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”Nachdem ich Feynmans Beschreibung einer Rose gelesen hatte -, in
der er erlauterte, dass er den Duft und die Schonheit der Blume zu
wiirdigen wisse wie jeder andere, dass aber seine physikalischen
Kenntnisse dieses Erlebnis ausserordentlich intensivierten, weil er
auch das Wunder und die Herrlichkeit der zugrunde liegenden
molekularen, atomaren und subatomaren Prozesse einbeziehen konne
-, war ich den Naturwissenschaften auf immer verfallen.”

—Brian Green (*9.Februar 1963 in New York City), US-amerikanischer Physiker,
bedeutender Vertreter der Stringtheorie.

In diesem Zusammenhang zum Eisen (Anmerkung des Autors):

Im Urknall entstanden nur die leichten Elemente wie Wasserstoff und Helium.
Schwerere Elemente wie Kohlenstoff, Sauerstoff oder gar Silizium wurden
nachfolgend in Sonnen ”gebacken”.

Doch zur Entstehung von Elementen wie Eisen mussten Sonnen sterben und in einer
Supernova vergehen.
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Introduction

So called advanced materials (AM) play an important role in the advancement
of present technologies and the development of future applications affecting every
day life. Advanced materials are compounds showing unusual magnetic and/or elec-
tric behaviour, which opens new possibilities for circuitries and electric devices. For
instance, in the so called spintronic not the charge of an electron will be used to
store information, but its spin. This could lead to a huge increase of the capability
of storage devices or further miniaturisation of existing products. In addition also
completely new applications could be developed, like for instance quantum comput-
ing (Raekers (2009); Prinz (2009), and citations within). A present goal is to utterly
understand the origin and characteristics that form the basis of AM properties. In
the future this will make it possible to create materials with designed magnetic and
electric behaviour most suitable for their purpose.

During this work the electronic and magnetic structure of the crystals SroFeMoOg,
Feg5Cug5CraSy, LuFe,O4 and the molecules FeStar, MoroFesg, WroFesq are investi-
gated by means of X-ray spectroscopic techniques. These advanced materials exhibit
very interesting properties like magnetoresistance or multiferroic behaviour. In case
of the molecules they also could be used as spin model systems.

A long standing issue concerning the investigation of these materials are contradicting
results found for the magnetic and electronic state of the iron (Fe) ions present in
these compounds. Therefore this work focuses on the Fe state of these materials in
order to elucidate reasons for these problems. Thereby the experimental results are
compared to theoretical simulations. The presented thesis is structured as follows:

e In chapter 1 the reader is briefly introduced in the experimental techniques
used in this work, namely X-ray photoelectron spectroscopy (XPS), X-ray ab-
sorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD).
Furthermore a short introduction into multiplet calculations and magnetism is
given.

e In chapter 2 XAS and XMCD measurements of various different chalcogenide
systems are presented. Thereby the experimental results are compared to mul-
tiplet calculations. This reveals temporally changes of the Fe valence state to be
present in the compounds. Possible reasons for this are described and discussed.

e Chapter 3 deals with the investigation of the valence state of Fe in the double
perovskite SroFeMoOg. XAS and XMCD measurements on the same sample
that recured over several years are presented and compared to multiplet calcu-
lations. Here first evidence of an ageing effect changing the Fe valence state of



an SroFeMoOg sample with time is found.

A comprehensive study of the magnetic and electronic structure of the spinel
system Fe;_,Cu,CryS, is given in chapter 4. XPS, XAS and XMCD measure-
ments reveal changes of the Cu concentration x to have no influence on the Fe,
Cu and Cr valence state in the sample bulk in contrast to theoretical predic-
tions. In addition indications of an ageing effect changing the Fe valence state
at the sample surface of FeysCug5CryS, are found, which could explain the
contradicting results found in the attempt to determine the Fe valence state.
Since the current model describing the anomalous magnetic and electric behav-
iour of this compound assumes a mixed iron valence state this finding leads to
new explanations of the properties of Fe;_,Cu,CrySs. Appropriate models are
introduced and described.

Finally, in chapter 5 the main results achieved in the present work are summed
up and an outlook is given, followed by the acknowledgement and a list con-
taining the bibliographic references.



Chapter 1

History and Basics

1.1 The history of X-ray spectroscopy

In the following the important discoveries and developments that established the
X-ray spectroscopy are summerised.

An effect was found

4

Figure 1.1: Heinrich Hertz (1857 - 1894) (left), Wilhelm Hallwachs (1859 - 1922) (middle)
and Joseph Thomson (1856 - 1940) (right)

The German physicist Heinrich Rudolf Hertz (1857 - 1894) was the first to
satisfactorily demostrate the existence of electromagnetic waves by building an appa-
ratus to produce and detect VHF and UHF radio waves, the first radio, which he was
convinced was of no use ("It’s of no use whatsoever |[...| this is just an experiment
that proves Maestro Maxwell was right” cited from Hebrew University of Jerusalem
(2004)). During his research he also discovered the external photoelectric effect.
He found out that with ultraviolet light illuminated charged objects lose their charge
more readily (Hertz, 1887). Although he realised its significance he left his assistant
Hallwachs to investigate and explain it.

The German physicist Wilhelm Ludwig Franz Hallwachs (1859 - 1922), Hertz’s
assistant, continued the investigation of the external photoelectric effect, which later
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was also called Hallwachs-effect (Hallwachs, 1888), and became the leading scien-
tist in the field of photoelectricity.

The third scientist, who has to be mentioned, is the British physicist Sir Joseph
John Thomson (1856 - 1940). Due to his experimental findings he described ” cor-
puscles” that are emitted by hot metals. Thomson noted ” Corpuscles are also given
out by metals and other bodies, but especially by alkali metals, when these are ex-
posed to light” (Thomson, 1897). This was the discovery of the electron, or in this
case photoelectron, for which Thomson was rewarded the 1906 Nobel Prize in Physics.

A theory was formed

Figure 1.2: Albert Einstein (1879 - 1955)

Albert Einstein (1879 - 1955) was a theoretical physicist, who made many
contributions to physics and is best known for his theories of special and general rel-
ativity. He is often regarded as the father of modern physics.

His many findings also include the photon theory. In a 1905 paper Einstein pos-
tulated that light itself consists of localised particles (quanta) (Einstein, 1905). Note
that Einstein’s paper on the light particles was almost entirely motivated by ther-
modynamic considerations. He was not at all motivated by the detailed experiments
on the photoelectric effect done by Hertz, Hallwachs or Thomson, which could not
confirm his theory. His considerations led him to conclude that each light wave of
frequency v is associated with a collection of photons with energy hr, where h is
Planck’s constant. In his paper Einstein does not say much more, because he is not
sure how the particles are related to the wave. But he does suggest that this idea
would explain certain experimental results, notably the photoelectric effect.
Einstein’s light quanta theory was nearly universally rejected by all physicists, in-
cluding Max Planck and Niels Bohr.

A theory was proven

The American experimental physicist Robert Andrews Millikan (1868 - 1953)
was the first who measured the charge on the electron. He was also interested in pho-
toelectrisity and convinced that the particle light theory published by Einstein 1905
had to be wrong, due to the vast body of evidence that had already shown that light
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Figure 1.3: Robert Millikan (1868 - 1953) (left) and Arthur Compton (1892 - 1962) (right)

was a wave. To test Einstein’s theory, Millikan used an experimental setup in vac-
uum, in contrast to the photoelectric experiments of Hertz and Hallwachs. This was
required to prepare a very clean metal surface and to measure excited photoelectrons,
that were not inelastically scattered. The experiment was performed 1916 and it took
Millikan by surprise that his results actually confirmed Einstein’s photoelectric equa-
tion. He was rewarded with the 1923 Nobel Prize for the measurement of the electron
charge and his work on the photoelectric effect.

Later the American physicist Arthur Holly Compton (1892 - 1962) discovered the
so called Compton effect. He showed that the wavelength, thus the energy, of X-
rays or gamma rays radiated onto a carbon target change with the scattering angle.
This could no longer be explained by the universally view of light as a wave and also
proofed Einstein’s photon theory to be correct. For the discovery of the Compton
effect he was rewarded with the 1927 Nobel Prize.

Figure 1.4: Albert Einstein (1879 - 1955)

In 1921, sixteen years after his light quanta paper, Einstein was rewarded with
the Nobel Prize for the light quanta theory, although he was best known for his theory
of relativity. This was due to a disput in the Nobel Prize commission. Many members
tended more to experimental physics than theoretical physics and also the accuracy of
the gravitational lensing effect was doubted, with which the general relativity theory
was confirmed. Therefore Einstein was not rewarded for the general relativity, for
which he was nominated nearly every year since 1910 by Max Planck and Arnold
Sommerfeld amongst others, but for the photon theory. However in his Nobel Prize
speach Einstein exclusively spoke about his theory of relativity.
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A spectroscopy was invented

Figure 1.5: Kai Siegbahn (1918 - 2007)

For many years after its discovery the photoelectricity was disregarded, until
the Swedisch physicist Kai Manne Borje Siegbahn (1918 - 2007) substantially
improved the energy resolution and sensitivity of [-spectrometers. Siegbahn et al.
succeeded in enhancing the determination of electron binding energies in atoms by
using X-rays (hv ~ 1500 eV) and were able to detect chemical shifts of about 1 eV
(Siegbahn et al., 1967, 1969, 1972). The new high-resolution electron spectroscopy was
named Electron Spectroscopy for Chemical Analysis (ESCA), now usually described
as X-ray photoelectron spectroscopy (XPS). Siegbahn was rewarded with the 1981
Nobel Prize in Physics for his work. Later his development also led to other X-ray
spectroscopic methods, like the X-ray absorption spectroscopy (XAS) and the X-ray
magnetic circular dichroism (XMCD).

1.2 Experimental X-ray spectroscopic techniques

This section deals with the experimental techniques used in this work. Issues
that are especially relevant in the present studies are emphasised.

1.2.1 X-ray Photoelectron Spectroscopy (XPS)

Figure 1.6 illustrates the principle of photoelectron spectroscopy (PES). Light is
radiated onto a sample and excites electrons out of it. The light source, thus the
energy of the photons, determines the energy level the electrons are excited out off,
during this so called photoeffect. One possible light source is a helium discharge lamp,
which provides photons with an energy in the ultra-violet region. This Ultraviolet
photoelectron spectroscopy (UPS) excites mainly valence electrons and can give a
lot of information about the electronic sturcture of a sample near the Fermi level.
In X-ray photoelectron spectroscopy (XPS) normally the Bremsstrahlung of metal
anodes, like aluminium or magnesium anodes, is used, which can also excite core
level electrons as illustrated in figure 1.6. In addition synchrotrons, which provide
photons with a tunable energy, are possible light sources for PES.

The photoeffect was interpreted by Einstein (1905) with the light quantum hypothesis.
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His thesis no longer describes light as a wave, but as a flow of particles, the photons,
which hold a specific quantised amount of energy proportional to the Planck constant
h and the frequency v of the light. For this work Albert Einstein was awarded with
the Nobel price in 1921. According to the quantum light hypothesis the maximum
kinetic energy of an emitted electron is given by

Ekin,mam =hv — (I)solid (11)

where hv denotes the energy of the exciting photon and ®,,;4 the work function
of the solid. This material-specific function describes the energy an electron needs to
leave the atom. Note that the equation 1.1 only applies for valence electrons located
energetically close or at the Fermi energy Er (dashed orange arrow in figure 1.6).
Stronger bonded core level electrons also have to overcome their binding energy in
order to leave the atom (orange arrow in figure 1.6), which leads to

Eiin, = hv — Egcff — Psotid (1.2)

where Fp .rf is the effective binding energy of the emitted electron. If a conduc-
tive sample is connected to the spectrometer, the often unknown sample specific work
function ®,4;4 can be replaced by the work function of the spectrometer ®,... Then
one gets for the binding energy

EB,eff = hv — Ekzn - CI)spec- (13)

Therefore if the energy of the radiated photons and the work function of the spec-
trometer is known, one can determine the bindinge energy of the excited electrons by
measuring their kinetic energy. The number of excited photoelectrons with a specific
kinetic energy is usually measured by a channeltron (Detectors;gnq.) and reveals the
total density of electron occupied states (tDOS) shown as the intensity in the XPS
spectrum (figure 1.6, green dotted line). Since the photoelectron can scatter easily
inelastic on its way to the surface and lose its binding energy information, XPS is a
very surface sensitive measurement. The emitted electrons in a solid state material
have a mean free path depending on their kinetic energy of at most 100 A. Thereby
it has to be mentioned that a mean free path higher than 50 A is only present for
electrons with a very small kinetic energy (below 10 eV). Electrons with higher kinetic
energies usually have a much shorter mean free path (below 20 A) (Zangwill, 1988).
Note that for the Fe 2p XPS spectra presented in this work photoelectrons with a
kinetic energy of about 700 eV were detected. According to Zangwill (1988) these
photoelectrons have a mean free path of about 10 A.
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Figure 1.6: The principle of X-ray photoelectron spectroscopy (XPS). More details are
given in the text.
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1.2.1.1 Spectral characteristics

Although this method is based upon the photoeffect, the features in a photo-
electric spectrum cannot be explained completely by this. Various side effects highly
affect the measured spectra. Some of them modify the kinetic energy of the emitted
electrons, like the chemical shift or the spin-orbit coupling, others compete with the
photoelectric process by emitting additional electrons, like satellites or the Auger-
effect. All these effects have to be completely understood in order to get correct
information. Although this makes the interpretation of a PE spectrum more difficult,
these additional effects are the main advantage of PES. Since they are element spe-
cific and highly influenced by the chemical environment of an atom, the resulting PE
spectrum reveals a lot of information about the chemical and electronic structure of
the measured sample. In the following a brief introduction of the basic side effects in
PES is given.

