison of
the two methods. The experiments were
carried out on a thin film of the lanthanide
metal holmium with a thickness of only 13
atomic layers. Holmium is characterized by a
complex magnetic structure consisting of a
helical arrangement of magnetic moments.
This magnetic modulation gives rise to a dif-
fraction peak as shown in Fig. 1. In case of
neutron diffraction, a count rate of approxi-
mately 10 counts/sec is obtained (blue data),
while x-rays at resonance yield an orders of
magnitude higher count rate from the same
sample (red data). This enormous intensity
opens new fields of research in magnetic
nanostructures hitherto not accessible.

However, the important resonance ener-
gies lie in the soft x-ray region, aggravating
the application of the method. Due to the
strong absorption of soft x-rays in air the
entire experiment must be carried out in vac-
uum. This technical difficulty was overcome
by the construction of a dedicated diffracto-
meter financed by the BMBF. The instru-
ment is based on a newly developed vacuum
rotation feedthrough and operates even in
ultrahigh vacuum. Another property of the
soft x-rays associated with the resonance
energies is the comparably large wavelength,
of the order of 1-3 nm. This prevents to
probe magnetic correlations on an atomic
length scale, but is ideally suited for the
study of ordering phenomena on the
nanometer scale.

An important finite-size effect in magnetic
materials is the observation of a reduced
ordering temperature in thin films. This phe-
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Fig. 2: Reduced magnetic ordering tempera-
tures Tx(d) in magnetic films. For a complex
antiferromagnet (holmium, red data) 7\(d)
decreases faster with the film thickness than
for a ferromagnet (gadolinium, blue data).

nomenon is due to the reduced number of
magnetic neighbors at surfaces and interfa-
ces, which becomes increasingly important
with decreasing film thickness. This is well
understood for ferromagnets, while little is
known about systems with more complex
magnetic structures.

For the helical antiferromagnet holmium,
temperature-dependent studies of magnetic
diffraction peaks as in Fig. 1 allow to probe
the behavior across the magnetic phase trans-
ition and hence to determine the ordering
temperature 7n. The thickness-dependent 7y

of holmium is compared to that of the ferro-
magnetic lanthanide metal gadolinium in
Fig. 2. In contrast to the latter, 7\ in hol-
mium already drops around 10 layers, estab-
lishing a close relationship to the bulk helix
period [2].

The high sensitivity of the method provi-
des high-quality diffraction patterns that
allow to reconstruct real-space magnetic pro-
files in thin films with monolayer resolution.
This is shown in Fig. 3 for a 20-layer-thick
film of the antiferromagnetic semiconductor
EuTe. Temperature-dependent profiles reveal
that the magnetization does not decay in a
homogeneous way, but that the outer layers
of the film demagnetize faster than the inner
layers, confirming a 30-years-old theoretical
prediction [3]. Even details like chemical
intermixing, which is important for the
material properties of such layered systems,
is readily obtained from the reconstruction of
the diffraction patterns.

References

[1] E. Weschke, H. Ott, C. Schii3ler-Lange-
heine, A. Yu. Grigoriev, R. Meier, and G.
Kaindl, Synchrotron Radiation News 17,
No. 6, 11 (2004).

Magnetization [arb. units]

Layer Index

1 5 10 15 20 7 8 9 10

Temperature (K)

- C PbTe
11 ] layer 1
T |1 | layer 2
layer 3
layer 4
] EuTe
layer 11

1 12 13

Fig. 3: A: Temperature-dependent magnetization profiles of a 20-layer-thick EuTe film, sand-
wiched between PbTe layers. One observes a reduced magnetization in the outer layers due to the
lack of magnetic neighbors at the interface to PbTe. B: Temperature-dependent magnetizations of
individual layers. The inner layer 11 behaves like bulk EuTe, while the magnetization in the outer
layers (1-4) decays faster. C: Schematic view of the EuTe/PbTe interface with intermixed layers 1
and 2. These intermixed layers have the smallest magnetization.
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Previous page: Crucial steps in the reaction sequence leading to the photosynthetic formation
of the atmospheric dioxygen (O,). In plants and cyanobacteria, the absorption of four quanta
(or photons) of visible light drives the splitting of water molecules. Electrons and protons are
removed from water, and O, is formed. The reaction sequence preceding dioxygen formation
has been tracked by time-resolved X-ray absorption spectroscopy with microsecond
resolution (steps 1 to 3 in the shown scheme). Selected atoms are depicted as colored balls,
covalent bonds as tubes. The shown arrangement of amino acids and metal ions has been
determined by protein crystallography with synchrotron radiation.
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In 1953, Watson and Crick proposed their model of the DNA double helix, based on the X-
ray diffraction data of Rosalind Franklin. This legendary model represents the starting point
for two research directions that shaped the modern life sciences: molecular biology and
structural biology. In 1953, X-ray tubes were used and synchrotrons were an instrument for a
small circle of particle physicists. In the last decades, this situation has changed radically.
Particle physicists moved on to other, even bigger instruments and synchrotron radiation
became a prime tool to investigate at the atomic level the structure of matter, including the
bewildering variety of biological macromolecules.

Today the superior properties of the X-ray beams of synchrotron radiation sources
facilitate the collection of diffraction data on tiny crystals and the determination of the
individual three-dimensional coordinates of ten thousands of atoms in huge macromolecular
complexes. In addition, novel techniques have been developed that do not require the tedious
and often futile attempts to create well-ordered crystals from solutions of macromolecules. A
prominent example is X-ray absorption spectroscopy (XAS) for tracking the catalytic process
of the numerous proteins that carry a metal ion at their active site.

Protein crystallography with synchrotron radiation is the powerful workhorse in structural
biology. Soon after the crystallographic elucidation of the DNA structure, proteins moved into
focus. Understanding the variety of their function on the basis of the three dimensional
structure became the goal. The Protein Structure Factory of the Freie Universitéit at the
BESSY II is a state-of-the-art facility, which makes possible highly efficient crystallographic
data collection. In four of the following research papers progress is described that has been
obtained by protein crystallography. Rossocha et al characterize an enzyme, which is crucial
for the ‘bacterial flora’ of our digestive system; its malfunction may be related to gall stones
and colorectal cancer. Not only storage of genetic information by DNA is vital, but also the
controlled read-out prior to protein synthesis. This control frequently is facilitated by
promotor and repressor proteins. Weihofen et al describe the structure of a Watson-Crick
helix with a pair of attached repressor proteins.

The molecular world of cells consists not only of nucleic acids (DNA, RNA) and proteins,
but also of membranes separating the cell from the extracellular world as well as intracellular
compartments. However, matter has to move across these lipid bilayer membranes in a well-
controlled way. Kiimmel e al. investigated a protein complex involved in the vesicular
transport of proteins across a membrane. Before the transport occurs, the transport vesicle is
tethered to the target membrane; the tethering complex was crystallographically characterized.

Life on Earth is driven by solar energy; the atmospheric dioxygen is formed as a
byproduct. The molecular power plant for solar energy conversion and O,-formation is called
Photosystem II. The leading role of Berlin researchers in this field was reestablished by a
really special breakthrough—an almost complete atomic-resolution model of the photosystem
comprising 20 non-identical protein subunits as well as 77 (!) organic and inorganic cofactors
as described in the contribution of Loll e al.

X-ray absorption spectroscopy (XAS) with synchrotron radiation complements protein
crystallography. A major fraction of proteins exploits the specific properties of metal ions.
Prominent examples are the iron of hemoglobin and the manganese complex that facilitates
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dioxygen formation in Photosystem II. To unravel the function of metalloproteins at the
atomic level, it is of prime importance to monitor the structural dynamics which is associated
with advancement in the catalytic cycle. Frequently this can be achieved by X-ray absorption
spectroscopy on protein suspensions. Only recently, XAS investigations on dilute protein
suspensions became possible at the BESSY-II (Dau et al. in Instrumentation section).

Investigations on reaction intermediates in the process of photosynthetic oxygen formation
by Photosystem II are described by Haumann et al. Among the highlights of this work are
time-resolved XAS experiments resulting in the identification of a crucial reaction
intermediate, which for more than 35 years had been searched for. Water-splitting by
Photosystem II and hydrogen formation by metalloproteins called hydrogenases are connected
by a vision—to develop biotechnological or biomimetic system for environmentally friendly,
solar-energy-driven production of molecular hydrogen, the fuel of the future, as described by
Loscher ef al.

Using microcapillaries to focus X-rays, two-dimensional X-ray microscopy, on the one
hand, and atomic-level structural studies, on the other hand, have been combined by Liebisch
et al. Brown ‘volcanoes’ at the cell wall of a unicellular green alga are found to be a layered
form of manganese oxide with calcium ions in the intercalating water layers. This still
enigmatic biomineralization phenomenon is likely to become an exciting subject of future
research.

Not only X-rays, but also the brilliant ultraviolet and infrared light provided by
synchrotron radiation sources is employed in investigations on protein function. Borucki ef al.
track structural changes in biological photoreceptors by synchrotron-radiation circular
dichroism (SRCD) spectroscopy. Photoreceptors comprise the rhodopsins facilitating human
vision and the phytochromes, which in plants, inter alia, direct sprouts towards the light. The
worldwide efforts to understand their function is one of the focal points of biophysical
research in Berlin.

The two most prestigious journals in the world of science are the British magazine Nature,
where also Watson and Crick presented their double-helix model, and the American journal
Science. Publication of breakthrough results in Nature and Science proves the high level of
science and international recognition of the life-science research with synchrotron radiation at
the Freie Universitdt Berlin (Zouni ef al. 2001, Nature; Haumann et al. 2005, Science; Loll et
al. 2005, Nature).
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Digesting Conjugated Bile Acids with the Help of Bacterial Enzymes

M. Rossocha', R. Schultz-Heienbrok', H. von Moeller', J. Coleman’ and W. Saenger’

! Institut fiir Chemie und Biochemie/Kristallographie, Freie Universitdt Berlin
2Department of Microbiology and Immunology, East Carolina Uniersity, Greenville, North Carolina

In the digestive system of human beings
and other mammals many bacteria are hosted
that make up the so-called “bacterial flora”.
Nutrition entering the intestine is emulsified
by conjugated bile acids that are formed in
the liver and consist of deoxycholic acid
linked by a peptide bond to taurin or glycin
(Fig. 1) formed in the liver. The conjugated
bile acids allow uptake of essential fats and
are necessary for digestion. Breakdown of
unused conjugated bile acids is ensured by an
enzyme called “Conjugated Bile Acid Hydro-
lase” or CBAH. This enzyme can be found in
virtually any bacterial strain in the intestine.
Malfunction of CBAH plays a role in human
(patho)physiology as deconjugated bile salts
are associated with gall stones and colorectal
cancer.