Chemical shift

Although valence electrons are involved in chemical bondings, core level electrons

are affected by them. Due to a change of the electric environment, the electric poten-
tial changes and with it the binding energy of the core level electrons. For instance,
if in a bonding the valence electrons of an atom migrate, like for the Fe atom in FeO,
the core electrons feel a stronger Coulomb interaction with the nucleus. Therefore
Fe 2p electrons in FeO and Fe;O3 have a higher binding energy than in metallic Fe
(figure 1.7). The magnitude of the energy shift depends on the type of binding and
the neighbouring atoms. By comparing the binding energy shift of the core level elec-
trons, the so called chemical shift, with reference measurements, one gets information
about the bonding and the chemical environment of an atom in a sample.
The theoretical approach of the chemical shift is difficult, because the influence of
several factors can not be determined and calculated correctly. If only electrosta-
tic considerations are taken into account, equation 1.3 can be modified in order to
describe the changes of the effective binding energy in a chemical bonding:

EB,eff = hv— Ekln - q)spec + A(E’chem + EMod); (14)

A-Echem = KQAa (15)
4B

ABye = Y (=) (1.6)
BZA TAB

AFE e denotes the chemical shift in atom A relating to a reference, in which g4
describes the valency difference to the reference and K the interaction of the valence
level electrons with the core level electrons. The latter is an empirical parameter.
The Madelung term AFEj;.q considers the influence of the other atoms in a molecule
or bulk. It is the sum of the effective charge gqp divided by the distance r 45 of every
surrounding atom B to the atom A, where A # B.
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Figure 1.7: The chemical shift of the Fe 2p XPS spectrum of FeO and FesO3 compared
to metallic Fe. The origin of the line splitting and the satellites will be explained in the
sections below.

Spin-orbit coupling

To describe the way an electron is bound to an atom quantum numbers are used.

The principal quantum number n (n = 1,2,...) denotes the atomic shell where the
electron is located. The orbital of the electron is denoted by the orbital quantum
number | (I = 0,1,2,....n — 1). Often the orbital quantum number is also described
with characters, for example s (I = 0), p (Il = 1), d (I = 2). The third quantum
number is the spin s (s = 3 for one electron).
In an atom the spin of an electron can interact with its orbital momentum, which
results in different energetic states. This interaction is called spin-orbit coupling.
When one takes the spin-orbit coupling into consideration the total angular momen-
tum quantum number j is needed, which represents the sum of s and [. The possible
values of j for one electron are thereby j = [ + % with 5 > 0. It can be shown that
the Hamiltonian describing the spin-orbit interaction is defined as follows,

1 10U, . ;4

Hso = W;(W)L -5, (1.7)

where U denotes the potential energy of the electron in the field of the atom
and L, S the orbital and spin momentum operators, respectively. As can be seen
the spin-orbit interaction is proportional to L - S. This can be rewritten as L -5 =
$(J? — L? — §?), leading to
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2

Here it is important to note that, due to the spin-orbit coupling, the total energy
of a state depends on the value of the total angular momentum quantum number
j. This means that for every electron state (nl) with [ > 1 there are two different
energy states nl;, 1 and nl;_1, thus a double-line (doublet) in the XPS spectrum. The

relative intensities of the two lines are given by

I, 1 l

(+y) _1+1

7 2 = T (1.9)
(-

For example, for a p electron (I = 1) the relative intensities of the corresponding

doublet, ps and p1, are 2 : 1 (fig.1.7), whereas for a d electron (I = 2) the ratio is
I
- % In case of an s electron (I = 0) there is no spin-orbit coupling present, since

~
i pa

j cannot be negative and therefore has only one value j = %

Multiplet splitting

As described above for electrons with [ = 0 there is no spin-orbit interaction
possible. Nevertheless often a splitting of an s electron line in the XPS spectrum
occures, for example in case of 3d transition metals. This so called multiplet- or
exchange splitting is due to a spin-spin coupling of a core electron to the total valence
electron spin (S). Note that this is only possible, if the excited atom has unpaired
valence electrons, thus a total valence electron spin exists. Then the spin s = % of
the remaining unpaired s electron after the excitation process can couple parallel or
antiparallel to S. This affects the binding energy of the excited photoelectron and
splits the measured core line. The corresponding exchange splitting (AE;) can be
written according to the van Vleck theorem (van Vleck, 1934)

_25+1
2041

AE, G?(3s,3d), (1.10)

where G?(3s, 3d) is the Slater exchange integral and [ the orbital quantum num-
ber. According to this theorem the binding energy of the state corresponding to
(S + 3) is lower than the binding energy of the state corresponding to (S — 3). The
intensity ratio for the two peaks is given by

IS+% _S+1
]5_1 N S .

2

(1.11)

Later it was found that there are multiplet splittings, which cannot be described
by the van Vleck theorem correctly. The intensity ratio as well as the splitting value
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were different from the calculated values (Fadley and Shirley, 1970; Galakhov et al.,
2002). This discrepancy was explained by intra-atomic near-degeneracy correlation ef-
fects (Bagus et al., 1973). Intra-atomic correlation effects like charge transfer, which
often dominate the electronic properties for instance in late transition metal com-
pounds, are not considered in the van Vleck theorem. Due to this it fails to describe
the XPS 3s spectra (Veal and Paulikas, 1983). Today the 3s multiplet splitting is
treated with full multiplet calculations (Sangaletti et al., 1995). Note that multiplet
splitting also occures for other core level lines (I # 0). In this case the describtion is
even more complex due to the additional spin-orbit splitting.

Satellites

Due to the small timescale of the photoeffect the N — 1 electron excited state

caused by the photoemission process can affect the binding energy of the primary
photoelectron. This leads to additional lines, the so called satellites, beside the main
lines corresponding to the lowest excited state in the XPS spectra (fig. 1.7). Thereby
one can distinguish between extrinsic satellites, which are due to inter-atomic exci-
tations and intrinsic satellites caused by intra-atomic relaxations.
If an electron is emitted out of the sample during the photoemission process it is
possible that a second electron is excited. The necessary energy is supplied by the
kinetic energy of the primary photoelectron, which therefore will be measured with
a lower kinetic energy, thus at higher binding energies in the spectrum. If the sec-
ondary electron is transferred to a higher energy orbit, the corresponding line is called
shake-up satellite, if it is completely removed, it is called shake-off satellite (Hollas,
1998). Figure 1.8 shows the principle of a third kind of satellite, which is due to
charge transfer. As one can see in contrast to the N electron ground state in the
N — 1 excited state electron states appear at the Fermi level of the ligand (L) and
metal (M). This makes a charge transfer process possible, in which an electron is
transfered from the ligand 2p to the metal 3d shell: 3d"L — 3d"*'L~'(L) leading
to the final state shown in figure 1.8. The energy required by this extrinsic charge
transfer process (A) is simply

A= E@Bd""' L™ — E(3d"L) (1.12)

and taken from the primary photoelectron. This causes additional peaks accom-
panying the 2p 3 and 2p 1 lines at higher binding energies in spectra of many transition

metal (TM) oxides like for instance NiO, FeO, Fe;O3 (Uhlenbrock, 1994; Kuepper,
2005) (see also fig. 1.7). In case of Fe this can help to distinguish between divalent
(FeO) and trivalent Fe (FeyOj3) ions.

Beside these extrinsic satellites in metallic samples intrinsic satellites occure due to
quantified excitations in the conduction electron system caused by relaxation.
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Figure 1.8: Illustration of a charge transfer excitation in a transition metal oxide (Kuepper,
2005).

Auger electrons

After the photoemission process the remaining hole is filled with an electron of
a higher energy level. This process releases energy, which is either radiated in the
form of a photon or absorbed by an electron. This so called Auger electron is excited
into the continuum and appears as an additional line in the spectrum (Auger, 1925).
The timescale of this two-electron process is in the range of 1074 seconds. The
approximated kinetic energy of the Auger electron is given by

E(ABC) ~ E(A) — E(B) — E(C) — @, (1.13)

where ABC' denotes the Auger electron. A is the shell the first photoelectron
was removed from, B the shell an electron is decaying from, C' the shell the Auger

electron is excited out of and ® the work function. Usually the ABC' shells are named
K for the 1s levels, Ly, Ly and Ls for 2s, Qp% and Qp% as well as My, My, M3, M, and
My for 3s, 3p%, 3p%, Bd% and Bd% energy levels, respectively. Thus, for instance an
K Ly Loz Auger electron is formed due to a photoemission of an electron of the K
shell (1s level), a decay of an electron from the L; (2s) level and an excitation of the
Auger electron out of the Los (Qp% or Zp%) level. If the A and B hole states are on

the same shell, but in different orbitals (for example, L L3M;), then the process is of
so called Coster-Kronig type (Kuzmany, 1998). Equation 1.13 shows that in contrast
to the kinetic energy of the primary photoelectron the energy of an Auger electron
is constant and does not depend on the energy of the radiated photon. The Auger
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electron energy is determined exclusively by the energy difference of the involved
electronic states. Therefore one can easily distinguish photoelectrons from Auger
electrons by using different excitation energies. Then the lines of the photoelectrons
will appear at the same binding energy while the Auger lines will occur shifted by
|hvy — his|. Note that relaxation effects and the reconfiguration of the excited state
are not taken into account in equation 1.13.

Inelastic background

Only photoelectrons that are excited out of surface layers maintain their primary
kinetic energy. Electrons from deeper layers lose part of their kinetic energy due
to inelastic scattering and end up at higher binding energies in the spectrum. This
leads to a general rise of the background intensities with the detection of lower ki-
netic energies, which is called inelastic background or secondary spectrum. Therefore
XPS is a surface sensitive measurement, since bulk photoelectrons lose their binding
energy information due to the inelastic scattering. For quantitative analysis of the
XPS spectra, the background has to be determined and substracted. A very simple
description of the inelastic background would be a linear function. More complex and
appropriate background functions where proposed by Shirley (Shirley, 1972) and by
Tougaard (Tougaard, 1990).

1.2.2 X-ray Absorption Spectroscopy (XAS)

In figure 1.9 the principle of X-ray absorption spectroscopy (XAS) is illustrated.
In contrast to XPS in XAS a photon does not excite an electron completely out of
the sample but into an unoccupied state of the conduction band (CB). Thus, XAS
is a powerful probe of the unoccupied part of the electronic structure. Like in the
photoemission, in the photoabsorption additional effects, for instance chemical shift,
spin-orbit coupling and multiplet interactions, occure and affect the spectrum, which
therefore can give valuable information about the chemical and electronic structure
of the sample.
Due to the dipole selection rules only transitions, which change the angular momen-
tum quantum number [ by one, Al = 41, and conserve the spin, As = 0, occur in
the XAS process. In particular, the z-components of the spin and orbital momentum
have to change, such that Amy, = 0 and Am; = 4+1,0. While all of the possible
transitions according to the dipol selection rules occur for linear polarised light, left
circularly polarised light only initiate transitions with Am; = +1, whereas right circu-
larly polarised light initiate Am; = —1. In addition so called quadrupole transitions,
with Al = £2,0, can occure in XAS spectra, but these transitions are hundred times
weaker than the dipole transitions.
As illustrated in figure 1.9 the required energy E.,. to excite a core electron into an
unoccupied state can simply be written as:

Eeve = Efinal — Binitial (114>

where Eyinq is the energy of the final state with the core electron excited into the
conduction band and Ej,;;. is the energy of the system before the excitation. The
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energy FE.,. is supplied by a photon (orange waved arrow) in a primary electron ex-
citation process (orange arrow marked 1). Shortly after this due to relaxation the
electron hole is filled by an energetically higher located electron and the excited elec-
tron falls back in lower energy levels (dashed orange arrows marked 2). This processes
release energy, which causes either an Auger excitation (orange arrow marked 3) or
the emission of photons (orange waved arrow marked 3).

The absorption of light, thus the intensity in the XAS spectrum, can be measured
directly in transmission, but this is only possible for very thin samples. In case of
bulk materials it is usual to measure the absorption indirectly by measuring a signal,
which is proportional to the XAS signal. Such a signal is caused by the mentioned
secondary processes due to the relaxation of the excited electron. This leads either
to the emission of electrons or photons out of the sample (figure 1.9, orange arrow
marked 3 and orange waved arrow marked 3, respectively). If the sample is conduc-
tive one can measure the drain current lg..;, caused by the Auger emission. This is
called the total electron yield (TEY). The TEY can also be measured by detecting the
emitted electrons directly. If one measures only the amount of emitted electrons of a
certain energy this is called the partial electron yield (PEY). Alternatively one can
measure the intensity of the emitted photons after the absorption, for example with a
CCD-detector (CCDyjgnar). This method is called total fluorescence yield (TFY), or
partial fluorescence yield (PFY) if only photons of a certain energy are counted. Since
the escape depth of photons (about 1000 A) is higher than the photoelectron escape
depth (in the range of 20 A — 100 A) FY is less surface sensitive than EY (Zangwill,
1988; Nakajima et al., 1999). However, XAS spectra recorded with FY often suffer
due to strong saturating effects like self-absorption, which modify the spectral shape
and falsify peak ratios (de Groot and Kotani, 2008; Stohr and Siegmann, 2006). In
addition in the soft X-ray region the intensity of measurements in the FY-mode is
much weaker than in the EY-mode, since the Auger process dominates the decay in
this energy region.

The XAS can be divided into two spectral regions. One is the so called near edge
X-ray absorption fine structure (NEXAFS or XANES), which reflects excitations of
the photoelectron into unoccupied states. The other is the so called extended X-ray
absorption fine structure (EXAFS), where the photoelectron is excited into the con-
tinuum and its scattering with the environment of the absorber leads to characteristic
features in the XAS spectrum. The EXAFS region is usually at photon energies well
above the corresponding NEXAFS threshold. Please be refered to Stohr (1992); Stéhr
and Siegmann (2006); de Groot and Kotani (2008) for a more general and compre-
hensive treatment of X-ray absorption spectroscopy.

As shown in figure 1.9 in XAS the photon energy hv has to be changed in order to
measure an absorption spectrum. Therefore XAS is usually performed with tunable
synchrotron radiation.
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Figure 1.9: The principle of X-ray absorption spectroscopy (XAS). More details are given
in the text.
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1.2.2.1 X-ray Magnetic Circular Dichroism (XMCD)

Schiitz et al. (1987) first verified a special XAS technique called X-ray magnetic
circular dichroism (XMCD). In contrast to normal XAS in XMCD not linearly but
circularly polarised light is radiated onto the sample. As already mentioned above
this way not all possible transitions according to the dipol selection rules are initi-
ated. Left and right circularly polarised light only initiate electron transitions with
Am; = +1 and Am; = —1, respectively. Note that here the magnetisation is assumed
to be parallel to the photon wave vector. If the magnetisation is antiparallel to the
photon wave vector the selection rules reverse. In combination with the spin-orbit
split of the core levels (j= [+ s), preferentially either majority or minority spin carri-
ers are excited to unoccupied electron states, depending on the light helicity (Ebert,
1996; Kapusta et al., 1999). Phenomenologically this can be explained by the spin
and orbital angular momentum coupling of the photon angular momentum Lp, = +1
with the electron spins. In figure 1.10 for a 2p — 3d excitation with circularly po-
larised light the possible transitions and their probability are illustrated. As one can
see while mainly spin down electrons are excited out of the 2p 1 levels, preferentially
spin up electrons are excited out of the 2p s levels.

Note that in figure 1.10 XMCD transitions are shown for a d contiuum. If the d band
is partly filled the number of occupied spin states highly affect the possible transitions,
and therefore the XMCD signal. According to Fermis golden rule the absorption co-
efficients are proportional to the density of unoccupied states above the Fermi level.
Thus, the photoelectron serves as a probe of the spin and orbital polarisation of these
states, which is very important for the investigation and characterisation of magnetic
materials and their magnetic moments. In the last decades this technique has be-
come more and more widely used as probe for the element-specific characterisation
of magnetic materials. Reasons for this are on the one hand the growing availability
of tunable high brilliance X-rays (synchrotron), and on the other hand the unique
possibility to analyse the magnetic moments element specifically as well as seperated
into their spin and orbital contributions.

Figure 4.9 in chapter 4 shows a typical XMCD spectrum of a transition metal L edge.
As shown an XMCD measurement consists of 3 spectra. One spectrum is measured
with photon helicity parallel (p*, absorption coefficient x*), the other with photon
helicity antiparallel (p~, absorption coefficient ) to the magnetisation, respectively.
For the investigation of the magnetic moments the differences in the absorption co-
efficients ut and p~ are of most interest and therefore the XMCD signal is formed,
which is simply the subtraction of both spectra (u™ — p~). The dependence of the
XMCD signal on the experimental parameters is given in equation 1.15 (Stohr and
Siegmann, 2006).

[XMCD O(Pcirc'M'LPh X Pcirc (m> 0089 (115)

Here P, is the degree of circular photon polarisation, (m) the expectation value of
the magnetic moment and 6 the angle between the directions of the photon angular
momentum Lp;, and the magnetisation M. As indicated by the formula in order to
get a maximum XMCD signal one needs highly polarised light (synchrotron) and a
magnetisation of the electron spins collinear to the photon angular momentum. The
latter is done by an external magnetic field.
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Figure 1.10: Tllustration of a 2p — 3d excitation with right circularly polarised light to

empty d-continuum states in a solid (according to Kapusta et al. (1999)). The excitation is

separated in transitions from the core p1 (Lg) levels (upper panel) and the ones from the
2

ps (L3) levels (lower panel). Note that here the magnetisation of the sample is assumed to
2

be antiparallel to the photon wave vector (Am; = +1).
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To receive the spin and orbital magnetic moments from XMCD measurements of
2p — 3d transitions the so called XMCD sum rules are used. These were theoretically
derived by Thole et al. (1992); Carra et al. (1993) and later reformulated by Chen
et al. (1995). The modified sum rules are given in equations 1.16 and 1.17.

4 T — u)dw
Morp = — fL3+L2 (pl_’_ M_) (10 - nSd)> (116)
3fL3+L2(,u + p)dw
6 [, (n" —p)dw =4[, (" —p)dw
Jroir, (0t 4 p7)dw

¢ 0-n (14 10)° win

Mspin =

Here m, is the orbital magnetic moment and my;,, the spin magnetic moment in
units of pp/atom. The indices Ls and L3+ Ly of the integrals refer to the integration
over the whole Ls and Lz + Ly peaks, respectively. As mentioned before (ut — p7) is
the XMCD spectrum, whereas (u* 4 p~) is simply the sum of the absorption spectra
measured with left and right circularly polarised light, respectively. nsy stands for
the number of 3d electrons in the corresponding ion. (7)) is the ground state expec-
tation value of the magnetic dipole term originating from the expectation value of
the magnetic dipole operator and (S,) is the corresponding spin operator. Usually

Zgj < 1 and can be omitted.
Note that within the sum rules several approximations were made. The 2p — 3d
transitions are treated like in free atoms, so many-particle effects are neglected. Fur-
thermore, the sum rules are derived for well separated core spin-orbit multiplets in
the final state of X-ray absorption. In other words the L3 and L, edges and the
corresponding multiplets are assumed to be well separated, so that the integrals can
be correcly performed. While this is the case for some late 3d transition metals like
for example Ni and Co, Fe as well as Mn show a considerably high mixing of the L;
and Lo multiplets due to the Coulomb interactions between the electrons. This was
shown by Teramura et al. (1996), who also derived correction factors Creramura for
several transition metal ions in O, symmetry to take the L edge mixing into account.
Since only the sum rule of msy;, (1.17) needs a clear seperation of the Ls and Lo
edge the Teramura factors are only needed for the calculation of the spin magnetic
moment (mgyre = migﬂ’mle X Cleramura)-

As mentioned before the XMCD technique is element specific. So for instance the
spin and orbital magnetic moments of the Fe and Cr ions in Fe;_,Cu,CryS4 can be
derived seperated from each other (see chapter 4), which in this case is very impor-
tant, since the spin magnetic moments are alligned antiferromagnetically leading to
a decreased magnetic moment in overall magnetic measurements.

for atoms in a cubic symmetry the term
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1.3 Instrumentation

This section deals with the instrumentation necessary to perform the described
X-ray spectroscopic techniques. Issues that are especially relevant in the present work
are emphasised.

1.3.1 The photoelectron spectrometer PHI 5600ci

The XPS measurements presented in this work have been performed with a
PHI 5600ci multitechnique spectrometer produced by the Perkin Elmer Cooperation
(Chastain, 1992). Figure 1.11 shows the layout of the spectrometer.

Vacuum- \

chamber

To the preparation chamber

Figure 1.11: Layout of the PHI 5600ci multitechnique spectrometer. More details are given
in the text.

The PHI 5600ci is equipped with a dual Al/Mg X-ray anode (number 1, orange),
a sputter ion gun (number 2, violet), an electron gun (number 3, blue) and a single Al
X-ray anode (number 4, dark green), which is monochromatised by a quartz crystal
monochromator (number 5, grey) and was used for all XPS measurements presented
in this work. The monochromatised X-ray source provides the Al K, radiation energy
of 1486.6 eV with a energy half-width of ~ 0.3 eV. The K, radiation is created
in the Al anode due to a transition of an electron from the L shell to a hole in
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the K shell, which was created due to a photoemission process. As illustrated in
figure 1.11 the photoelectrons (light blue) excited out of the sample (black) by the
monochromatised X-rays (green) are focussed with help of an electronic lens system
(number 6, yellow). After that the kinetic energy of the electrons is measured with an
11 inches hemispherical analyser (number 7, red). The crystal-sample-analyser angle
is fixed to 90°. Usually the analyser is operated in the so called constant analyser
transmission (CAT) mode. This means the energy the electrons need to have in
order to pass the analyser is always the same independent from the measured binding
energy. This is possible with a bias, which increases or decreases the kinetic energy
of the photoelectrons before their entrance in the analyser, so that only the electrons
with the right binding energy have the necessary energy (so called pass energy E,)
to reach the detector (number 8, black). Therefore the analyser only has to measure
the pass energy E, £ AE. The advantage of the CAT mode is that the absolute
energy resolution denoted by AE is constant for the whole spectrum. The usage of
small pass energies decreases AE, but also the overall intensity of the XPS signal is
reduced. Usually a pass energy is chosen that gives an appropriate resolution while
the intensity is preferably high.

Since the electrons, which leave the excited sample, shall reach the analyser without
being scattered on a gas molecule the experiment has to be performed under ultra
high vacuum (UHV). As mentioned before XPS is a rather surface sensitive technique
and therefore the UHV is also required in order to keep the sample surface free of
contamination. A pressure of about 1 x 107 mbar assures that XPS measurements
can be performed for several hours without taking care of surface contamination. The
UHYV is achieved by a set of different vacuum pumps. At first rotation pumps create
a pressure of about 1 x 107% mbar at which turbomolecular pumps can work. With
these the pressure decreases to about 1 x 107® mbar. Finally an ion getter pump
and a titanium sublimation pump are used to achieve a pressure of about 1 x 107
mbar. Often the sample surface is contaminated and has to be cleaned before the
measurement. One method is the usage of a sputter ion gun, which bombards the
sample with argon ions. Since in case of chalcogenides sputtering causes a dramatic
change of the sample surface stoichometry, this method could not be used in this work.
An appropriate way to treat chalcogenides before the measurement is to scrape the
sample with a diamond file in UHV or to cleave them in situ. This is done in a
preparation chamber (black dashed arrow in figure 1.11), which was added to the
spectrometer. If the sample is insulating the binding energy of the electrons changes
during the XPS measurement due to charging of the sample. This leads to shifts in
the spectrum, which can be prevented by a flow of electrons onto the sample surface
provided by an electron gun.