We have purified CBAH from a bacte-
rium called “Clostridium perfringens”. After
purification, the protein was co-crystallised
with the substrate taurocholic acid using two
different solutions: One containing poly-
ethylene glycol and the other containing
ammonium sulfate (Fig. 2). Using synchro-

Fig. 1: Chemical structure of taurodeoxy-
cholate, a common bile acid found in the
intestine. The substrate is cleaved at the peptide
bond (arrow).

Fig. 2: Protein crystals of CBAH. (Left) crystals
were grown from polyethylene glycol solution
and (right) from ammonium sulfate solution.

tron radiation from BESSY II/Berlin, we
were able obtain X-ray diffraction data from
these crystals suitable for structure determi-
nation [1]. The structure allowed us not only
to visualize the tertiary structure of the pro-
tein, i.e. the folding pattern of the polypep-
tide chain, but also its higher structural
(quaternary)  organisation.  Bio-chemical
experiments had indicated that CBAH exists

Fig. 3: CBAH forms a homo-tetramer with
dihedral symmetry. The reaction products
taurine (TAU) and deoxycholate (DCA) are
shown in grey and indicated in one (yellow)
subunit.
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as a tetramer in solution. We confirmed these
earlier experiments and could also show how
the enzyme assembles into a tetramer (Fig.
3).

The crystals obtained from ammonium
sulfate also contained the hydrolysis products
taurine and deoxycholate besides tetrameric
CBAH. By identifying these molecules in the
crystal structure, we were able to map out the
active centre as well as the binding pocket of
the enzyme (Fig. 4). It could be shown that
CBAH belongs to a class of enzymes that
uses the N-terminus as a nucleophile in
catalysis and, hence, is called the Ntn-hydro-
lase superfamiliy. The nucleophilic N-termi-
nus is exposed after autocatalytic cleavage of
a pre-protein of varying length. Since
mutations in the active centre of the enzyme
would prohibit autocatalytic cleavage of the
pre-protein, it is very difficult if not impossi-
ble to reveal the reaction mechanism of this
class of enzymes by studying structures of an

%Lculd-l
m =
Phe26 c”&‘cus : :/)115133
= 6 #y
5 ek D) ‘_*cwi"ﬁ i
,.'x,'.. b ¥ = Lo
(== 45 dlcE ‘oo St
] { o ‘! cn u.’d‘ L J _:}\
Vo .E- cn @ =R P g’ I Phetl
o~ ﬁbe.w ' g [ 2 . By
% ’I - c:
’: 2,73 Q}\UII/
® Met20 —llel137

HOHI127

Fig. 4: (top) Active site and substrate binding
pocket of CBAH. Residues of the active site and
the binding pocket are labeled. TAU, taurine;
DCA, deoxycholic acid, B-sheets as green arrows
and a-helices as spirals. (bottom) Contacts to
deoxycholic acid, hydrogen bonds as dashed
lines. van der Waals contacts as evelashes.

enzyme-substrate complex.

To overcome this problem,
hydrolase is needed that has no pre-protein.
In CBAH from Clostridium perfringens the
pre-protein consists of a single amino acid (f-
Met). When the protein is expressed in

an Ntn-

Escherichia coli this initial amino acid is, at
least partially, cleaved off by the enzyme
methionyl-aminopeptidase. It is, therefore,
possible to obtain CBAH which is fully
processed and active and can be mutated at
positions involved in the catalytic cleavage
of conjugated bile acids. We plan to analyse
structures of complexes formed by substrates
and various mutant forms of CBAH to estab-
lish the reaction mechanism of this enzyme.
These studies would also be of importance
for the whole class of Ntn-hydrolases. In
order to study enzyme-substrate complexes,
high resolution structures are necessary
which can only be gained using a high bril-
liance synchrotron beamline such as BESSY
[I/Berlin.
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Structures of ® repressors bound to direct and inverted cognate DNA
repeats reveal a unique mechanism to modulate transcription

Wilhelm A. Weihofen', Aslan Cicek', Florencia Pratto’, Juan C. Alonso’, Wolfram Saenger’

! Institut fiir Chemie und Biochemie/Kristallographie, Freie Universitcit Berlin
’Departamento de Biotecnologia Microbiana, Centro Nacional de Biotecnologia, Madrid,

In all organisms the expression of genes
(transcription) is regulated by repressor
proteins that bind to DNA sequences
(operators) located upstream of the respective
gene. Repressor o is the common regulator
of genes for copy number control, accurate
segregation and stable maintenance of broad-
host-range incl8 plasmids hosted by Gram-
positive bacteria. ® belongs to the MetlJ/Arc
family of homodimeric ribbon-helix-helix
(RHH,) proteins that feature a symmetric
antiparallel B-sheet for DNA major groove
binding. Generally two or more RHH, bind
to severely bent, palindromic operators, and
because adjacent RHH, contact each other,
the interaction is cooperative and strong. The
cognate repeat sequence for m, is a DNA

Fig. 1: Comparison of the nucleotide sequences
The

experimentally defined conserved -35 and -10

of ®, target sites in incl8 plamids.
consensus regions of the PcopS, PS and Pw
promoters are boxed, heptad position and

orientation indicated by arrows [1].

heptad (5°-*/tATCAC*/1-3> symbolized by
—) that is aligned in natural operators with 7
to 10 consecutive copies as palindromic,
inverted (—+«—) and divergent («——) repeats
or as non-palindromic, direct repeats (——),
Fig. 1.

Since the binding affinity of ®, to each
operator depends on the number and the
arrangement of heptad repeats, different
genes can be controlled by the common
regulator o, (Fig. 1).

To our knowledge only repressor w;
features the unique ability to bind to
palindromic as well as to non-palindromic
operators consisting of consecutive DNA
cognate repeats. Therefore it was of interest
to elucidate the structural determinants for
cooperative binding of w, repressor to natural
operators with different heptad arrangements.

We crystallized ®, bound to two minimal
operators comprising direct (——) and
inverted (—+«—) heptads (Fig. 2).

X-ray diffraction data were collected at
the Protein Structure Factory beamline
BL14.1 of Free University Berlin at BESSY
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Fig. 2: Structure of [®w;],-(——). DNA backbone
trace in light and dark grey. ® monomers A/A’
and B/B’ in light and dark green and blue,
respectively, helices ol and o2 labelled with
white letters. The A/A’ dimer transforms to the
B/B’ dimer by 7/10 rotation and translation along
the DNA axis. The m,'®, interface is formed
between helices al’ of A’ and al of B that are
related by a pseudo-twofold axis perpendicular to
the paper plane (red ellipse).

and structures were determined by molecular
replacement, see Fig. 2 for the structure of
[02]2-(——) [2].

A comparison of [w;],-(——) and
[@2]2-(—«) showed that the pseudo-twofold
axis relating the monomers in ®, passes with
~0.3 A downstream offset through the central
G-C base pair of each heptad see Fig. 3.
Consequently, these symmetry axes are
separated by 7 base pair in [w;],-(——) but
they are 0.6 A closer in [®;],-(—+«). Helices
al and al’ forming the w,w®; interfaces
superimpose well, consistent with similar
dissociation constants for both complexes.

W [A190,], - (=)
[ [A19,], - (<)

Fig. 3: Superimposition of A/A’ of [w;],-(——)
(green) and A/A’ of [@,],-(—<«) (grey) to show
slight positional differences of @ B/B’ associated
with palindromic symmetry in (—<«) but not in
(——). Pseudo-twofold axes relating monomers
in o, indicated by dashed lines coloured green
for [@,],-(——) and red for [®,],-(—<«). Helices
al, ol” involved in ®,®, interactions
superimpose well allowing cooperative binding
in both complexes. DNA in [@;],-(—<«) is
locally kinked by 12° at the centre of the bottom
heptad, and ®, are ~0.6 A closer (vertical
distance between pseudo-twofold red axes) than
in [@,],-(——), see text.

By contrast, the separation between the
two ®, will be ~0.6 A wider in [w:]r-
(«——).Assuming that the interaction pattern
between ®, and heptads with («——)
orientation is similar as in (——) and (—«)
heptad orientations, the expected ~0.6 A
longer al--al contacts are probably less
favorable, in agreement with the six-fold
weaker affinity of wt ®, to heptads in («——)
arrangement and the finding that [w;],-(«——)
dissociated during gel filtration.

Protein-DNA interactions in  both
complexes bury 1610 A? of solvent
accessible surface area. Another 550 A® are
buried by interaction of pseudo-twofold axis
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related al helices of adjacent monomers A’
and B in [0;];-(——) and A’ and B’ in
[@2]2-(—«), respectively (Figs. 2 and 3).
The al helices of both subunits interact by
hydrogen bonds, and hydrophobic contacts
ensure cooperative binding when several o,
associate with multiple heptad repeats as
found in natural operators, Fig. 4.

A

Fig. 4: Model of seven m,-bound heptads
( ) of the natural promoter PJ
(Fig. 1). (A) DNA in space filling (grey) and o,
as orange/red ribbons, (B) DNA in stick (green)
and ®, in surface representation coloured
according to electrostatic potential (negative and
positive charges red and blue, respectively). The
model is based on the structures of [w;],-(——)
and [m,],-(—<«). Repressors form a left-handed
protein-matrix winding around the nearly straight
right-handed operator.

of of

allowed

Extrapolation the structures
[2]-(——) and [02]-(—«)
modeling of natural promoter P comprising
9 heptad repeats and bound o, (Fig. 4). The
model implies that w, binds as left-handed
right-handed,
operator DNA, each o, being displaced by its

neighbor by ~7 base pair and rotated by 252°.

matrix to straight B-type

Fig. 4 shows that the negatively charged
sugar-phosphate backbone of DNA faces

positively charged electrostatic potential of
®o.

The determined
m-DNA regulation of
transcription can be summarized as follows:
In gram-positive bacteria, inc/8 family

of the
for

implications
structures

plasmids harbour genes to control their copy-
number, stable maintenance and accurate
segregation during cell division. Since
expression of these genes is regulated by the
common ®; repressor, a unique mechanism
has evolved to fine-tune repressor affinity for
the different operators. How this is achieved
is shown by the present study. It clearly
indicates that the pseudo-symmetric ®; binds
with 0.3 A downstream (5°-3°) offset relative
to the center G-C base pair of the cognate
DNA heptad. Since the operators are nearly
straight B-DNA, different heptad numbers
and orientations lead to different distances
between al-helices of adjacent w,, thereby
modulating cooperative interactions between
w; and different operators. The ability to bind
to palindromic as well as to non-palindromic
operators is a unique feature of ®, and is not
shared by other members of the RHH;
family.
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Structural Studies of the Human Tethering Complex TRAPP Involved
in Vesicular Transport
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Living cells are separated from their
surrounding by lipid bilayer membranes
which fence off the interior of the cell, the
cytosol, from the outside world. In addition,
the cells of all higher organisms contain
specialized compartments which are separ-
ated from the cytosol also by lipid mem-
branes. Because of their chemical properties,
membranes constitute a barrier for exchange
of substances. This allows the maintenance
of distinct environments for different proces-
ses carried out in these areas. A controlled
transport across biological membranes is
mediated by membrane proteins that can act
as specific transporters or regulated channels.

The exchange of proteins and other mole-
cules between different compartments or the
cell and the outside world is achieved by
vesicular transport: Small membrane vesicles
bud at a donor membrane and load cargo in
their interior. The vesicles travel through the
cell to their destination compartment where
the wvesicle is first tethered to the target
membrane and then fuses, thus delivering its
cargo (Fig. 1).

The tethering process is required for the
specificity of vesicle transport, ensuring that

Fusi

on

the right vesicle is bound to the correspond-
ing target membrane. This recruitment of
vesicles to their destination compartment is
mediated through tethering factors, such as
long coiled-coil proteins or tethering comp-
lexes. The tethering process is followed by
membrane fusion, catalyzed through the class
of SNARE (soluble NSF-attachment protein
receptor) proteins.

We are interested in the TRAPP (Trans-
port Protein Particle) tethering complex
which is involved in the transport of vesicles
from the endoplasmic reticulum (ER), where
proteins are synthesized, to the Golgi net-
work, where proteins are further processed.
TRAPP was shown to interact with ER-
derived vesicles and to promote nucleotide
exchange of a regulatory protein, the Rab-
GTPase Yptlp. The human TRAPP complex
contains at least seven subunits. Our goal is
to structurally characterize the different
TRAPP subunits and subcomplexes. This
information will allow us to gain better
understanding of the essential vesicle tether-
ing process.

We have so far succeeded in the crystal-
lization and structure determination of two

Fig. 1: The cargo delivery of
a vesicle to the target com-
partment requires tethering
and membrane fusion (after

[1D).
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human TRAPP subunits, BET3 [2] and TPC6
[3]. The X-ray diffraction experiments were
carried out at the protein crystallography
beamlines established by the Protein Struc-
ture Factory [4] and operated by the Freee
University at BESSY, Berlin. The crystal
structures of Sedlin [5] and Bet3 [6] from
mouse have been determined by others.

The BET3 protein reveals a novel o/f-
plait protein fold (Fig. 2A). The secondary
structural elements are arranged in a topolo-
gy constructed by a twisted, antiparallel,
four-stranded B-sheet on one side, with heli-
ces forming the other side of the structural
motif. BET3 forms a dimer around the
crystallographic two-fold axis, primarily
involving interactions between the helices al
and o2. The dimeric structure of BET3
adopted in the crystal has been confirmed in

5 NLG KSI
h ]-[SG PAK TTL
HVQ&IIW'E VQDISLEGD

similar residues are high-
lighted in red, green, and
blue. Residues of TPC6
and BET3 marked by an
asterisk denote amino
acids most  strongly
involved in dimer forma-
tion. Sequences corres-
ponding to the BET3
family motif are en-
closed in boxes.

*

m;

H Mg

2]

solution by analytical ultracentrifugation.

A striking feature of the BET3 structure is
the presence of a hydrophobic pocket within
the core of the « -helical face (Fig. 3A). This
tunnel is occupied by a palmitate molecule
covalently attached to the protein through a
thioester linkage to the fully conserved resi-
due C68. There are 27 highly conserved and
predominantly hydrophobic residues that line
the pocket. The palmitoylation of BET3 in
vivo was shown with metabolic labeling of
yeast cells expressing human BET3, yeast
Bet3p and the corresponding cysteine-to-
serine mutants. Wild-type BET3 and Bet3p
were palmitoylated as shown by fluorogra-
phy, whereas no palmitic acid was attached
to the mutant proteins (Fig. 3B). Palmitoyla-
tion most commonly promotes membrane
binding of proteins but has also been shown
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to modulate protein—protein interactions.
However, palmitoylation of BET3 was
shown not to be essential for cell viability or
membrane localization of BET3 in yeast. The
membrane attachment of BET3 may be
mediated by an additional modification or
through interactions with an other component
of the TRAPP complex. The hydrophobic
cavity of BET3 might also represent a
binding pocket for acylated interacting
proteins. TPC6, another subunit of TRAPP,
was also found to be dimeric and the overall
structure resembles strikingly that of BET3
(Fig. 2B). In spite of only 17% sequence
identity, the superposition of the a-carbon
backbones of the monomers of both proteins
shows high similarity. Differences in struc-

25 kD@ s—

20 kDo w—

ture are mainly confined to the loop regions,
whereas the o/B-plait cores of both proteins
show little divergence. Considering the struc-
tural similarity between TPC6 and BET3 we
suggest that the o/B-plait fold might represent
the common fold for all paralogous BET3
family members including an third TRAPP
subunit, TPC5. A sequence alignment of the
human proteins TPC6, TPC5, and BET3
(Fig. 2C) shows that conserved and similar
residues between different family members
are predominantly located in the o-helical
secondary structure elements. Major varia-
tions in length and conservation of the prima-
ry structure are only found in loop regions. In
addition, the proteins differ in the length and
sequence of their N- and C-termini. The

Fig. 3: A A palmitoyl group, linked to the conserved
residue C68, is located in a cavity formed by
hydrophobic amino acids. B BET3 is specifically
palmitoylated at the conserved cysteine residue.

Fig. 4: Model of a TPC6-BET3
heterodimer. The structure of this
TRAPP subcomplex is derived from
a superposition of the TPC6 (red)
and BET3 (cyan) dimers.
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highest similarity is found for two motifs
(LXAGXH#GX,LXE and G#,XGXL) that
have been previously described, and these
motifs are located in the interior of the
proteins. Taken together these data suggest
that TPCS may adopt a similar fold as TPC6
and BET3.

The similarity between BET3 and TPC6 is
especially prominent at the dimerization
interfaces of the proteins leading to the
intriguing possibility of a heterodimerization
between TPC6 and BET3. Heterodimeriza-
tion could be demonstrated by in vitro and in
vivo association studies. We therefore sug-
gest a model of a BET3-TPC6 heterodimer,
representing a putative TRAPP subcomplex

(Fig. 4).
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Crystal Structure of Photosystem II at 3.0 A Resolution

B. Loll', J. Kern®, W. Saengerj, A. Zouni’, J Biesiadka'
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Oxygenic photosynthesis is the principal
energy converter on earth. It is driven by
photosystems I and II (PSI, PSII), two large
protein-cofactor complexes located in the
thylakoid membrane of plants, green algae
and cyanobacteria and acting in series. In
PSII, water is oxidized at a manganese-
cluster (Mng-Ca). This event
provides the overall process with the
necessary electrons and protons, and the
atmosphere with oxygen.

The X-ray crystal structure  of
cyanobacterial photosystem II at 3.0 A
resolution [1] shows the arrangement of the

calcium

20 protein subunits: the reaction centre
proteins D1 and D2, the chlorophyll
containing inner-antenna subunits CP43 and
CP47, subunits a and B of cytochrome b-559
and the smaller subunits PsbH, Psbl, Psbl,

PsbH

PsbK, PsbL, PsbM, PsbT and PsbZ (Fig. 1).
In addition, 3 subunits are membrane-
extrinsic: cytochrome c-550, PsbU and PsbO
(Fig. 2). The locations and orientations of 77
organic and inorganic cofactors are defined,
including 35 chlorophyll a, 2 pheophytins, 2
plastoquinones, 11 B-carotenes, 14 lipids,
bicarbonate, 1 non-haem iron, 2 haem-bound
irons, putative calcium and the Mny-Ca
cluster which catalyzes water oxidation.

Fig. 1: Overall structure of PSII dimer seen from
the cytoplasmic side of the thylakoid membrane
(see Fig. 4). The monomers are related by a C,-
rotation axis, located in the centre near PsbM;
subunits X1, X2, X3 not yet assigned. Individual
subunits are depicted in different colours,
cofactors in stick representation (green,
chlorophyll a; red, carotenes; blue, lipids).
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Fig. 2: View of PSII in direction along the
membrane plane; the position of local-C, rotation
axis, that relates the monomers in the PSII dimer,
is shown.
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Fig. 3: Cofactors of the photosynthetic reaction
centre, including the electron transfer chain
where charge separation occurs, distances
between centres of cofactor in A. The asterisk
indicates Qg that is only half-occupied.

Photosynthesis is initiated at PSII by light
energy, harvested by chlorophyll a in the
antenna subunits CP43 and CP47. Excitation
energy is guided to the primary electron
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donor P680, a chlorophyll a in the heart of
the PSII reaction centre, formed by cofactors
embedded within subunits D1 and D2 (Fig.
3). P680 becomes excited and ejects an
electron to form the cationic radical P680°".
The electron moves by means of electron
transfer chain to the acceptor Qa, a
plastoquinone that is tightly bound at the
stromal side of subunit D2.

After light induced
successive charge separating steps, P680°"

abstracts one electron from the Mns-Ca

each of four

cluster by means of the redox-active Tyrz. In
turn, the four oxidation equivalents
accumulated in the Mny-Ca cluster oxidize
two water molecules, coupled with the
release of one O, and four H'. In the first two
charge separations, QA°*" doubly reduces the
mobile plastoquinone molecule Qp docked to
the binding site in subunit D1. After uptake
of two protons, QgH, (PQH; in Fig. 4) is
released into the plastoquinone pool in the
thylakoid membrane and replaced by a new
plastoquinone from the pool for another
photosynthetic cycle.
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Fig. 4 Light reactions of oxygenic photosynthesis occurring in the thylakoid membrane.

PQH,
embedded cytochrome be/f complex, and the
released electrons are transported by water-
soluble plastocyanin to photosystem I where

is oxidized at the membrane-

they are activated by light, transferred via
ferredoxin to NADP reductase (FNR in Fig.
4) and used there to reduce NADP to
NADPH. The released H' form a gradient
across the membrane that drives ATP
synthesis, and both, NADPH and ATP, are
used to convert CO; to carbohydrates in the
Calvin cycle (not shown).