1.3.2 Measurements at synchrotron endstations

As mentioned before tunabel light sources are necessary in order to perform
X-ray spectroscopic methods like XAS and XMCD. State of the art experiments are
usually performed with the high brilliant light produced at synchrotron radiation (SR)
facilities (Attwood, 1999). The measurements shown in this work were done at the
Russian-German (RG)-beamline of the Berliner Elektronen-Speicherring Gesellschaft
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fiir Synchrotronstrahlung (BESSY II) in Berlin, at the beamline 4.0.2 and 8.0.1 of the
Advanced Light Source (ALS), Lawrence Berkeley National Laboratory in Berkeley
(USA), at the Beamline of Advanced diCHroism (BACH) at ELETTRA in Trieste
(Italy), at the National Synchrotron Radiation Research Center (NSRRC) in Taiwan
and the Swiss Light Source (SLS) in Villigen (Switzerland) (figure 1.12).

Figure 1.12: Pictures of the BESSY II in Berlin (a), the NSRRC in Taiwan (b), the
ALS in Berkeley (USA) (c), the ELETTRA in Trieste (Italy) (d) and the SLS in Villigen
(Switzerland) (e).

Storage ring and insertion devices

Today synchrotron facilities belong to the so called third-generation synchrotron
sources, which appeared in the 1990s. Figure 1.13 shows a schematic plot of a syn-
chrotron. At first electrons are generated and accelerated by a linear accelerator,
or linac (1), which is an electromagnetic catapult that brings the electrons from a
standing start to relativistic velocity near the speed of light. Note that a linac long
enough to accelerate electrons to the energy needed for the synchrotron would usually
not fit inside the building. Therefore the electrons are further accelerated by radio
frequency (RF) cavities in the so called booster synchrotron (2). In less than a second
inside the booster the electrons reach their target energy and are injected into the so
called storage ring (3). In this ring the electrons are kept on a circular path for hours
leading to an emission of light. It is possible to compensate the electron energy loss,
which is due to the emitted radiation, by using RF cavities. Although linac, booster
synchrotron and storage ring are kept under UHV, with time the electron current
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in the ring decreases due to scattering of the electrons with air particles and a new
injection has to be performed.

In order to keep the electrons on their orbital path in the storage ring so called inser-
tion devices comprising different magnetic structures are used. Within their magnetic
field the electrons are accelerated by the Lorenz force on their circular path. This
acceleration causes the electrons to emit electromagnetic radiation, which is done in
a narrow intense cone tangential to their trajectory, due to their relativistic velocity.
This light is the synchrotron radiation (SR) used for various experimental setups like
for example XAS and XMCD measurements. Different types of magnetic structures
are available to bend the electron beam and subsequently to deviate the SR into the
beamlines and experimental endstations. The two most common insertion devices are
the bending magnets and the undulators (figure 1.13).

Undulator

/.

/ Dipole bending magnet

Figure 1.13: Schematic plot of a synchrotron. More details are given in the text.

A dipole, or bending magnet simply bends the electrons in a single curved trajec-
tory producing a rather narrow cone of radiation. The spectrum is continuous over
a wide energy range, for instance 100-1000 eV. An undulator comprises of a large
number of strong permanent magnets with opposite polarisations (figure 1.14). The
electrons oscillate through this periodic magnetic structure and emit coherent X-ray
pulses leading to constructive interference. The overall emitted radiation is a very
intense and narrow cone with small angular and spectral widths. Thus, the undula-
tor spectrum consists of sharp peaks, called harmonics. The desired energy for the
experiment can be chosen by varying the magnetic field strength between the poles.
This is realised by changing the distance, or gab, between the upper and lower row of
permanent magnets. Such a setup of an upper and lower row of permanent magnets
leads to an almost 100% linearly and horizontally polarisation of the emitted light.
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In order to perform experiments in dependence of the polarisation, especially if circu-
larly polarised light is required as for instance in XMCD measurement, a combination
of two undulators is necessary.

Alternatively one also uses so called APPLE-type elliptical polarising insertion de-
vices (or APPLE-type undulators) comprising horizontally seperated magnet rows
(figure 1.14). By shifting these rows one can produce a helical field at the position
of the electron beam causing an elliptical or even circular trajectory. Consequently,
elliptically or circularly polarised light is emitted. To change the polarisation while
staying at a fixed photon energy, both gab and shift have to be varied. In figure 1.14
one can see the APPLE-type undulator in the circular mode. The shift is set to the
position with equal amplitudes of the horizontal and vertical magnetic fields.

Undulator

APPLE-type undulator

Linearly horizontally
polarised shift

—

o 0 0 ; Circularly polarised

m B

Figure 1.14: Tllustration of the an undulator (top) and an APPLE-type undulator (bottom).
More details are given in the text.

Beamline and endstation

In order to use the synchrotron radiation generated by the insertion devices it
has to be linked to the experiment. This is done by a so called beamline, which
is an UHV arrangement of monochromators, slits and mirrors, as shown in figure
1.15. Firstly the desired excitation energy has to be adjusted. If the radiation was
generated by an undulator this is done firstly by choosing the right arrangement of
the magnetic rows. The produced light passes within the beamline a concrete wall,
which is usually sealing the storage ring for savety reasons. Than inside the beamline
it is further monochromatised by using a series of high precision optical elements,
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for instance monochromators. In order to reflect the X-rays these gratings have to
be aligned in very grazing incidence angles. Two different types of monochromators
are widely used, the so called spherical grating monochromator (SGM) and the plane
grating monochromator (PGM) (Peatman, 1997). In a beamline usually the radiation
has to pass slits and mirrors before (vertical condensing mirror, entrance slit) and after
(exit slit, refocusing mirror) it hits the monochromator to focus the beam onto the
grating and refocus it afterwards onto the sample surface (figure 1.15).

Beamline

Entrance ‘ Exit
slit oy slit

Undulator Wall .. | Spherical
A ».  gratings

I e D | |
T L Refocusing

Vertical mirror
Electrons condensing
mirror

To the endstation

Figure 1.15: Schematic plot of a typical beamline setup.

The results presented in this work have been obtained by using a number of
different beamlines equipped with complementary experimental endstations. For in-
stance, XAS and XMCD measurements were performed at the beamlines 4.0.2 and
8.0.1 of the ALS. Beamline 8.0.1 is based upon a 50 mm period length undulator
providing linearly polarized photons in the horizontal plane of the laboratory. The
generated radiation can be monochromatised by three interchangeable SGMs. At
beamline 4.0.2 radiation is generated by a 5.0-cm-period elliptical polarisation undu-
lator (EPU5). Here the user can choose between linear polarisation, which is con-
tinuously variable from horizontal to vertical, and left or right elliptical (or circular)
polarisation in an energy range of 50-1900 eV. The radiation is monochromatised with
a variable-included-angle PGM. Beamline 4.0.2 has two interchangeable endstations.
One comprises a fluid helium cooled cryostat enabling to perform measurements at
low temperatures down to 2 K and magnetic fields up to 6 T. The measurements
presented in this work were performed at the second endstation comprising of an oc-
topole resistive magnet, which can create a magnetic field of 0.8 T tuneable in every
spatial direction (Arenholz and Prestemon, 2005).

Furthermore XAS measurements were performed at the BACH beamline of ELET-
TRA in Trieste (Italy). Here two APPLE type helical undulators deliver X-rays over
a wide range from 20-2000 eV with variable polarisation. The generated radiation
can be monochromatised by four interchangeable SGMs.

XAS measurements were also performed at the Russian German beamline at BESSY
II. Here radiation in a wide energy range of 30-1500 eV is produced by a dipole

magnet, whereas the desired photon energies can be selected by two interchangeable
PGMs.
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Further information about the beamlines and endstations are provided in the internet
on the homepages of the respective synchrotrons.

Note that most XAS and XMCD spectra presented in this work were recorded in the
TEY-mode unless otherwise noted.

1.4 X-ray absorption in multiplet theory

In order to understand and proof X-ray absorption measurement results, in this
work XAS and XMCD spectra are compared to so called multiplet calculations. For
a better understanding of multiplet simulations in the following a brief introduction
in the theoretical description of X-ray absorption is given (see also section 2.1.1).

1.4.1 Single-particle approximation

As described in section 1.2.2 in the X-ray absorption process, a core electron
is excited to an empty state and, as such, XAS probes the unoccupied part of the
electronic structure of the system. The resulting X-ray absorption spectrum can be
described with the so called Fermi Golden rule

IXASOC |<(I)f‘é'r’q)i>|26EffEifhw (118)

According to this rule the absorption intensity Iy g is proportional to a dipole

matrix element (é - r) coupling the initial state (®;) and the final state (®;). The
delta function (&) takes care of the conservation of energy.
Now one can make a so called single-particle approximation. Since in the final state
a core electron has been excited, it can be described as the initial state with a con-
tinuum electron (e) added and a core electron removed, ie., ®; = ce®; (equation
1.19). Furthermore one can assume that the matrix element can be rewritten into
a single-electron matrix element by removing all electrons that are inactive in the
transition itself. Thus only the excited core electron remains in the initial state and
the continuum electron in the final state. The series of delta functions identifies with
the density of states (p) (equation 1.20) (Muller et al., 1978).

IXAS XX |<(I)ZQ€|éT|(I) ‘25Ef—Ei—hw (119)
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Ixas o< |[(e|ée-rlo)|”p (1.20)

The dipole matrix element (é-r) dictates that the density of states has an orbital
moment that differs by 1 from the core state (AL = £1), while the spin is conserved
(AS =0). Since in case of X-rays the quadrupole transitions are some hundred times
weaker then the dipole transition, they can be neglected in most cases. Note that
this single-particle approximation neglects all electron rearrangements that take place
during the electron excitation process. Nevertheless single-particle methods within
the so called density functional theorem (DFT) are very successful in describing for
example metal and ligand 1s X-ray absorption (K-edge) (de Groot et al., 1993).
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Various methods exist to calculate the singel-particle density of states, for example,
LMTO, LSW, LAPW and KKR (Zeller, 1992). Also real-space multiple scattering
calculations, which are a formally closely related but conceptually different method,
can be performed. For details please be refered to (Lytle and Greegor, 1988; Natoli
et al., 1986; Rehr et al., 1998; Vvdensky, 1992).

1.4.2 The multiplet effect

The previously described singel-particle approximation breaks down in case of 2p

X-ray absorption, due to a strong overlap of the p core wave functions with the d
valence wave functions. This results in XAS structures that are strongly affected by
the core hole wave function leading to so called multiplet effects, which the single-
particle approximation is no longer appropriate to describe. The break down of the
single-particle model is important for all systems with electrons in narrow bands, for
example 3d metal and rare-earth metal compounds, which show a strong valence and
core wave function overlap.
Within the multiplet theory, which is also based on the Fermi Golden rule, the core
hole and free electron of equation 1.19 are rewritten to a 2p core hole (2p) and a 3d
electron (equation 1.21). All valence electrons except the 3d electrons are omitted,
and this yields equation 1.22; which is the starting point for all calculations.

Ixas o< [(@:2p3d[e-r|®)|* 6, 5w (1.21)
Ixas oo [(2p3d+ (&7 3d™) | 6m, (1.22)

Atomic multiplet theory

The basic starting point for a large part of the analysis of core-level spectra is
atomic multiplet theory (Cowan, 1981; Weissbluth, 1978). Faced with the situation
of a solid with its combination of extended valence states and a localised core hole,
the problem is to find the best way to treat the X-ray absorption process. While
a localised approach makes it possible to treat the core hole in detail, an itinerant
approach is in most cases the best approach to the ground state of the solid. It
has been shown over the last 30 years that a completely localised approach, based
on atomic multiplet theory, can be very fruitful to core-level spectroscopy. In this
section some aspects of atomic multiplet theory that are important for the analysis
of X-ray absorption will be briefly introduced.