The here described three-dimensional
structure of cyanobacterial PSII has provided
more details than any of the previous PSII

several
resolution

structures and has corrected
misinterpretations  of

electron density maps. The number of 14

lower

lipids is the highest yet found in any protein
complex and suggests structural and
functional roles. The flexible hydrophobic
lipids may promote the assembly and
rearrangement of the 20 protein subunits in
the PSII complex and the diffusion of

plastoquinone/plastoquinol between photo-

system II and the quinone pool in the
thylakoid membrane.

The carotenoids, distributed uniformly at
the periphery of PSII or clustered at the
monomer-monomer interface, protect the
complex from photodamage.

Most of the cations in the water-oxidizing
MnyCa-cluster in "3+1" Mn configuration are
bridged in bidentate mode by carboxylate
groups that probably play functional roles
during Kok-cycle reactions. The novel
insights into PSII structure and function
suggest mutational studies that will deepen
our understanding of PSII function.
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The oxygen that we breathe — photosynthetic O,-production
followed in X-ray absorption experiments

M. Haumann, P. Liebisch, C. Miiller, M. Grabolle, M. Barra, P. Loja, H. Dau

Freie Universitdt Berlin, Institut fiir Experimentalphysik

Atmosphere and biosphere shaped by
photosynthetic O,-production

In photosynthetic organisms, solar energy
drives the conversion of CO, into energy-rich
carbohydrates (sugar, starch). The spreading
of early photosynthetic organisms was
restricted by limited availability of suitable
substrate molecules that could provide the
needed reducing equivalents (electrons).
About three billion years ago, however,
nature invented—by evolutionary trial and
error—a fascinating machinery for using the
ubiquitous water as a substrate. Thereby the
previous limitations were removed and in the
next 3 billion years a dramatic change in
atmosphere and biosphere took place. In the
process of photosynthetic water-splitting,
dioxygen (O;) is produced and released
(Fig. 1). Within about 2 billion years the
previously negligibly oxygen level in the
atmosphere increased to 21%. The sensitivity
of early organisms to reactive dioxygen has

led to a reshaping of the bacterial world.

'

Mn,Ca co\l’f\plex,"PSEI Tﬁr‘ofejn;

20—+ 4e+4H + 0,

Perhaps more important, the presence of
dioxygen enabled the evolution of a
respiratory machinery that can account for
the energetic needs of higher life forms—
including human beings. But how is—driven
by
produced? This question is a focus points of
research with synchrotron radiation of groups

light—water split and dioxygen

at the FU Berlin (see also contribution of
Loll et al. in the group of W. Saenger).

Atomic structure of the oxygen-evolving
complex by synchrotron experiments

The unknown territory in photosynthesis
research is rapidly shrinking, but access to
the 'inner sanctum' still represents a special
challenge. (The mechanism of water splitting
has been denoted as the 'inner sanctum' or
'holy grail' of photosynthesis research.) We
know that water is split (or oxidized) at a
manganese-calcium complex bound to the
proteins of Photosystem II (PSII) [1]. This
huge protein-cofactor complex is found in

Fig. 1. Sum  equation  of
photosynthetic water oxidation and
dioxygen formation at the manganese
complex of Photosystem II (PSII).
Water-splitting by PSII also is
denoted as water oxidation because
formally electrons are extracted from
the oxygen of two water molecules
and thus the water-oxygen is oxidized.
The water plant in the background
was illuminated and produced bubbles
of dioxygen as clearly visible in this
photo.
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the lipid bilayer membranes of plants, green
algae and cyanobacteria (blue-green algae).
Recently a highly-resolved structural model
has been presented [2] that includes the
location of several thousand atoms of the
PSII proteins and of numerous cofactors
(chlorophyll carotenoid molecules,
quinones acting as electron acceptor and
carrier molecules, iron of still unknown

and

function, the manganese complex, and
others). The basis for this model had been the
three dimensional electron density map
obtained by protein crystallography with
synchrotron radiation. The crystallographic
model represents a long-awaited
breakthrough, but it does not suffice to
answer the question how water is split.
Recent  progress comes from a
complementary approach: X-ray absorption
spectroscopy on suspensions of isolated PSII
particles or on multilayers of membrane

particles with PSII almost in its native
environment (see [3-5] and refs. therein).

Reaction intermediates studied by X-ray
absorption experiments

One cycle of O, production is driven by
the absorption of four photons that can be
provided by short Laser flashes. By
application of a sequence of saturating Laser
flashes it is possible to step trillions of PSII
synchronously through the reaction cycle;
four semi-stable states of the oxygen-
formation cycle (S-states) are formed. We
have studied these four S-states by X-ray
absorption spectroscopy (XAS). Therefore
we stabilized the S-states by freezing the
protein samples at -200 °C (temperature of
liquid nitrogen) prior to the X-ray experiment
at even lower temperature (~20 K). We also
have developed techniques to study the semi-
stable S-states at room temperature—thereby
avoiding the ambiguities of low-temperature
experiments on proteins that function only
above the freezing point of water (see [4] and
refs. therein). These experiments involve the
illumination of protein samples by Laser
flashes of nanosecond
duration. The samples are
simultaneously exposed to
the X-ray beam provided at
the synchrotron radiation
source; the excited X-ray
fluorescence is recorded
(Fig. 2). Eventually we
have obtained a picture on
the changes in structure and
oxidation state of the PSII
manganese complex in the
catalytic cycle (Fig. 3).

Fig. 2. Sample simultaneously exposed to the X-ray beam and to visible light which drives
photosynthetic water oxidation. In the photograph, the X-ray beam enters from the upper right edge
and passes through an ion chamber before it hits the PSII sample (marked by the yellow arrow). The
X-ray fluorescence is detected at right angles by a photodiode (the round device behind the sample).
The temperature of the sample is controlled by a stream of nitrogen delivered by the metallic pipe in
the left part of the photograph. To drive the photoenzyme through its catalytic cycle, samples are
illuminated with a sequence of nanosecond flashes of green laser-light.




Life Sciences

Watching biological function—at the
atomic level—in real time

Very recently we could go a step further.
An experiment long thought to be impossible
[5]. We
monitored, time-resolved  X-ray
experiment, the S-state transitions of the PSII
The
temporal resolution was 10 microseconds,
which is by a factor of 100 faster than in all

was successfully completed

in a

manganese complex in real time.

previous XAS-experiments on protein-bound
metal centers. But even more exciting than
the methodical progress, is the discovery of a
in the O,-
formation step [5]. The identification of this
reaction step as a deprotonation process

novel reaction intermediate

rather than the expected electron transfer
bears important mechanistic implications.
This time-resolved synchrotron experiment
also takes us a step closer towards a vision in
structural  biology:
function in real time.

watching  biological

Acknowledgement

We thank the staff scientists at BESSY in
Berlin (KMC1, Dr. F. Schéfers; KMC2, Prof.
in Hamburg (EMBL

A. Erko), DESY

beamline, Dr. W. Meyer-Klaucke), ESRF in
Grenoble (ID 26, Dr. P. Glatzel) for their
support. We explicitly thank J. Wichmann,
B. Siiss and Dr. R. Krivanek who contributed
by complementary experiments not involving
synchrotron radiation. We acknowledge
support by the BMBF (05KS1KEA/6), the
Volkswagen Foundation (Haumann/Dau) and
the DFG (C6 and C8 in the Stb 498).

References

[1] J. Nugent (ed.) Biochim. Biophys. Acta
1503, Special Issue on Photosynthetic
Water Oxidation (2001).

[2] B. Loll, J. Kern, W. Saenger, A. Zouni, and
J. Biesiadka, Nature 438, 1040-1044
(2005).

[3] H. Dau, P. Liebisch, and M. Haumann,
Anal. Bioanal. Chem. 376, 562-583
(2003).

[4] M. Haumann, C. Miiller, P. Liebisch, L.
Tuzzolino, J. Dittmer, M. Grabolle, T.
Neisius, W. Meyer-Klaucke, H. Dau,
Biochemistry 44, 1894-1908 (2005).

[5] M. Haumann, P. Liebisch, C. Miiller, M.
Barra, M. Grabolle, and H. Dau, Science
310, 1019-1021 (2005).

Fig. 3. Structural changes of the
PSII manganese complex in the
S,—S; transition (ball-and-stick
representation, red balls, oxygen;
grey balls, manganese; small grey
ball, proton). A five-coordinated
Mn(III) is transformed into a six-
coordinated Mn(IV). This involves
the coupled removal of an electron
and a proton. The newly formed
bridging oxide can serve as a
proton acceptor in the O,-formation
transition. The changes in structure
and oxidation state have been
inferred from X-ray absorption
data collected at 10 K and at room

temperature. Distances between
Mn atoms are indicated in A
(=10""m).
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Hydrogen is the fuel: Catalysis at nickel-iron active sites of
hydrogenases tracked by X-ray absorption spectroscopy

S. Loscher, H. Dau and M. Haumann

Freie Universitdt Berlin, Institut fiir Experimentalphysik

Enzymes denoted
catalyze the production
hydrogen. They are widespread among
microorganisms such as bacteria.
Understanding  the of this
biological hydrogen production may pave the
road for the design of bio-mimetic and

as  hydrogenases

of molecular

mechanism

biotechnological  applications for the
generation of Hjp-gas as a fuel [1].
Hydrogenases reversibly and effectively

catalyze the following reaction at a protein-
bound dinuclear transition-metal center of the
Fe-Fe or Ni-Fe type (Fig. 1):

2H+aq. + 2e- = H2 T .

Frequently, hydrogenases are rapidly in-
activated by poisoning of their active site by
dioxygen. However, for the efficient bio-
technological employment of these biological
catalysts, resistance against inhibition by O,
is highly advantageous.

Fig. 1. Left, crystal structure of prototypic Ni-
Fe hydrogenase protein derived from X-ray
crystallography [2]; right, scheme of the Ni-
Fe active site; Cys, cysteine residues of the
protein.

(i) In fuel-cell applications for the gene-
ration of electricity two enzyme-covered
electrodes may be operated in parallel [3]

catalyzing two half-cell reactions to produce
electrical energy (Fig. 2):

2H, = 4H' + 4¢
0,+ 4H + 4¢ = 2H,0

Air* —<H 2
Oxygen Hydrogen
electrode _ electrode
HY
H,O

Fig. 2. Schematic biological fuel-cell.
Electrodes may be covered with hydrogenases
and O,-consuming enzymes [3].

(ii) A further prospect for energy genera-
tion is coupling of the sunlight-powered
photosynthetic water oxidation reaction pro-
ducing O; gas to the generation of H; gas by
hydrogenases.

Both
turnover in parallel to dioxygen conversion
so that resistance of the hydrogenase to O, is

reaction sequences involve H;

a prerequisite for effective operation.