Within the atomic multiplet theory an N-electron atom is described by the Schrodinger
equation for a free atom, thus the influence of the surrounding atoms is not taken
into account. The overall Hamiltonian reads

p? —Ze? e?
DECED DL NI 12



28 History and Basics

consisting of the kinetic energy of N electrons () 2”51), the electrostatic inter-

action of the N electrons with the nucleus of charge +Z (> _er), the electron-

electron repulsion (H,. = me 5—2), and the spin-orbit coupling of each electron
ij

(His = > nC(r3)l; - s;). Since the kinetic energy and the interaction with the nucleus
are the same for all electrons in a certain atomic configuration, they define the average
energy of a certain state (H,,). So the important interactions to be solved are H,. and
Hj,. The basic difficulty when solving the Schrodinger equation is that H,. is too large
to be treated as a perturbation. This problem has been solved with the central field
approximation by seperating the spherical average of the electron-electron interaction
(H,e) from the nonspherical part. In the modified electron-electron Hamiltonian H/_,

the spherical average has been subtracted (equation 1.24) and added to (H,,), giving
a simplified Hamiltonian (equation 1.25).

H, = Ha— () =Y - <Z —> (1.24)

pairs v

H = H, + H., + Hj (1.25)

This leaves the two interactions H., and H;s to determine the energies of the
various electronic symmetry configurations within the atomic configuration.
In the following the 2p X-ray absorption of Ti*" will be used as a simple example
to make the calculation process more clear. Ti*" has a 2p®3d° electron configuration
in the initial state and a 2p°3d' configuration in the final state (equation 1.26). To
understand the multiplet calculation one has to use so called term symbols to describe
the various electronic symmetry configurations. These are indicated with their orbital
moment L, spin moment S, and total moment J (see also section 1.2.1.1). Together,
these three quantum numbers, summerised in the term symbol 25*1L;, indicate a
certain state and determine its specific energy. In case of Ti*t the initial state has
only filled or empty shells, which results in S =0, L = 0 and J = 0 described by the
term symbol 'Sy. In the final state the 2p level is occupied by five electrons, which is
equivalent to one p-electron (S = %, L = 1), denoted by two term symbols 2P% and
?P3 (*P13). The 3d level is occupied by one electron (S = 5, L =2) giving *Dss.
Now within the multiplet theory the 2p and 3d symmetry configurations of the final
state are multiplied (2P ® 2D), due to the overlap of the core wave functions with
the valence wave functions. This results in new configurations with L = 3,2,1 and
S = 1,0 namely Py, ' Dy, 'Fy, 3Py1a, 3Dias, 3Fys3s. The X-ray absorption transition
matrix elements to be calculated are given in equation 1.27.

Ixas o |(2p°3d" |p| 3d°)|" (1.26)
Ixas o< |[(M*PDF['P'S)|" (1.27)
In 1.27 the symmetry of the dipole transition is given as 'P;, according to the

dipole selection rules (AJ = +1,0, —1; AS = 0; AL = 1). This reduces the number of
final states that can obtain finite intensity, thus the number of lines in the spectrum,
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since from a ground state with J = 0 only final states with J = 1 can be reached.
Three final state configurations fulfil this condition, namely 'P;, 3P, and ®D;. So,
the problem of calculating the 2p absorption spectrum is reduced to solving the
3 x 3 energy matrix of the J = 1 final states to get the energy positions of the
absorption lines (equation 1.29). The energy matrix of the initial state (equation
1.28) is zero, since in 'Sy neither a spin-orbit coupling nor a nonspherical electron-
electron interaction is present.

2
HINIT = <3d0 ’Hée -+ Hls‘ 3d0> = <150 ‘;; + Cdld * Sa
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12
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The resulting lines are broadened with a lorentzian and a gaussian function to
account for the lifetime broadening and the broadening due to the experiment. This
results in a 2p XAS spectrum (figure 1.16). Note that in the single electron picture the
Ti 2p absorption spectrum would only have two lines due to the spin-orbit coupling.
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Figure 1.16: Atomic multiplet calculation of a Ti** XAS spectrum.

Ligand-field multiplet theory

If one wants to calculate XAS spectra for a solid state one has to consider two
additional aspects, one is the different local symmetry, the other the different more
itinerant electronic features. The first aspect is taken care of with the ligand-field (or
crystal-field) multiplet theory described in this section, the second is treated with the
charge transfer multiplet approach, which is introduced in the next section.

For core spectroscopy the ligand-field theory has been developed by Thole and co-
workers (Thole et al., 1988). The dominant symmetry effect in solids is the cubic
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ligand-field. The strength of this operator is usually denoted as the ligand-field split-
ting (10Dq). The ligand-field multiplet theory now simply extends the atomic mul-
tiplet theory by incorporation of the ligand-field splitting. A good overview about
the crystal field theory is given by Moffit and Ballhausen (1956). In for instance an
octahedral environment, the field of the neighbouring atoms on the central atom has
cubic (Oy,) symmetry, which divides the 5-fold-degenerate 3d orbitals into two distinct
representations of Ty, and E, symmetry. These states are energetically seperated due
to the fact that the 2-fold-degenerate E, state contains orbitals that point toward the
centre of the cube face, thus the position of the ligands, while the three ty, orbitals
point toward the corners of the cube. Therefore the E, states interact stronger, elec-
trostatically as well as covalently, with the ligands. The effect of the cubic ligand-field
on the energies of the atomic states has been described in the textbooks of Butler
(1981); Fontaine (1995) and Sugano et al. (1970). It is found that the degeneracy
of the atomic states is partially lifted and the D, F and higher states are split into
a series of representations in cubic symmetry (see figure 1.17). Note that also the
number of multiplet states is considerably larger (2p®3d!(atomic): 12 multiplet states
; 2p°3d1(Oy): 25 multiplet states).
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Figure 1.17: Splitting patterns of d orbitals in ligand fields for (a) linear MLy, (b) tetrahe-
dral MLy, (c) square planar MLy, (d) trigonal-bipyramidal ML5 and (e) octahedral MLg.

The transition probability for the 3d° systems in cubic symmetry is given in
equation 1.30. As denoted by p[T7] from the A; initial state all final states of T}
symmetry are allowed and have a finite transition probability. In contrast to the
atomic multiplet theory this includes in addition to the atomic states with J =1 the
states with J = 3 and J = 4. These are the seven states ' Py, 3Py, 3D;, 'Fy, 3Ds,
3Fy and 3Fy. In order to calculate the proper spectrum, for these final states and the
initial state the atomic plus ligand-field Hamiltonian are solved (equation 1.31, 1.32).

Ixasy o [(20°3d"[T) | p[Th] | 3d°[A))|” (1.30)
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Hpinapi = <2p53d1 |H,, + His + Hpp| 2p53d1>
2

e (1.32)
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In figure 1.18 the effects of an increasing cubic ligand-field on the atomic multiplet
spectrum (figure 1.16) are shown. As one can see for small ligand-fields the spectrum is
hardly modified, since the four additional transitions have not gained enough intensity
to be detectable in the spectrum. But for higher ligand-fields the additional lines are
clearly visible.
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Figure 1.18: Ligand-field multiplet calculations of Ti** XAS spectra with different cubic
crystal-field values. a) selected calculations together with their unbroadened lines. b)
calculation overview attached from de Groot (2001) in steps of 0.3 eV. Bottom spectrum
has a crystal-field of 0.0 eV, top spectrum of 4.5 eV.

Note that although the peak splitting in the spectra is related to the value of

10Dq, it is not a direct measure of it. So 2p X-ray absorption cannot be used to
directly measure the crystal-field splitting.
Nevertheless ligand-field multiplet calculations can be directly compared with exper-
iments and show very good results (de Groot et al., 1990a,b). The high resolution
of soft X-ray edges, due to the long lifetime of the core states, makes the spectra
sensitive to details of the electronic structure, such as the valence, symmetry, spin
state, and crystal-field value (Cramer et al., 1991; de Groot, 1994).
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Charge-Transfer multiplet theory

The charge-transfer multiplet calculation is similar to a ligand-field multiplet
calculation but it uses more than one configuration. In case of Ti** at first the
matrixes of the ligand-field approach (equation 1.30, 1.31 and 1.32) are solved. The
charge-transfer model now adds a 3d¥*! L initial state plus the corresponding changes
in the final states. In case of a transition-metal oxide, in a 3d¥*! L configuration
an electron has been moved from the oxygen 2p valence band to the metal 3d band.
This adds a second initial state, final state and dipole transition. For Ti** this gives
(here the term symbols are omitted for clarity):

Ixasz o |(2p°3d*L [p| 3d'L)|” (1.33)

2

e
— + Cala - sa+ Hrrm
12

Hinirs = <3d1L

3d1L> (1.34)

2
e

Hpinar2 = <2P53d2L ’_r + Cplp - 5p + Cala - sa+ Hppwm
12

2p53d2L> (1.35)

Finally the two initial states and two final states are coupled by monopole tran-
sitions, i.e., configuration interaction.

Hurx ne = (3d°[t/A|3d'L) (1.36)
Hyix mps = (2p°3d" |t/A[2p°3d°L) (1.37)

Here t denotes the mixing parameter, which couples both configurations. The
charge transfer energy (A) is the energy difference between the 3d" and 3dV*+!L
configurations. Therefore the Hamiltonian is indicated with ¢/A. The spectrum is
calculated by solving the equations 1.30 - 1.37. Note that here the 3d states are
described in a correlation fashion, while all other electrons are described in a band-
like fashion (Zaanen et al., 1985). This is essentially the Anderson impurity model.
In the final state of the X-ray absorption process a 2p electron is annihilated, and a
3d electron is created leading to the configurations 2p°3d™¥*! and 2p°3dV+2L. The
energy difference between these configurations is given as A+ U — @, where U is the
3d3d correlation energy and () the core hole potential. The formal definition of U
is the energy difference one optains when an electron is transferred from one metal
site to another, i.e. U = E(3d¥ ") + E(3dV ') — E(3dY) — E(3d"). The number of
interactions of two 3d" configurations is one more than the number of interactions
of 3dV*! plus 3dV~!, implying that this energy difference is equal to the correlation
energy between two 3d electrons. The core hole potential @ is due to a not 100% filled
core state in the final state of the XAS process. This creates an additional attraction
to all the core and valence levels that lie above it. The most important core hole
potentials are the effects on the 3d states. Thus, in our case () identifies with the
2p3d correlation energy. From the systematic analysis of core-level photoemission
spectra, it has been found that @ is slightly larger than U. Typical values are 9 eV
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for  and 7-8 €V for U. Due to this only small charge-transfer satellites are visible
in X-ray absorption (de Groot, 1994; de Groot and Kotani, 2008).

Figure 1.19 shows the effects of the charge-transfer energy on divalent nickel. The top
spectrum has a A of +10 eV and is essentially the ligand-field multiplet spectrum of
Ni?* (3d®). The spectrum at the bottom uses A = -10 eV, thus the ground state is
almost a pure 3d°L configuration.
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Energy (eV)

Figure 1.19: Series of charge-transfer multiplet calculations for the ground state 3d® +
3d?L, attached from de Groot (2001).

As can be seen the effects of charge transfer on the ligand-field X-ray absorption
spectral shape are (1) the contraction of the multiplet structures and (2) the forma-
tion of small satellites. This is in agreenment with experimental results (Okada and
Kotani, 1992a,b; Okada et al., 1992; Okada and Kotani, 1993; van der Laan et al.,
1986). It is found that for many systems charge-transfer multiplet calculations are
important, since no good comparison with ligand-field multiplet spectra can be made
(Hu et al., 1998b,a). Note that one can also continue with this procedure and add a
3dV*2L2 configuration etc., but in many cases two configurations will be enough to
explain the spectral shape.

For further information about multiplet calculations please be refered to de Groot
(2001) and de Groot and Kotani (2008) and citations within.
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1.5 Magnetism

Magnetism is a physical phenomenon which manifest itself in an action of force
between magnets, magnetic materials and moved charges. Although the scientific
research and understanding of magnetism started not until the modern age with the
systematic analysis of William Gilbert, an english physician and physicist, in 1600,
the phenomenon is known for a much longer time. Legend has it that an old grecian
shepherd, called magnes, was the first human who experienced magnetism about 4000
years ago. He grazed his sheep in magnesia a region in northern greece and it is said
that his cleats and the thorn of his hiking pole stuck to a big black stone. This stone
was named magnetit according to magnesia or magnus. The first known chronicle
of magnetic stones was done by Thales of Miletus (about 634-546 BC) (Stohr and
Siegmann, 2006). Although known for such a long time and researched scientifically
for hundreds of years there are still a lot of questions concerning the magnetic be-
haviour of materials. In physics one tries to understand and describe how a material
responds on the microscopic level to an applied magnetic field. Here the spin of an
electron plays an important role. In this work new advanced magnetic materials were
investigated in order to understand their anomalous electric and magnetic properties.