In nature in a particular organism, the
bacterium Ralstonia eutropha (Fig. 3), three
different hydrogenases of the Ni-Fe type are
found (Fig. 4) which all are operative in the
presence of O, [4]. Understanding their me-
chanism of H, catalysis and the reasons for
O,-tolerance of the active site at the atomic
level is the primary goal of our research.
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Tum

Fig. 3. Cells of the proteobacterium Ralstonia
eutropha.

SH (Soluble Hydrogenase)
HoxU HoxF

He Hoxl

RH

(Regulatory Hydrogenase)

H, MBH {Membrane-Bound Hydrogenase)

Fig. 4. Organisation of the three different Ni-Fe
hydrogenases  from  Ralstonia  eutropha
(courtesy of AG Prof. B. Friedrich, HU-Berlin).

Evidently, knowledge of the atomic
structure of the Ni-Fe active site is important
for understanding the mechanism of Hj-
conversion. We employ X-ray absorption
spectroscopy (XAS) at the Ni and Fe K-
edges to obtain information on the

interactions between the amino acid residues

of the protein and the metal atoms, on the
binding of hydrogen to the active site, and on
redox processes occurring during catalysis.
XAS on biological samples frequently is
denoted as BioXAS [5].

The BioXAS technique relies on the
absorption of X-ray photons by the metal
atoms under investigation. This process leads
to generation of photoelectrons which are
backscattered at the surrounding matrix
atoms whereby interference of outgoing and
backscattered  electron  waves
Interference causes an oscillatory behaviour
of the X-ray absorption if plotted versus the
excitation energy. To extract structural

occurs.

information, XAS spectra are simulated
according to the well-known “EXAFS
formula” [6] :

soZ |feff1 kR)‘ -2Kod 2R sin(2kR; +4; (k)
1 1

XAS data analysis yields information on
the number and chemical identity of metal
ligands, on metal-to-metal distances, on the
oxidation state of the metal ions, and on
changes of these parameters during catalysis.

XAS measurements were performed at
BESSY-II, at the European Molecular
Biology Laboratory Outstation (EMBL at
HASYlab, DESY, Hamburg), and at the
European Synchrotron Radiation Facility
(ESRF, Grenoble, France). At these
synchrotrons, brilliant and stable X-ray
beams in combination with high-resolution
monochromators, cryostat
measurements at liquid-helium temperatures,

devices  for
and efficient X-ray detectors have been made
available (Fig. 5) so that XAS on ultra-dilute
and fragile biological samples now is an
established and exceptionally powerful tool
to study protein-bound metal centers.
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to double-crystal
monochromator

_ '-‘;\
energy resol N1
Fig. 5. Experimental setup for BioXAS
measurements at KMC-1 at BESSY-II.
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Fig. 6. EXAFS spectra of isolated Ni-Fe
hydrogenases in oxidized and reduced states.
Thick lines, simulations [7,8].

To obtain structural information on their Ni-
Fe site, the isolated and purified hydro-
genases of Ralstonia eutropha were studied
in vitro by XAS at the Ni K-edge. It is
believed that at the Ni atom most of the
hydrogen chemistry occurs. Selected Ni
EXAFS (extended X-ray absorption fine
structure) spectra of the regulatory Ni-Fe
hydrogenase (RH) and of the nicotinamid-
adenine-dinucleotide-reducing
enzyme (SH) are shown in Fig. 6.
The RH belongs to a specific type of Ni-
Fe hydrogenase; it acts as a hydrogen sensor.
Upon Hj-cleavage by the RH, a complex
signal-transduction cascade is initiated in the
cell which finally leads to the expression of

soluble

the other two hydrogenases [4], which use H;
to provide reducing equivalents for live-
sustaining cell reactions such as carbon
dioxide (CO,) fixation and respiration.

RH H,-red.
e——sim ulation

normalized X-ray absorption

0
8340 8370 8400
energy / eV
Fig. 7. Ni XANES spectrum of a RH

preparation under H, and simulation (red).

Simulations both of XANES spectra (Fig. 7)
using a novel approach [9] and of EXAFS
spectra has lead to the formulation of
structural models of the Ni-Fe active sites
and to important insights into the binding
properties of H, (Fig. 8).

Besides the Ni-Fe site, all
hydrogenases contain a further type of metal

active

center, namely iron-sulfur clusters (Fe-S),
which are involved in electron transfer
Structural

reactions during Hj-turnover.
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information on these cofactors was derived
from XAS measurements at the Fe K-edge

(O) CN
RH Cys—sS, | /H'\ v.~“/CN
— s s T
o $ "cys CO
Cys
Cys—S$—0.. ,/H' < _aCN
Ni..,,/s\“.. Fe
Cys —S—0" \? ”cys CO
Cys

Fig. 8. Structural models of the Ni-Fe active
sites of the hydrogen sensor (RH) and of the
NAD-reducing hydrogenase (SH) during H,-
turnover derived on basis of XAS, EPR, and
FTIR investigations [7,8].

Interestingly, there is evidence for the
presence of unusual types of Fe-S clusters in
the O,-tolerant hydrogenases which are not
found in the prototypic enzymes [10]. As
revealed by shifts of the K-edge position to
lower energies, these Fe-S clusters accept
electrons during Hj-turnover at the Ni-Fe
site.

BioXAS techniques successfully were
employed to unravel structural and functional
features of the Ni-Fe active sites and of Fe-S
clusters in hydrogenases. There are remark-
able differences between the O,-tolerant Ni-
Fe hydrogenases and the prototypic enzymes
at the atomic level. Unique strategies seem to
be implemented which allow for the use of
hydrogen as an energy source in the presence
of oxygen. In the near future, adaptation of
biological systems for technological H,-
production may be within reach.
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Enigmatic manganese volcanoes at the cell wall of a green alga:
Microfocus X-ray spectroscopy relates microscopic
and atomic-level structure

Peter Liebisch’ , Andreas Scholer!, Claudia Miiller' , Christoph Plieth’,
Alexej Erko®, Holger Dau'

! Freie Universitiit Berlin, Institut fiir Experimentalphysik
? Christian-Albrechts-Universitit Kiel, Zentrum fiir Biochemie und Molekularbiologie
3 BESSY GmbH, Berlin

Manganese is an essential trace element in
plants and crucial for photosynthetic oxygen
evolution [1] as well as for other enzymatic
reactions. Manganese toxicity has long been
recognized as a factor limiting growth when
organisms are exposed to high concentrations
of Mn. Possibly related to a detoxification
mechanism, cells of the green alga Chara
corallina develop brown deposits on the
outer cell wall when cultured in alkaline
water with a Mn-containing sediment. Are
these volcano-shaped brown deposits a
distinct form of manganese dioxide (Braun-
stein)?

To address the questions of spatial distri-
bution and chemical speciation of metals on

the alga cell wall, we performed microfocus
XAS experiments. Elemental 2D-mapping by
means of characteristic X-ray fluorescence as
well as X-ray absorption measurements on
selected spots on the cell
employed. The used microfocus technique
facilitates an combination of

wall were

exciting
microscopy (pum resolution) and structural
studies at atomic resolution (resolution of
0.02 A).

For data collection two types of samples
were used: (1) Cell walls of unicellular alga
placed between 25 um layers of cellophane
and then dried. These samples
particularly flat and easy to handle. (2) Fresh
alga cells were cut and placed between two
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Figure 1. Experimental setup for micro-focus XAS experiment (KMC-2, BESSY).
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Fig. 2: 2D-map of x-ray emission intensity for different elements (Chara corallina cell). The x- and
y-dimensions are given in pm and the intensity represents the number of counts for each
characteristic fluorescence line normalized to the maximum of Mn-K, counts and weighted by a
calibration factor obtained for a stoichiometric standard.

X-Ray Counts

Fig. 3: Crater structure on alga cell surface. (A) 2D-map of Mn K, fluorescence, (B) electron
microscopy (EM) image. Manganese is found in craters (or volcano-like) structures. While their
existence and shape was known from EM images, their elemental composition now was mapped in
the microfocus experiment. The resolution is sufficiently high to resolve the crater structure, i.e. as

good as 5 um.

stretched 12.5 pm layers of Kapton foil
immediately before the measurements. In

contrast to (1), these samples remained wet
and thus “chemically intact” for about 8
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hours.

For selected elements (Mn, Fe, Ca, Co,
Ni, Cu, Zn, K) the intensity of their charac-
teristic x-ray fluorescence lines was meas-
ured across a 2D-mesh. The data was nor-
malized and weighted according to factors
gained from standard measurements with a
sample of known element stoichiometry. For
Fe and Co, the K, intensity was further cor-
rected for contributions of Mn-Kp and Fe-Kg,
respectively. While Fig.2 shows a repre-
sentative map for all measured elements,
Fig. 3 shows a Mn-K, map of a crater
structure on the cell surface. Those structures
are of special interest in the light of Mn-
sedimentation and detoxification strategies of
cells. Detailed analysis
composition of the deposits is in progress.

of the element

For selected spots on typical Mn-contain-
ing deposits, XAS measurements were per-
formed. Figure 4 shows XANES spectra of

the Mn K-edge for a dried and a freshly pre-
pared sample. As a first step of the chemical
speciation, alga data is compared with refer-
ence spectra measured for known Mn oxides.
Clearly one can assign the intact bio-sedi-
ment to a form of MnO, with an Mn
oxidation state close to IV. The preliminary
analysis of the elemental mapping suggests a
Mn:Ca stochiometry of 5:1. The analysis of
microfocus EXAFS measurements (not
shown) may lead to a structural model of
these biogenic manganese deposits at the

atomic level (work in progress).
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Synchrotron Radiation Circular Dichroism (SRCD) reveals structural
changes in the photoreceptors phytochrome and photoactive yellow
protein (PYP)

Berthold Borucki, Harald Otto, Sven Seibeck, Maarten P. Heyn

Freie Universitdt Berlin, Institut fiir Experimentalphysik

1. Introduction

Why Circular Dichroism (CD)?

CD is the difference in absorption of left
and right circularly polarized light by a
chiral molecule.

Different secondary structure types have characteristic CD spectra
Xenon Lam

Circuaty polarized light

a-helix

I-,‘x"?“l. . f
p ’Ql. ‘ B-sheet AR

Fig. 1: The CD of the amide chromophores of
proteins in the UV region (160-240 nm) depends
characteristically on their secondary structure
(a-helices, B-sheets, random coil etc.). This is
shown schematically.

(From introduction to SRCD, Daresbury).

Detection of different absorption
for right and left circular polanization

The CD spectrum of the protein is a
superposition of the fractions of the pure
motiv spectra of Fig 1. Therefore we can
study:

e secondary structure of proteins that
cannot be crystallized.

e structural changes of photoreceptors in
the signaling state.

e cnvironmental effects on the structure of
proteins (pH, salt, temperature etc.)

e protein folding / unfolding, chromophore
assembly.

e ligand binding or dimerization effects.
The proteins can be investigated in
aqueous solutions at low concentrations.
Time resolutions up to microseconds are
possible.

Why synchrotron radiation for CD?

e the wavelength region 160 to 190 nm is
only accessible by synchrotron radiation
providing more precise secondary
structure information (see Fig. 1).

e much higher intensity in the UV,
therefore shorter collection times for the
spectra with much higher signal to noise
ratio.

e stopped-flow CD measurements require
fewer combined shots to provide good
data over a wide wavelength range.

2. Light induced changes of
secondary structure of
photoactive yellow protein (PYP)

Whatis PYP?

PYP is a bacterial 14 kD blue-light
photoreceptor (Amax = 446 nm) whose
putative function is phototaxis. PYP is the
prototype of a superfamily of more than
1000 PAS- domain signal proteins that act
as light sensors of bacteria and plants,
redox sensors, serine / threonine kinases,
voltage gated channels and much more.

Structural changes:

Upon illumination with blue light the
hydroxycinnamoyl chromophore isomerizes
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and becomes protonated, absorbing in the
signaling state I, at 355 nm (see Fig. 2A).
The isomerization is associated with a
change of sign of the CD (Fig. 2B) and
induces big secondary structural changes
(Fig. 2C). These measurements are carried
out at the BESSY CD beamline and show a
much smaller o-helical fraction in the
signaling state.

0.5}

Absorbance (OD)

0.0
sof ' ' ' © B
20}
10}
0
_10?j\ﬁ/
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Fig. 2: In panel A the spectral shift from 446 to
355 nm is shown. In panel B we see the big CD
by the
In panel

change  caused chromophore

C the

secondary structural changes are monitored by

isomerisation [1]. large
the CD of the protein backbone. The sample
was illuminated at 470 nm leading to a

photostationary state of ~ 50% I, accumulation.

High resolution X-ray crystallography
(up to 0.8 A) can follow the early structural
changes up to milliseconds but probably not

the large structural change in the signaling
state I,. A very recent NMR structure of a
25 aminoacids smaller PYP mutant is
shown in Fig 3.

The structure is quite different to native
PYP but beside of the tennis racket like
chromophor motion we can see the much
smaller a-helical content in the signaling
state I,.

Fig. 3: NMR structure of D25 PYP [2] in the
ground state P (left 1XFN.pdb) and the
signaling state [, (right 1XFQ.pdb).

3. Changes of the secondary
structure in phytochrome

Phytochromes red-light photo-
receptors initially found in higher plants but

arc

recently also discovered in a variety of
bacteria and fungi. The autocatalytic
assembly of the photochromic holoprotein
from apoprotein and bilin chromophores is
associated with absorbance changes (see
Fig. 4A). A substantial increase of the o-
helical content has been reported for the
assembly of Cphl phytochrome [3]. In
contrast to these results, our measurements
reveal smaller differences in the far-UV CD
spectra of apo- and holoprotein of Cphl and
Agpl, respectively (see Fig. 4B).
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Fig. 4: UV-Vis Absorption spectra (A) and far-
UV CD spectra (B) of Apo- and Holo-
phytochrome Agpl.

Far-UV CD is also a valuable tool to
determine the fractions of secondary
structures quantitatively. Fig. 5 shows that
the CD spectra of the related phytochromes
Cphl and Agpl differ significantly.

6 ,
Cph1
6 p
e 4
2 2
S
(%]
o 2
<4 Agp1
80 200 220 240 260
Wavelength (nm)
Fig. 5: Far-UV CD spectra of two

phytochromes (Cphl and Agpl) from
different bacterial organisms (Synechocystis
and Agrobacterium tumefaciens).

Analysis using the software package
CDPro (CDSSTR) yields the following
fractions of secondary structure:

Cphl Agpl
o—Helix 41.7 % 39.0 %
3/10 Helix 9.5 % 8.9 %
B—Sheet 7.2 % 8.0 %
poly(Pro)II Struct. 2.7% 34 %
Turns 12.7 % 12.7 %
Unordered 27.3 % 28. 7%

4. Future experiments

Kinetic CD measurements of the auto-
assembly of phytochromes will be
performed in the near- and far-UV, similar
to our recent absorption measurements (see
Fig. 6). The stopped-tflow technique allows
rapid mixing of the apoprotein and the
chromophore within 1 millisecond.

Absorption (OD)

Fig. 6: Stopped-Flow measurement of the
assembly of Cphl phytochrome from the
the phyco-
cyanobilin. The absorbance is shown as a
function of wavelength and time after
mixing.

apoprotein  and chromophore
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Previous page: Interior view of the grating chamber of the BUS-beamline. The three T-shaped
areas in the upper part of the figure are the gable ends of the three gratings. The grooves are
on the not visible lower side. The inverted T-shaped area in the lower part is the gable end of
the pre-mirror M,. The copper parts provide cooling for the optical elements. The original size
of the parts in the foreground (background) is approximately 1.5 times (2 times) larger than
on the picture.
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The high photon flux and brilliance as well as the unique time structure provided by state-
of-the-art 3" generation synchrotron-radiation facilities, such as BESSY II in Berlin-
Adlershof, allow to perform experiments on a previously not feasible level. However, to make
full use of these properties of synchrotron radiation, special efforts have to be devoted to
developments in instrumentation. This covers the design, setup and operation of both
beamlines that provide photons with well-defined properties and user experiments that make
use of these photons.

The Freie Universitdt Berlin has a long experience with the setup and operation of
beamlines; this goes back to the late 80’s of the last century and started with the very
successful operation of the beamline SX700/II at BESSY. Currently, the Freie Universitit
Berlin is involved in four beamline projects covering the energy range from UV to soft X-ray
radiation. The contribution of Piittner ez al. describes three of these beamlines. The fourth
beamline project, namely the Russian-German beamline, and its substantial impact on the
international cooperation between scientists, is described by Molodtsov ez al..

Two recent developments in the field of user experiments are described in the second part
of this chapter. The setup described by Miguel ef al. synchronizes Laser pulses with the X-ray
pulses created in the single-bunch mode of the BESSY II storage ring with the aim to study
the dynamic response of magnetic multilayers under the influence of ultrafast magnetic
pulses. The experiment is expected to shine light on the magnetization processes relevant for
modern magnetic storage devices. The successful setup of a X-ray absorption experiment
dedicated to measure dilute biological samples is described by Loja et al.. This new
instrument will allow to obtain information on the nuclear geometry at the atomic level as
well as the oxidation state of the metalcenters in biological metalloenzymes — the catalysts in
biological systems — during the process of catalysis.
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VUYV and Soft X-ray beamline activities of the
Freie Universitéiit Berlin at BESSY 11
R. Piittner,1 G. Reichardt,z M Martins,l N. Schwentner,1 and G. Kaindl'

!Institut fiir Experimentalphysik, Freie Universitit Berlin, Berlin, Germany
’BESSY GmbH, Berlin, Germany

The operation of beamlines by the Freie
Universitdt Berlin at BESSY has a long
since the late 80’s of the last
century, when the then high-resolution
beamline SX700/II was assembled at BESSY
in  Wilmersdorf. Currently, the Freie
Universitdit Berlin is involved in three
beamline projects for the VUV and soft X-
ray region which cover the energy region
from 3 to = 1000 eV. This involvement in the
setup, design, and operation of beamlines
allows to plan and perform long-term
projects and guarantees a certain amount of

tradition

beamtime.

The two beamlines U125/2-NIM and
U125/2-SGM cover the lower energy region
from 3 to = 400 eV and are installed at the
quasiperiodic  undulator U125/2.  This
undulator is provided by BESSY and posses
a unique arrangement of the magnets that
allows — in combination with the above
mentioned beamlines — a highly effective
suppression of higher-order light. Standard
undulators generate light at integer multiples
(higher harmonics) of a basic energy (1%
harmonic). All these energies fulfill the
grating equation, pass the monochromator,
and lead to unwanted higher-order light that
can disturb an experiment, particularly with
low-energy photons. As shown in Fig. 1, the
higher harmonics of the quasi-periodic
undulator U125/2 are shifted to energies that
are non-integer multiples of the 1* harmonic,
i.e. they cannot pass the monochromator.

The U125/2-NIM (normal incidence
monochromator), also called 10m-NIM,
covers the lower end of the energy region

from 3 to 40 eV. The design was optimized
with respect to the following goals: (i) very
high  spectral  resolution; (i)  high
transmission and high brilliance; (iii)
flexibility in scanning, precision in reading;
(iv)  versatile  connection of large
experimental chambers. The optical layout of
this beamline is given in Figure 2.

The 10m-NIM beamline was realized in a
joint  effort of the University of
Kaiserslautern (Schmoranzer group), caring
for construction and manufacturing of the
BESSY (G. Reichardt),
taking responsibility for the connection to the
undulator, drive unit, refocusing, and
installation, and the Freie Universitit Berlin

monochromator,

(Schwentner group), contributing the vacuum
system as well as a Laser assisted grating
controller.

To enhance resolution, a 10-m arm length
monochromator in an off-Rowland-circle
mount with a deflection angle of 2° was
chosen. The instrument is worldwide unique
in this respect on SR sources, and
comparable ones are the 6.5-m eagle
mounted at the ALS and LURE. Fig.3

demonstrates the resolving power beyond
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Fig. 1: Spectrum of the quasiperiodic

undulator U125/2 using a gap of 58 mm.
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Fig. 2: The optical layout of beamline U125/2-NIM.

10°, which was achieved with a 1200 /mm
grating in second order. Higher order and/or
a more densely ruled grating cloud lead to
further improvements.

The installation at the U125/2 undulator
provides a high brilliance source. The de-
magnification by the two premirrors M1 and
M2 in Fig.2 is optimized with respect to
photon flux by accepting the full divergence
above 15-eV photon energy.

small step size and a slow scanning speed,
while the large spectral range calls for fast
scanning. Therefore, a new type of grating
drive, with an ultrasonic vacuum piezo motor
(Nanomotion) has been employed for the first
time this beamline fulfilling the
contradicting demands in an excellent way.
Furthermore mechanical feedthroughs to the
grating unit become obsolete. The necessary

at

8 X T

Details of the demanding " 2 13 14 15 20 25 30 [nd(ar,
. . . J2 13 14] 15 2( oG T Hdlll  Ins'ti/2)",

specifications are presented in

Ref. [1]. Three spherical 6 4

gratings can be interchanged
in situ and allow a quick

S
L

adaptation of resolution and

TIY [arb. units]

photon flux.