1.5.1 Magnetism in solids

This section deals with the different types of magnetism in a solid. Figure 1.20
shows an overview of various magnetic ground states. The direction and strength of
the spontaneous magnetisation as well as the induced magnetisation by an external
magnetic field in a compound (pale blue square) are illustrated. In the following a
brief describtion of the different types of magnetism is given.

Diamagnetism

All materials are diamagnetic, which means they have a tendency to oppose an
applied magnetic field and therefore to be repelled by it. However the diamagnetic
behaviour is usually very weak and is clearly dominated by other magnetic behaviours
like para- or ferromagnetism. Thus, although present in all materials, diamagnetism
is only observed in a purely diamagnetic material. As illustrated in figure 1.20 in a
diamagnetic material the atoms have no unpaired electrons and therefore no atomic
spin magnetic moments are present (diamagnetism, left panel). These materials do
not show a spontaneous magnetisation. If an external magnetic field is applied,
magnetic moments appear, which are alligned antiparallel to the direction of the
magnetic field. These moments arise from the orbital motions of the electrons and
can be understood classically as follows. The external magnetic field causes the
electrons circling the nucleus to experience a Lorentz force. This effect systematically
increases the orbital magnetic moments that were aligned opposite to the field, and
decreases the ones aligned parallel to the field (in accordance with Lenz’s law). This
results in a small bulk magnetic moment, with an opposite direction to the applied
field (diamagnetism, right panel).

Here it has to be mentioned that this description is meant only as an heuristic. A
proper understanding requires a quantum-mechanical description.
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Paramagnetism

A paramagnetic material consists of atoms with unpaired electrons and therefore
has atomic spin magnetic moments. In an ideal paramagnet these moments are
isolated from each other and can align in any direction (figure 1.20, paramagnetism,
left panel). Thus, there is no spontaneous magnetisation. In the presents of an
external magnetic field the magnetic moments tend to align themselves parallel to it,
which reinforces the field (figure 1.20, paramagnetism, right panel). Since the atomic
magnetic moments are isolated from each other, the magnetisation vanishes when
the external magnetic field is removed due to the thermal agitation. Accordingly the
paramagnetism decreases with increasing temperature.

Ferromagnetism

Like a paramagnet a ferromagnetic material consists of atoms with unpaired elec-

trons. But the resulting atomic spin magnetic moments do not only tend to align
themselves with an external magnetic field, there is also a tendency of the moments to
align themselves parallel to each other. This coupling does not reach throughout the
material. The spin magnetic moments form small regions, called Weiss domains or
magnetic domains, in which they align more or less uniform. As illustrated in figure
1.20 (ferromagnetism, left panel) the direction of the spin magnetic moments between
the Weiss domains can be very different resulting in a small or even no spontaneous
magnetisation. If an external magnetic field is applied the spin magnetic moments
tend to align themselves parallel to the magnetic field and the domain boundaries
vanish (figure 1.20, ferromagnetism, right panel). After that, when the magnetic field
is removed, the magnetic moments may stay in the same direction resulting in a mag-
netised ferromagnetic material.
Every ferromagnet has its own individual temperature, called Curie temperature,
above which it loses its ferromagnetic properties showing only paramagnetic behav-
iour. This is because of the thermal energy which overwhelms the energy-lowering
due to ferromagnetic order and disorders the spin magnetic moments.

Antiferromagnetism

In contrast to the ferromagnet in an antiferromagnetic material the neighbouring
atomic spin magnetic moments of unpaired electrons try to align themselves antipar-
allel to each other. This results in a zero spontaneous magnetisation (see figure 1.20,
antiferromagnetism, left panel). In a strong magnetic field and/or at higher tempera-
tures the antiferromagnetic coupling weakens leading to a not vanishing net magnetic
moment (figure 1.20, antiferromagnetism, right panel).

Like every ferromagnet also every antiferromagnet has its own individual tempera-
ture above which it loses its antiferromagnetic order, due to the thermal energy. This
temperature is called the Néel temperature.
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Ferrimagnetism

In ferrimagnets like in antiferromagnets the neighbouring atomic spin magnetic
moments align themselves antiparallel to each other. But in contrast to antiferro-
magnets there are two different kind of magnetic sublattices, which align parallel
among themselves indicated by black and green arrows in figure 1.20. Since one mag-
netic sublattice has a higher magnetic moment than the other, this often results in
a spontaneous magnetisation similar to a ferromagnet (figure 1.20, ferrimagnetism,
left panel). If an external magnetic field is applied the spin magnetic moments try
to align parallel respectively antiparallel to the direction of the field resulting in a
net magnetic moment that points in the direction of the magnetic field (figure 1.20,
ferrimagnetism, right panel). Like in a ferromagnet the spin magnetic moments in a
ferrimagnet may retain their direction when the magnetic field is removed resulting
in a magnetised ferrimagnetic material.

The individual temperature above which a ferrimagnet loses its spin magnetic order
due to the thermal energy is refered to as Curie temperature similar to ferromagnets.

Antiferrimagnetism

The term antiferrimagnetism is sometimes used to describe a special form of
antiferromagnetism in which a parasitic ferromagnetism occures. This is explained
by a canting of the antiferromagnetically coupled spin magnetic moments resulting
in a non collinear ordering of neighbouring magnetic moments, like for example in
haematite (Dzyaloshinsky, 1958). This leads to a not vanishing net magnetic moment.
Like ferromagnets antiferrimagnetic materials can show a spontaneous magnetisation.
The net magnetic moment aligns parallel to an applied magnetic field. After remove-
ment of the magnetic field the material shows a weak but very stable magnetisation
(Tarling and Hrouda, 1993).

Note that there are also antiferromagnetic spin systems, so called frustrated systems,
which are geometrically unable to form an antiferromagnetic ground state (Nagano
et al., 2007; Schnalle et al., 2009).

The individual temperature above which a canted antiferromagnet loses its spin mag-
netic order due to the thermal energy is usually refered to as Néel temperature similar
to antiferromagnets.
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Figure 1.20: An overview of different types of magnetism. The strength and direction of
the spontaneous magnetisation and the induced magnetisation by an external magnetic field
are illustrated (below the Curie temperature and Néel temperature, respectively). Inspired
by Giinther (2003).
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1.5.2 Magnetism in theory

As shown in the previous section the different types of magnetism in a solid orig-
inate from unpaired electron spins and their alignment with and without an external
magnetic field. This section deals with the microscopic origin of magnetism, thus
with the quantum mechanical reason for the alignment of spins. Note that here only
a small selection of laws and concepts describing magnetism can be given. Issues
that are important for the present work are emphasised. For further studies please
be refered to appropriate literature like for example Stohr and Siegmann (2006).

The Pauli exclusion principle and the exchange interaction

Although an electron spin can be seen as a small elementary magnet the align-
ment of spins cannot be caused by a magnetic interaction between spins. The direct
magnetic interaction between a pair of electrons is negligibly small compared to the
electric interaction. In fact the cause of the spin alignment is pure quantum mechan-
ical. Its origin is the Pauli exclusion principle found by Wolfgang Ernst Pauli (1900
- 1958) in 1925 and the exchange interaction discovered by Werner Heisenberg (1901
- 1976) and P.A.M. Dirac (1902 - 1984) in 1926.

The Pauli exclusion principle states that the total wavefunction of a system of N
identical fermions (half integer spin particles, like electrons) is antisymmetric con-
cerning the permutation of two particles. To illustrate the consequence of this one
can consider a system of two electrons. In many cases it is possible to separate the
total wavefunction in the position-space wavefunction and the spin wavefunction. If
one now assumes a symmetric position-space wavefunction, thus allows the electrons
to be located at the same position, the spin wavefunction has to be antisymmetric in
order to get an antisymmetric total wavefunction. This means the spins of the two
electrons are aligned antiparallel. In case of an antisymmetric position-space wave-
function, which makes the location of the electrons at the same position impossible,
the spin wavefunction has to be symmetric, thus the spins are aligned parallel. In
other words the Pauli exclusion principle states that two electrons are not allowed to
be identical in their position and spin direction, thus in all their quantum numbers.

A logical consequence of the Pauli principle is the exchange interaction. The wave-
functions of identical neighbouring particles can overlap. Although the Pauli principle
shows that two electrons align either parallel or antiparallel subject to the symmetry
of the position-space wavefunction, it does not favour one constellation. But due to
the Coulomb repulsion the systems energetically prefers a constellation in which the
average distance between the electrons is higher. This is the case for an antisymmetric
position-space wavefunction causing a parallel alignment of the spins. Therefore the
exchange interaction cannot be understood as a force, but as a quantum mechanical
effect. It directly causes the Hund’s rules and in many cases ferromagnetism.

Note that in solids also exchange interactions can exist that prefer antiferromagnetic
ordering of the electron spins. One possible reason for this can be the distance be-
tween the atomic nuclei. If the atomic distances are very small it is energetically
preferable if the electrons are located between the atomic cores to decrease the repul-
sive force of the positive nuclei. This makes a symmetric position-space wavefunction
necessary and therefore an antiferromagnetic ordering of the spins. In general the
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influence of the exchange interaction on the spins is highly dependent on the concrete
wavefunction in a solid. Also other additional effects like for instance the superex-
change or the double-exchange can affect or dominate the spin alignment in a solid.
These mechanisms are introduced briefly in the following.

Superexchange and double-exchange mechanism

Kramers (1934) noticed that the Mn atoms in MnO manage to interact with
each other despite having nonmagnetic oxygen atoms between them. He proposed
an exchange interaction that takes place over a nonmagnetic ligand, the so called
superexchange interaction. Later the superexchange interaction was formulated by
Anderson (1950). As shown by Kanamori (1959) the sign of the superexchange inter-
action is closely connected with the cation orbital state, when the cation is subject to
the crystalline field arising from octahedrally or tetrahedrally surrounding anions. In
a crystal the orbital of the cation and that of the anions overlap each other consider-
ably, but due to certain different symmetry properties some orbitals can be considered
as orthogonal. This leads to ferromagnetic or antiferromagnetic superexchange inter-
actions in dependence on the number of 3d electrons of the interacting cations, the
angle between the cations and the ligand field symmetry. For instance a Cr3* - Cr3*
(d3-d?) interaction via oxygen in an octhahedral site would be ferromagnetic in 90°
interaction, while it would be antiferromagnetic in 180° interaction. In the presented
work evidence was found that superexchange interaction dominates the ferrimagnetic
ordering in Fe; ,Cu,CryS, (see chapter 4).

Beside the direct exchange and superexchange interaction also a different mechanism,
the so called double-exchange can affect the spin alignment. It was first proposed by
Zener (1951) and is related to the electron exchange between two atomic species. The
double-exchange predicts that electron movement from one species to another will be
faciliated more easily if the electrons do not have to change spin direction in order to
conform with Hund’s rules. The resulting ability to hop (to delocalise) reduces the
kinetic energy and therefore can lead to ferromagnetic alignment of neighbouring ions.
A related process the tripleexchange was introduced by Palmer and Greaves (1999).
Basically similar to the double-exchange the tripleexchange involves a third metallic
ion in the hopping process leading to antiferromagnetic or ferrimagnetic alignment
(see also chapter 4).

Note that the direct exchange and superexchange effect align spins of atoms with the
same valence, while double- and tripleexchange can only occure between atoms with
different valence states. In direct exchange and superexchange also the electrons do
not actually move between the cations in contrast to the double- and tripleexchange
mechanism.

The spin and orbital magnetic moment

To investigate the magnetic properties of a solid its reaction to an external mag-
netic field, thus its magnetic moment is measured. The magnetic moment of a solid is
the sum of its atomic magnetic moments, which is the total magnetic dipole moment
of its electrons.