Continuous improvements
extend the long-wavelength
limit to the ultraviolet, and at

LJLALLJun

UL:JMLJWW

present a spectral range from 21|54

400 nm to 30 nm (from 3eV to

T
21.56

T T T
21.58 21,60 21.62

photon energy [eV]

40 eV) is covered. The high
resolving power requires a

Fig. 3: The photoionization spectrum of Neon below the Ne 2p
threshold. The resonance at 21.612 eV, indicated in green,
exhibits a total width of 187 ueV (FWHM).
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Fig. 4: Optical layout of the beamline U125/2-SGM (BUS).

high precision in absolute wavelengths
reading is achieved by a combination of
techniques. Standard readout works with an
in-vacuum angle encoder with a resolution of
0.01 arcsec (Heidenhain RON), mounted on
the rotation axis of the grating. Ultimate
precision of the grating angle reading de-
livers Laser interferometer centered

between entrance and exit slit. The beam

a

behind the exit slit is spatially separated from
the other two beamlines of the undulator by
the mirrors M3 and M4 to provide ample
room for spacious experiments. In addition
the beam is refocused to 100x120 pm?* and
5.5x12 mrad® in horizontal and vertical
direction, respectively. An area of 4x3 m” is
available and a platform on air bearings
supports the interchange of experiments.

The U125/2-SGM, also called BUS beamline
(BUS = Berliner Universitdtsverbund Syn-
chrotronstrahlung), was designed for high
resolution in the energy range from 30 to 400
eV. It is a spherical-grating monochromator
equipped with a movable pre-mirror and a
movable exit slit. From its spectral range it
complements the 10 m-NIM monochromator
which is installed at the same undulator (see

above). The BUS-beamline was financed and
is operated by the ‘Berliner Universitits-
verbund Synchrotronstrahlung’, which is a
cooperation between the three universities in
Berlin. It was designed at the Freie
Universitdt Berlin by Dr. Michael Martins
and set up in a joint effort by the three

involved universities. The beamline became
operational in July 2001 and is operated by
the Freie Universitét Berlin (Kaindl group).
The design of this beamline is displayed in
Fig. 4. It is equipped with two exchangeable
focusing mirrors, Max, which allow to set up
two experiments on two separate exit ports.
The 10° exit port (lower exit port in Fig. 4) is
available for mounting various experimental

le+13
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Fig. 5: Photon flux of the BUS-beamline in the
energy region from 30 to 180 eV.
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Fig. 6: Optical layout of the plane-grating monochromator PM2.

user chambers. At the 20° exit port (upper
exit port in Fig. 4) a permanent setup of a
high-resolution photoemission chamber for
solid state and material science studies
equipped with a Scienta SES 200 analyzer is
planned for the near future. In addition, at the
0° exit port an unfocused beam is available
for diagnostic purposes. The beamline is
equipped with three mirrors, with grove
densities of 500 I/mm, 1100 1I/mm, and 2200
I/mm to provide high energy resolution (e.g.
less than 1 meV at 64 eV) over a broad
spectral range from 30 to 400 eV. The
different gratings deliver a high photon flux
of several 10'% to 10" photons/ in the energy
region from 30 to 180 eV. A more detailed
description of the design and the performance
is given in Ref. [2].

The PM2 is a beamline equipped with a
plane-grating monochromator designed for
the energy region from 50 to 1000 eV in
order to complement the beamlines U125/2-
NIM and U125/2-SGM. It was successfully
operated under the name SX700/I1 at

BESSY. Currently it is rebuild at a bending
magnet at BESSY II. For this purpose, the
design was modified in order to adjust it to
the new storage-ring parameters. In addition,
a focussing mirror was implemented. The
new design of this beamline is very similar to
that of the Russian-German beamline, which
is operated successfully at a bending magnet
and provides high resolving power and high
beam stability. Therefore, one can expect a
comparable high performance for the PM2.
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The idea to build a dedicated beamline for
Russian-German scientific collaboration in
the field of applications of synchrotron ra-
diation at the 'Berliner Elektronenspeicher-
ring fiir Synchrotronstrahlung' (BESSY II)
came up in 1994, and was formulated in a
letter by G. Kaindl to the then Bundesminis-
ter fur Forschung und Technologie, Dr. Paul
Kriiger. It was strongly supported by leading
scientists from both countries, who gathered
at BESSY in Nov. 1995 on the occasion of
the Russian-German Workshop on "Perspec-
tives of Synchrotron Radiation in Atomic,
Molecular, and Materials Science", and again
in May 1996 on the occasion of the "Russian-
German Seminar on XPS and XRS" in Vo-
ronezh, Russia.

The construction of the beamline began in

(a) sagittal view

(b) meridional view

plane grating
400/1200 lines/mm

S~

TJ

cylindrical mirror

the fall of 1999 after the "Stiftung Deutsche
Klassenlotterie Berlin" (DKBL-Stiftung) had
decided to support it with DM 710.000,-, in
addition to a substantial commitment of the
Russian side in from of major beamline
components. The time between submission
of the project proposal and the positive
decision of the DKBL-Stiftung had been
used to complete the optical design of the
high-resolution plane-grating
chromator to be installed at the bending
magnet D16-1A of BESSY II. In this design
study, which was supported by BMBF and
by BESSY GmbH, the idea was realized to
build a high-resolution monochromator for
the energy region from about 30eV
to 1500 eV with the best possible energy
resolution. It was shown that this could be
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Fig. 1: Optical layout of the Russian-German Beamline at BESSY II (from Ref. [2]).
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best realized with a Petersen-type plane-
grating monochromator operated with colli-
mated light [1]. As shown in Fig. 1, the
beamline consists of a toroidal mirror M,
focusing the source horizontally with almost
no magnification onto the exit slit, while the
sagittal radius collimates the beam vertically.
The collimated light is then diffracted from a
plane grating M,, while a cylindrical mirror
M; focuses the diffracted light vertically onto
the exit slit. Finally, the toroidal mirror My
refocuses the diffracted light onto the sample
position in the experimental chamber.

Two gratings are used (400 groves/mm
and 1200 groves/mm) to cover the desired
photon-energy range. The incidence angles
on the Pt-covered mirrors M; and M3z were
chosen to be 87° to give reasonable reflectiv-
ities over the whole energy range. Only the
first toroidal mirror M; has to be water
cooled during operation.

The beamline is in operation at BESSY II
since Nov. 2001, and already during com-
missioning it became clear that it provides
superior energy resolution as well as excel-
lent stability [2]. This is obvious from the
photoionization spectrum of N, shown in Fig.
2 as well as from the double-excitation spec-

trum of He in the region of the 2,—15 and 2,14
resonances around 64.125 eV, shown in Fig.
3. The energy resolving power is comparable
to that of the very best undulator beamlines,
with E/AE = 100.000 at hv= 64 eV. This is
the best resolving power achieved up to now
anywhere at a bending-magnet beamline.

The Russian-German Beamline (RGBL) is
operated by a senior scientist (at present PD
Dr. S.L. Molodtsov, TU Dresden) with the
assistance of doctoral students and graduated
scientists from Technical University Dres-
den, Freie Universitidt Berlin, and BESSY.
Beamtime at the RGBL is assigned on the
basis of the scientific values of submitted
project proposals by a bilateral steering
committee with presently 7 members that
meets twice per year. 70% of the beamtime is
assigned to Russian groups and 30% to the
general BESSY user. At present, 7 leading
universities and research institutes from Rus-
sia and Germany support the RGBL as part
of the Russian-German Laboratory at
BESSY. These include on the Russian side:
St. Petersburg State University, Shubnikov
Institute of Crystallography (Moscow), Kur-
chatov Institute (Moscow), loffé¢ Physico-
Technical Institute (St. Petersburg); from the

Photoionization yield [arb. units]

1200 lines/mm; Cff:12

400.5

401.0

401.5 402.0

Photon energy [eV]

Fig. 2: Photoionization spectrum of molecular nitrogen in the region of the N,1s™'n* excitation (from

Ref. [2]).
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German side: Freie Universitit Berlin,
BESSY GmbH, Technical University Dres-
den. Each partner institution can delegate one
scientist as a member to the steering com-
mittee.

Since the inauguration of the RGBL on
Nov. 20, 2001, 34 different groups from 16
different institutions in Russia have used the
RGBL at BESSY II. These institutions are
spread all over Russia: Moscow, St. Peters-
burg, Novosibirsk, Chernogolovka, Izhevsk,
Voronezh, Yekaterinburg, Krasnoyarsk,
Chelyabinsk, and Syktyvkar. The success of
the RGBL can be measured most objectively
by the scientific results that have been pub-
lished up to now (Jan. 2006): 59 articles have
already appeared in refereed international
scientific magazines, including high-impact
journals like Phys. Rev. Letters, Applied
Physics Letters, Phys. Rev. A and B; 16 more
are in print, and 10 more have been submit-
ted. In addition, there are 137 contributions

to international conferences as well as 56
scientific reports to the BESSY Annual Re-
port. This is a remarkable scientific output in
the 4 years that have passed since inaugura-
tion of the beamline. Of the many excellent
results that have been achieved at the RGBL
up to now, just three highlights will be
briefly mentioned:

D.V. Vyalikh et al., from the TU Dresden,
studied the electronic structure of the regular
surface of Bacillus Sphaericus that is widely
used as a template for the fabrication of me-
tallic nanostructures. In this study, they
found (see Fig. 4) a semiconductor-like elec-
tronic structure with a gap of =3 eV and the
Fermi level close to the bottom of the lowest
unoccupied molecular orbital [3].

A.S. Vinogradov et al., in a collaboration
between St. Petersburg State University, the
Freie Universitdt Berlin, the University Leip-
zig, BESSY, and MAX-Lab, studied the low-
lying unoccupied electronic structure of 3d

13

He 21,

11

770 peV

64.118

64.120
hv [eV]

64.122

Photoionization yield [arb. units]

1200 lines/mm; C =12

64.115 64.120

64.125

64.130 64.135 64.140

Photon energy [eV]

Fig. 3: The 2,—15 and 2,1, autoionizing resonances of doubly excited He; the inset shows the vicinity
of the resonance 2,—1;. Solid lines through the data points represent fits of Fano-like profiles convo-

luted with a Gaussian (from Ref. [2]).
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Fig. 4: (a) Valence-band and LUMO originating
structure of the S layer of Bacillus Sphaericus.
(b) DOS calculated for charybdotoxin; (from
Ref. [3]).
transition-metal (TM) fluorides in a system-
atic way by NEXAFS at the F /s threshold. It
was found that even in these most ionic 3d
TM compounds, the low-lying empty elec-
tronic states are formed by covalent mixing
of TM 3d with fluorine 2p electronic states,
with covalent mixing decreasing along the
series of 3d TM fluorides from Ti to Cu [4].
A. Varykhalov et al., in a collaboration
between St. Petersburg State University,
BESSY, the University of Potsdam, and the
Consiglio  Nazionale delle Ricerche,
Trieste/Italy, studied the ground-state elec-
tronic structure of strongly correlated Ni
metal via the observation of quantum-well
states in thin Ag films on Ni(111). This is of
particular interest for a highly correlated
metal, like Ni, where the results of photo-
emission experiments deviate considerably
from the calculated ground-state properties.
By analyzing the quantum-well states in the
Ag/Ni(111) films with the so-called phase
accumulation model, the bottom of the A;
band of Ni metal could be determined as
2.6 £0.15 eV, in good agreement with early
local-density calculations of Ni. These results
bear interesting implications for the inter-
pretation of photoemission spectra of highly
correlated materials [5].

There is no doubt that the creation of the
RGBL at BESSY II, with the leading role of
the Freie Universitit Berlin, has tremen-
dously stimulated in general the Russian-
German scientific collaboration in the field
of synchrotron-radiation research and in par-
ticular the long-lasting partnership between
the Freie Universitét and St. Petersburg State
University.
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Magnetic field pulse creation by synchronized laser pulses for
magnetization dynamics studies of multilayered systems

J. Miguel,l K. Fukumoto,l M. Bernien,1 w. Kuch,l D. Bayer,z M Aeschlimann,2
B. Heitkamp,” L. Heyne,” N. Hofer,’ J. Sanchez-Barriga,” and H. Diirr’

!Institut fiir Experimentalphysik, Freie Universtitiit Berlin, Berlin, Germany
’Technische Universtitiit Kaiserslautern, Kaiserslautern, Germany
SBESSY GmbH, Berlin, Germany

An important development in the search
for new ultra-small information recording
technologies are magnetic random access
media devices, with the key feature of the
non-volatility of the stored information.
These devices generally comprise a stack of
two thin magnetic layers separated by a non-
magnetic spacer layer. For a fast operation,
the magnetization direction of one of the
magnetic layers has to be reversed with
maximum speed. A fundamental under-
standing of the processes occurring during
the fast magnetization reversal in coupled
multilayered magnetic systems is indispensa-
ble for achieving optimum operation speed of
such devices.

We aim at setting up a synchrotron radia-
tion experiment to study magnetization

x-ray beam
P

Fig. 1: Sketch of the experimental set-up. A
short laser pulse, synchronized to the x-ray
pulse frequency, triggers a current pulse
through a lithographic strip line in a photo-
conductive switch. The resulting magnetic
field pulse is used to excite the sample, the
magnetic properties of which are imaged with
lateral and elemental resolution by a PEEM.

dynamics in multi-layered magnetic struc-
tures with highest time, lateral, and layer
resolution. We use a pulsed laser system syn-
chronized to the X-ray pulses in single bunch
mode to trigger current pulses through a
metallic wire, the so-called strip line, onto
which the sample is placed. These current
pulses then induce magnetic field pulses at
the sample position. The strip line and
sample on it are lithographically fabricated
on a GaAs substrate.

Fig. 1 shows a sketch of the experimental
set-up. Magnetic the
sample is obtained by photoelectron emission
microscopy (PEEM) with x-ray magnetic

information from

circular dichroism (XMCD) as magnetic
contrast mechanism [1, 2]. This technique
provides both the layer selectivity and the
necessary spatial information, with a
maximum resolution of about 100 nm. In the
time-resolved variant (TR-PEEM)), it is thus
possible to correlate the transient magnetic
domain  patterns of  the  different
ferromagnetic layers to the excitation by the
magnetic field pulse.

The laser irradiates a finger-shaped photo-
conductive switch close to the sample. This is
a region where the strip line is interrupted.
During the laser pulse, charge carriers are
created in the underlying semiconducting
substrate, leading to a short current pulse [3].
The current pulse thus produced travels along
the strip line and creates a magnetic field at
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Fig. 2: PEEM image of the photoconductive
switch together with the laser spot. The
switch is imaged by photoelectrons excited by
a Hg discharge lamp, while the laser spot
becomes visible due to multiphoton
photoemission. The switching area is 100 pm
wide and consists of 10 fingers of 5 um width
and 10 pm length.

the position of the sample, a multilayered
magnetic microstructure.

A PEEM image of this switch is shown in
Fig. 2. The laser spot is focused down to a
size smaller than = 20 um by a lens inside of

sl 1
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Fig. 3: Top: PEEM image of the strip line
taken during the laser pulse. Bottom: Tempo-
ral evolution of the contrast of the area around
the strip-line in the top panel, representing the
temporal evolution of the magnetic field
pulse.

Fig. 4: Magnetic domains present in square
FeyNigy magnetic microstructures grown onto
the strip line, as seen by XMCD-PEEM.

the ultrahigh vacuum system. In this figure,
the spot (moved the
photoconductive switch for better visibility)
appears as a bright spot due to multiphoton

laser out of

photoemission induced by the laser pulse.

In order to test the synchronization
between the BESSY x-ray pulse and the laser
pulse, PEEM images of the strip line were
taken before, during, and after the laser pulse
with 50 ps time increments. One of them is
shown in the top panel of Fig. 3. The switch
is located left of the imaged area. The current
pulse induces a transient image distortion in
the PEEM image of the strip-line due to its
electric and magnetic fields. This can be
followed as a change of contrast between the
strip-line and the surrounding ground pads.
The temporal evolution of the contrast in the
area of the strip-line is shown in the bottom
panel. The magnetic pulse is characterized by
an initial rise time of 150 ps and a decay time
of about 200 ps. Taking into account the
dimensions of the strip line and the distance
to the FeNi layer, a peak field of 8 Oe at the
magnetic microstructure position is calcu-
lated. The laser pulse thus creates a magnetic
pulse in the sample plane with a total width
of 350 ps.

Magnetic microstructures of different
sizes and shapes were grown onto the strip
line, and characterized by XMCD-PEEM.
Fig. 4 shows a magnetic domain pattern in a
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10x10 pmz FeyNigy microstructure on top of
the stripline, obtained by subtracting the two

PEEM images acquired with left and right [1] J. Stohr, Y. Wu, B. D. Hermsmeier, M. G.
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X-ray spectroscopy to study catalytic metal centers:

A new BioXAS experiment at BESSY beamline KMC-1

P. Loja], M. Barral, S. L(’)'scherl, 0. Kirilenkol, P. Liebisch], M. Mertin’,
F. Schiifers’, M. Haumann', H. Dau’

Freie Universitcit Berlin, Fachbereich Physik
’BESSY GmbH, Berlin

X-ray absorption spectroscopy (XAS) has
become one of the most important techniques
to analyze the nuclear geometry at the atomic
level (by EXAFS) and oxidation state (by
XANES) of metal centers in biological
metalloenzymes during catalysis. At the
bending-magnet, crystal-monochromator
beamline KMC-1 at BESSY-II we installed
and tested a new setup for XAS on biological
samples (BioXAS [1-3]).

XAS measurements were performed on
synthetic model compounds and on the metal
complexes of  metalloenzymes.  The
properties of the beamline KMC-1 and of the

newly purchased equipment (Figs. 1, 2) are
well suited for BioXAS experiments on ultra-
dilute samples.

An energy-resolving Ge detector (reset
type, Canberra, maximal count rate of ~300
keps), a digital signal processor (DXP
multichannel analyzer from XIA), and a
helium cryostat plus electronics (Oxford) had
been purchased and appropriately modified
(by the workshop of the FB Physik, FU-
Berlin). The cryostat was flanged to the
detector so that the retractable Ge element
was at a distance of only ~2 cm to the
sample, for maximal X-ray fluorescence

Setup at KMC-1

ionization chambers \

side view

crystal 1 energy standard

double-crystal %

monochromator single-clement
(Sill1) Germanium detector
X-ray beam
sample rod
\ slits liquid-helium
crystal 2 crytostat

source I

.

toroidal mirror

Fig. 1: Scheme of the experimental setup at beamline KMC-1 (not drawn to scale). The liquid
helium cryostat (Optistat, Oxford) with the sample was placed about in the beam focus (spot
size ~0.5 mm* ~10"" photons s' mm™ at ~6 KeV; energy resolution (FWHM) with Silll
crystal better than 3 eV). For X-ray fluorescence detection at right angle to the incident beam,
an energy-resolving single-element large-area Germanium detector (Canberra, active area 100
mm?®) was used. To obtain an absolute energy calibration, reference samples were used as
standards and placed behind the sample in a separate vacuum chamber.
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insulation vacuum
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beamline sample
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—
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Fig. 2: Details of the cryostat and detector setup.

count rates (Fig. 2). Cryostat and detector
were mounted on a home-built stage

permitting for vertical and horizontal
movement of the setup to measure separate
spots on the same sample. By the DXP,
pulses were shaped, selected, and converted
to TTL pulses for counting by the beamline
electronics. The energy resolution of the
detector system was better than 200 eV at a
total count rate of 50 kcps allowing for
highly efficient suppression of scattered X-
rays and for the collection of EXAFS spectra
with negligible background (Fig. 3). EXAFS
scans were performed using the beamline
software by scanning of the Silll
monochromator at the Mn K-edge (scan
range 6400-7200 eV, the monochromator
driving
readout times were optimized so that the

and ion-chamber electrometer
deadtime was smaller than 0.5 s at 1.5 s
acquisition time per data point). An energy
calibration of XAS spectra was obtained by
simultaneous measurement of the absorption
spectra of standards with known features
placed behind the sample (Figs. 1).
Measurements on ultra-dilute biological
samples (e.g. manganese complex of a photo-
system-II-protein preparation) revealed that

the setup was suited to obtain high-quality
EXAFS spectra (Fig. 3).

Outlook

The performance of the XAS setup at
KMC-1 was comparable to, e.g., the BioXAS
station of the EMBL at HASYLAB, DESY,
Hamburg. In the future, it is intended to
improve the setup so that routine collection
of BioXAS data becomes possible for X-ray
energies ranging from 2.5 to about 10 keV.
This energy range XAS
measurements on the most important metals
(e.g. Ca, V, Mn, Fe, Ni, Cu, Zn) in biological
and synthetic biomimetic systems.

allows for
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