As already mentioned electrons have an intrinsic angular momentum, the spin. This
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leads to a spin magnetic moment:

; S
Hs = —gspB (ﬁ) (1.38)

with the z component:

(Hs): = —gsppms (1.39)

Here S is the electron spin angular momentum and mg the spin quantum number. pp
is the Bohr magneton and h the reduced Planck constant. The spin g-factor gg~ 2
comes from the Dirac equation, a fundamental equation connecting the electron spin
with its electromagnetic properties. According to this the electron spin is twice as
effective in producing a magnetic moment as it would be as a classical spin of a
charged body. Therefore the spin can not be understood as a rotation of an electron.
Beside the spin angular momentum also the orbital motion of an electron in a solid
produces a magnetic moment, the so called orbital magnetic moment:

. L
prL = —gLpB <%> (1.40)

(fir): = —gLpsmr (1.41)

L is the orbital angular momentum and my, the orbital quantum number. The orbital
g-factor g is exactly equal to one. Note that [is and fi; are negative constants
multiplied by the spin and orbital angular momentum, respectively. So the magnetic
moment is antiparallel to the angular momentum.

Many experimental methods measure the total magnetic moment resulting from both
tkle spin aqnd orbital angular momenta. It is related to the total angular momentum

J=1 + S
. J
fy = —giuB (g) (1.42)

(ﬁJ)z = —gjumy (1-43)

The g-factor g; is known as the Lande g-factor, which can be related to g and gg
by quantum mechanics. As mentioned in section 1.2.2.1 one big advantage of XMCD
measurements is that one can measure the magnetic moment of a solid separated in its
spin and orbital magnetic moment. Note that in many crystals the orbital magnetic
moment is exactly or very close to zero (quenched), due to the crystal field which lifts
the degeneracy of the electron valence states and annuls the Hund’s rules.



Chapter 2

Fe in different molecules and
chalcogenide systems

2.1 Introduction

In a chemical point of view iron is a group 8 and period 4 metallic element with
the symbol Fe (latin: ferrum), which is also classified as a transition metal. It has
the atomic number 26 and the electron configuration 3d° 4s2. Iron is one of the most
common metals and ferromagnetic materials in everyday use. Pure iron single crys-
tals are soft (softer than aluminium) and are allotropic. As molten iron cools down it
crystallises at 1538 °C into its so called ¢ allotrope, which has a body-centred cubic
(bee) crystal structure. With further decreasing temperature the crystal structure
changes to face-centred cubic (fcc) at 1394 °C (y-iron) and becomes bcc again at 912
°C (a-iron). At 770 °C (Curie temperature, T¢) iron becomes magnetic (see also
figure 2.1).

Although pure iron is a metallic ferromagnet, it also can be present in various
other compounds exhibiting completely different properties. For instance, Fe can
be present in insulators (e.g. FeO), half-metals (e.g. SroFeMoOg) or semiconductors
(e.g. FeCrySy); in ferrimagnetic (e.g. FesOy4) or antiferromagnetic (e.g. FeO, FeyO3)
materials. In a compound Fe can be metallic or it can be present in so called ionic
valence states like for instance Fe?~, Fe?t, Fe3* or Fef*. Note that in chalcogenide
systems Fe mainly occurs in a divalent or trivalent valence state (Fe?, Fe3T), like
also in the compounds investigated in this work.

Many so called advanced materials, which show very interesting magnetic and elec-
tric behaviour, contain Fe. Therefore the investigation of the electronic and magnetic
structure of Fe in these compounds is of high importance in order to understand the
origin of their interesting properties. In this chapter an overview of various different
electronic and magnetic Fe states found in advanced materials will be given. Thereby
XAS and XMCD measurements are compared to multiplet calculations in order to
understand and confirm the results. The following section gives a short overview of
Fe 2p XAS and XMCD multiplet calculations and the influence of crystal field, charge
transfer and temperature on the spectra (see also section 1.4).



42 Fe in different molecules and chalcogenide systems

a b | 55,845 —Relative gtomic mass (g H 4s

AtomlcEmber F i+ Symbol —‘—‘—‘—‘H— 3d

— 26 e o W 3p

) ) .2.0.2.3.6 — O¥idation degree
Melting point [.C] 7™ (common)

\_

| ;ggg 1.6-Elecfronegativity | * 3s

770 17.9-Ionisation energy [eV] i ‘ ‘ I I I 2p

Iron 1 Curie temperature [C]
Boiling point [C] [ Element name H 2s
H 1s

Body-centred cubic (bcc) Face-centred cubic (fcc)
1538 °C > T > 1394 °C 1394 °C>T>912 °C
912 °C>T

Figure 2.1: Overview of Fe properties: a) the classic electron shell, b) information about Fe
in a periodic table, c¢) the atomic electron configuration, d) and e) the two possible crystal
structures.
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2.1.1 Calculation overview

In all the chalcogenide systems investigated in this work Fe appeared in a diva-
lent or trivalent valence state. Therefore in the following an overview of multiplet
calculations for Fe?T and Fe?" will be presented (see also de Groot et al. (1990a)).
In figure 2.2 atomic multiplet calculations of the Fe 2p XAS spectrum are presented.
Here all solid-state effects, like for instance the crystal-field, are neglected. As one
can see in contrast to Ti**T (3d%) (figure 1.16) for Fe?* (3d°®) and Fe?* (3d®) a rich
multiplet structure with many lines is present in the absorption spectrum, due to the
big variety of initial and final multiplet states. In order to compare the calculations
with experiments the spectra have to be broadened. For all the calculations presented
here a Lorentzian broadening with 0 = 0.4 eV at the L3 part and o = 0.6 eV at the Ly
part is used. In addition the spectra are convoluted with a Gaussian broadening with
o = 0.2 eV. These values showed good agreement with measurement results. Also
the calculated intensity and energy scale is used. Note that these calculations are
not suited for the calculation of the absolute energy positions. Therefore in order to
compare the calculations with the experiment the spectra simply have to be shifted.
In the next sections the influence of the crystal field, charge transfer and temperature
on the calculated Fe multiplet structure will be shown.
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Figure 2.2: Fe 2p XAS atomic multiplet calculation for Fe?* and Fe?*.

Influence of the crystal field

Since most of the compounds investigated during this work contain Fe atoms
surrounded by ligands in an octahedral (Oy) or tetrahedral (Ty) symmetry, here an
overview of crystal-field (CF) multiplet calculations for both symmetries is given.

In figure 2.3 Fe 2p XAS and XMCD CF multiplet calculations for Fe3* are shown.
The crystal-field strength (also denoted as 10Dq) is changed from 0 eV to 3.6 eV
with an increment of 0.3 eV. In the left panel the calculation results are shown for a
Oy, symmetry, in the right panel for a T; symmetry. All calculations are performed
without the influence of temperature and charge transfer. As can be seen for both
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symmetries the increase of the crystal-field from 0 eV to 3.0 eV leads to the appearance
of a L3 pre-peak at about 710 eV photon energy, while the L3 main peak is shifted
slightly to higher photon energies. At the Ly part of the spectra the clearly defined
double peak structure broadens resulting in a triple peak like structure. For crystal
fields above 3.0 eV all spectra show a sudden change in their spectral shape, which is
pointed out by a color change from black to red. The reason for this will be discussed
below. The comparison of the O, symmetry calculations with the Ty ones reveals that
for small crystal-fields the calculated spectra are nearly the same, while for higher
fields the spectra start to show differences.
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Figure 2.3: Fe 2p XAS and XMCD multiplet calculations for Fe?* in Oy, (left panel) and Ty
(right panel) symmetry with different crystal-field (CF) values. The crystal-field is changed
from 0 eV to 3.6 eV with an increment of 0.3 eV. For all calculations the influence of the
temperature and charge transfer is neglected. More details are given in the text.

In figure 2.4 the CF calculations for O, symmetry with a crystal field of 0.3 eV
and 1.5 eV are directly compared to the corresponding T calculations. Like displayed
for a Ty crystal-field of 1.5 eV the pre-peak structure of the L3 and the L, part of
the XAS spectrum becomes less pronounced and appears at lower photon energies
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than for the O;, symmetry. The XMCD spectra show even more differences. At the
L3 as well as at the Ly part of the spectrum with CF = 1.5 eV differences in peak
intensities and positions clearly occur.
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Figure 2.4: Comparison of the Fe3* XAS and XMCD multiplet calculations in O symme-
try with the ones in T; symmetry. The crystal-field was set to 0.3 eV and 1.5 eV.

As mentioned before for crystal-fields above 3.0 eV all XAS and XMCD CF
multiplet calculations show a sudden change of the spectral shape (see figure 2.3).
This is due to the fact that a strong crystal-field can lead to a change in the spin
character of the ground state. For small crystal-fields, the ground state does not
change character and originates from the atomic ground state according to Hund’s
rules. In this state the electrons firstly occupy the spin up states, which leads to
a ground state with the maximum overall spin. This state is called high spin. For
strong crystal-fields the Hund’s rules can be disabled and additional spin down states
appear in the ground state, which is also called low spin. The Fe3* high spin and low
spin ground states are illustrated in figure 2.5 for a O, and Ty ligand field symmetry.
As shown for both symmetries the overall spin magnetic moment changes from 5 upg
(high spin) to 1 pup (low spin). Note that this illustration is a one-electron picture,
which cannot be compared to the results of the multiplet calculations in detail. But
the decrease of the spin magnetic moment with the change of the spin character of
the ground state can clearly be seen in the XMCD spectra (figure 2.3). Above CF =
3.0 eV the Oy, as well as the T, calculations show a similar decrease of the XMCD
signal. Investigation of the XMCD integrals reveals that the signal decrease is in the
same dimension as predicted by the illustration in figure 2.5.

Note that the crystal-field also splits the final state multiplet. If the ground state
is not changed and still high spin, the same final states are reached. In this case
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the changes in the spectra with increasing crystal field are only due to the crystal-
field effect on the final state. This leads to level splitting and/or shifting, and a
modification of the transition matrix elements due to changes in the final state wave
functions. In the Fe3* CF multiplet calculations shown in figure 2.3 this is the case
for CF < 3.0 eV. Above 3.0 eV a change of the ground state character to low spin
occurs, which makes dipole transitions to a totally new set of final states possible
resulting in a complete change of the spectral shape.
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Figure 2.5: Illustration of the high-spin and low-spin ground states for Fe3* in Oy, (left
panel) and Ty (right panel) ligand field symmetry.

In figure 2.6 Fe 2p XAS and XMCD CF multiplet calculations for Fe?" are shown.
The crystal-field strength is changed from 0 eV to 3.0 eV with an increment of 0.3
eV. In the left panel the calculation results are shown for a Oj symmetry, in the right
panel for a Ty symmetry. Again all calculations are performed without the influence
of temperature and charge transfer. As displayed for both symmetries the increase of
the crystal field leads to a broadening of the L3 and Ly part of the spectra showing a
rich multiplet structure. Like in the Fe3* calculations a sudden change of the spectral
shape occures at higher crystal field values, pointed out by a color change from black
to red. But compared to Fe?* for Fe?T this happens for lower crystal fields and
there are clear differences between the Oy and T, symmetry. This will be discussed
below. Like for Fe3* the comparison of the O, symmetry calculations with the T,
ones reveals that for small crystal-fields the calculated spectra are nearly the same,
while for higher fields the spectra start to show differences.
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Figure 2.6: Fe 2p XAS and XMCD multiplet calculations for Fe?* in Oy, (left panel) and Ty
(right panel) symmetry with different crystal-field (CF) values. The crystal-field is changed
from 0 eV to 3.0 eV with an increment of 0.3 eV. For all calculations the influence of the
temperature and charge transfer is neglected. More details are given in the text.
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In figure 2.7 the CF calculations for O, symmetry with a crystal field of 0.3 eV
and 1.5 eV are directly compared to the corresponding T, calculations. Similar to
the Fe3* findings also in case of Fe?* calculations with a T, crystal-field of 1.5 eV
the pre-peak structure of the L3 and the Ly part of the XAS spectrum becomes less
pronounced and appears at lower photon energies than for the O, symmetry. But in
addition also changes in the post-peak structure occure. The XMCD spectra again
show more differences. At the L3 as well as at the Ly part of the CF = 1.5 eV
spectrum differences in peak intensities and positions clearly occur.
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Figure 2.7: Comparison of the Fe?* XAS and XMCD multiplet calculations in O symme-
try with the ones in T; symmetry. The crystal-field was set to 0.3 eV and 1.5 eV.

As already mentioned in contrast to Fe?* for the Fe?t XAS and XMCD CF
multiplet calculations the sudden change in the spectral shape, originating from a
change of the ground state character, occurs at different crystal-fields depending on
the ligand field symmetry (figure 2.6). In Oj symmetry the new spectral shape
appears at a crystal-field of about 2.1 eV, while for the T; symmetry the change
occurs at a higher value of about 2.7 eV. This indicates that the new ground state
differs between O; and T, symmetry. A look at the XMCD spectra supports this.
The low spin ground state for Oy seems to have no XMCD signal and therefore no
overall spin magnetic moment, while for Ty the low spin state still consists of an
overall spin magnetic moment, which nevertheless is reduced. Investigation of the
integrals reveals that for CF > 2.7 eV the XMCD signal decreases about 50%. In
figure 2.8 the Fe?' (d°) high and low spin ground states for a Oy and T, ligand field
symmetry are illustrated. Again it has to be mentioned that this one-electron picture
cannot be compared in detail to the multiplet calculation results. But in consistence
with the findings of the multiplet calculations also the illustration in figure 2.8 shows
different ground states for the O; and Ty symmetry. It also gives an explanation for
the vanishing overall spin magnetic moment of the Oy symmetry. As one can see for
an octhahedral crystal field in the low spin ground state spin up and down states are
occupied equally resulting in a reduction of the overall spin magnetic moment from
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4 pup to 0 up. In contrast to this for a Ty symmetry the low spin state only consists
of one additional spin down state leading to a reduction of the overall spin magnetic
moment from 4 pp to 2 pp. As mentioned before also the XMCD CF multiplet
calculations in Ty symmetry reveal a reduction of the overall spin magnetic moment
of about 50% supporting the illustration in figure 2.8.
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Figure 2.8: Illustration of the high spin and low spin states for Fe?* in O, (left panel) and
Ty (right panel) ligand field symmetry.

Influence of the charge transfer

In this section the influence of a ligand to metal charge transfer on the Fe?* and
Fe3* multiplet calculations will be shown. For all calculations the influence of the
temperature and crystal field is neglected.

As described in section 1.4.2 in the charge transfer multiplet calculation a second
configuration is added to the ligand field multiplet calculation, in which an electron
has moved from a filled oxygen 2p-band to a metal 3d-band. This leads to the new
ground state configuration 3d°L and 3d7L for Fe?** and Fe?*, respectively. Here
L stands for a hole on the oxygen ligand. After performing two dipole transition
calculations, from 3d" to 2p°3d™¥*! and from 3d¥L to 2p33dV*2L (Fe3t: N=5;
Fe’T: N=6), the configurations are mixed. This is done by a monopole transition
between the two ground and final state configurations. The mixing is controlled by

the charge transfer energy A.
In figure 2.9 charge transfer (CT) multiplet calculations of the Fe 2p XAS and XMCD
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spectrum for Fe3* with different A values are shown. The charge transfer energy A
is changed from 12 eV to -12 eV with an increment of 3 eV. Beside the calculated
spectra the used A value, in brackets, as well as the resulting mixing of the ground
state is denoted. Like shown for A = 12 eV the ground state is almost of pure 3d®
character with only 4% 3d®L character. The reduction of the charge transfer energy
to A = 6 eV seems to have no big influence on the mixing. Here still 90% of the
ground state is of 3d° character. With further reduction of A the mixing becomes
stronger resulting in a ground state comprising 30% 3d°L character for A = 0 eV. For
negative A values the charge transfer character of the ground state becomes dominant.
Finally for A = -12 eV only 9% of the ground state is due to the 3d® configuration
resulting in XAS and XMCD spectra very similar to the ones calculated for Fe?*.
Here it has to be pointed out that, although for high positive and negative A values
the spectrum is very similar to respectively a pure Fe?* and Fe** spectrum, for small
A values the spectrum is not just a mixture of both. As shown in figure 2.9 for -3
eV < A < 3 eV additional satellite structures appear between the L3 and Ls part of
the spectra. These would not be present in a simple mixture of a calculated Fe?* and
Fe?* spectrum.
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Figure 2.9: Fe 2p XAS and XMCD charge transfer multiplet calculations for Fe3* with
the A value changed from 12 eV to -12 eV with an increment of 3 eV. For all calculations
the influence of the temperature and crystal field is neglected. More details are given in the
text.

In figure 2.10 charge transfer multiplet calculations of the Fe 2p XAS and XMCD
spectrum for Fe?* with different A values are shown. Again the charge transfer energy
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A is changed from 12 eV to -12 eV with an increment of 3 eV. The resulting mixing
of the ground state is similar to the one found for Fe3*, although it is not exactly the
same. Here for A = 12 eV the ground state is almost of pure 3d° character, while for
A = -12 eV it is dominated by the 3d”L character. Similar to the Fe3* calculations
for small values of A satellite structures appear between the Lz and L, part of the
XAS and XMCD spectra of Fe?". But compared to Fe3" they are less pronounced.
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Figure 2.10: Fe 2p XAS and XMCD charge transfer multiplet calculations for Fe?* with
the A value changed from 12 eV to -12 eV with an increment of 3 eV. For all calculations
the influence of the temperature and crystal field is neglected. More details are given in the
text.

Influence of the temperature

In this section the influence of temperature on the Fe** and Fe?* multiplet calcu-
lations will be shown. For all calculations the influence of charge transfer and crystal
field is neglected.

In figure 2.11 XAS and XMCD atomic multiplet calculations for Fe3* and Fe?* with
T = 0 K are compared to those with T = 400 K. As one can see for both valence
states the increase of the thermal energy results in an increase of the XAS signal,
while the XMCD signal is reduced. Normalising of the T = 0 K spectra with the T
= 400 K ones reveals that there is no change in the spectral shape. The reason for
the increase of the XAS signal and the decrease of the XMCD signal are additional
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ground and final state configurations that become available with higher temperature.
This is further discussed below.
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Figure 2.11: Fe 2p XAS and XMCD multiplet calculations for Fe3* (panel a), b)) and Fe?*
(panel c), d)) with the temperature set to T = 0 K and T = 400 K. For all calculations the
influence of charge transfer and crystal field is neglected. More details are given in the text.

Figure 2.12 shows the calculated XAS and XMCD spectra for both valence states
with T = 0 K and T = 400 K together with the corresponding pu*, =~ and u° spectra.
The XAS spectrum is simply the sum of the u*, = and u° spectra, while the XMCD
spectrum results from the difference of ©~ and p*. As displayed for both valence
states in the T = 0 K spectra there are clear differences between the p~ and the p*
spectra resulting in a big XMCD signal. For T = 400 K the u° spectral shape does
not change, but both the p~ and u' spectra change drastically revealing a shape
similar to x°. Due to the resulting smaller differences between p~ and gt the XMCD
signal decreases. Note that as shown before the shape of the XMCD signal does not
change. Therefore one can conclude, that due to the temperature in the g~ and p*
spectra additional states with p° character occure. This results in an increase of the
XAS signal and simultanously a decrease of the corresponding XMCD signal.
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Figure 2.12: The calculated pt, = and p° Fe 2p spectra for Fe3t (panel a), b)) and Fe?*
(panel c), d)) together with the corresponding XAS and XMCD spectra. The temperature
was set to T = 0 K and T = 400 K, respectively. The influence of charge transfer and
crystal field is neglected. More details are given in the text.
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2.2 Results

This section gives an overview of Fe 2p XAS and XMCD measurements of various

chalcogenide systems. After that the different compounds are shortly introduced
and their electronic and magnetic Fe state is discussed, based on the measurement
results. The investigated compounds are crystals like Fey5Cugs5CraSy, SroFeMoOg
and LuFe,O4 as well as molecules like the ferric star, MoroFesg and WroFes.
In figure 2.13 Fe 2p XAS measurements of the various chalcogenide compounds are
shown. The photon energies of the Lj line of divalent and trivalent Fe found by
reference measurements are marked with dotted lines. The XAS spectra are ordered
by the amount of the Fe?* and Fe?* contribution to the spectral shape.
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Figure 2.13: Overview of Fe 2p XAS measurements of various chalcogenide systems.
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As one can see in case of the FeStar the Lj line is located at the Fe?' energie
position. In addition the spectral shape is similar to the one found by multiplet cal-
culations for divalent Fe (see section 2.1.1) and the shape measured for FeO (formally
Fe?") (see figure 4.8). Therefore at this point it is reasonable to conclude that in the
FeStar molecule most of the Fe ions have a divalent valence state. For Feq5Cug5CraSy
the Fe 2p XAS spectrum seems to be a mixture of Fe?t and Fe?" features. In the
spectrum of SroFeMoQOg the amount of the trivalent Fe part rises. For Moz Fesy and
LuFe;O4 the trivalent Fe features become dominant and finally in case of WoyFes the
spectrum is equal to that of pure trivalent Fe. This can be seen by comparison with
multiplet calculations (see section 2.1.1) and reference measurements, for instance of
Fe,O3 (formally Fe®t) (see figure 4.8).

Thus at this point it is reasonable to conclude that, while in FeStar divalent iron
is present, Fey5Cug5CraSs, SroFeMoOg, Moz Fesg and LuFesOy4 contain a mixture of
Fe?* and Fe?t ions with different ratios. In WsFes, all Fe ions seem to be trivalent.
However comparison with the XMCD measurements contradict parts of this conclu-
sion.

In figure 2.14 Fe 2p XMCD measurements of Fey5Cug 5CroSs, SroFeMoOg, LuFesOy,
FeStar, MorsFesp and WroFesy are shown. Again the L3 photon energies of divalent
and trivalent Fe found by reference measurements are marked with dotted lines and
the spectra are ordered by their amount of Fe?™ and Fe?" features. As displayed the
order is surprisingly different from that of the XAS spectra.

Here Fej 5Cug.5CraS, shows an XMCD signal with a photon energy typical for divalent
Fe. Also the shape is similar to the one found by multiplet calculations for pure Fe?*
(see figure 4.13). Thus according to the XMCD signal Fegy 5Cug5CrsS, seems only to
contain divalent Fe, despite the considerably high amount of trivalent Fe found in the
XAS measurements (figure 2.13). Possible reasons for this are discussed below and
in chapter 4.

The second spectrum from above showing small Fe3™ features beside Fe?" in the
XMCD signal is LuFe;O4. This is also a surprise, since according to the absorption
spectrum one would expect that this compound would show mostly trivalent Fe fea-
tures in the XMCD signal. Further below this and the fact that the Fe3t part of
the spectrum is oriented in the opposite direction compared to Fe?T is discussed and
explained.

The third spectrum is the one measured for the FeStar molecule. Here the XMCD
signal shows unexpectedly high Fe3™ features, since the XAS spectrum resembled
that of pure Fe?™ (see figure 2.13). At this point it also has to be mentioned that due
to Basic magnetochemical investigations and magnetic measurements the Fe ions in
FeStar are predicted to be purely trivalent, which is clearly in contradiction with the
presented measurements. Possible explanations are given below.

The spectrum of SryFeMoQOg shows an XMCD signal, which comprises Fe?* and Fe3™
features in a ratio of 70% Fe?* to 30% Fe?" according to multiplet calculations. How-
ever the XAS spectrum could be best fitted by multiplet calculations with a ratio of
50% Fe*™ to 50% Fe** (see figure 3.2). This discrepancy is further discussed below
and in chapter 3.

The Moz Fesp molecule shows an XMCD signal with dominant Fe3* features in con-
sistency with its absorption spectrum. The WroFezy molecule shows an XMCD signal
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typical for pure Fe3* also in agreement with its XAS spectrum. However the clear
differences in the spectra between MozsFesy and WooFezy are surprising since both
molecules have a similar structure and are predicted to contain pure trivalent Fe.
This is further discussed in the following sections.
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Figure 2.14: Overview of Fe 2p XMCD measurements of various chalcogenide systems.

2.2.1 Fe in SryFeMoOg

The starting point of the presented investigation of the magnetic and electronic
Fe state in different chalcogenide systems was the investigation of the double per-
ovskite SroFeMoOg. In this crystalline structure Fe is surrounded by oxygen (O)
octahedral (see figure 3.1). To calculate the XAS and XMCD measurements charge
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transfer multiplet calculations were performed. As shown in figure 2.15 in order to
calculate the spectral shape a Fe?" (red line) and a Fe*™ (green line) CT multiplet
calculation is mixed. Both calculations were performed in an octahedral (Oj) symme-
try with a crystal field of 10Dq = 0.8 eV and a A value mixing the two ground state
configurations in a ratio of 85% 3d" / 15% 3d™*!'L. Then all spectra were broadened
with a Lorentzian and a Gaussian function to account for the lifetime broadening
and the broadening due to the experiment. After that the resulting spectra were
calibrated according to reference measurements. Finally the Fe?t and Fe3* spectra
were summed up in different ratios (for instance 50% / 50% as shown in figure 2.15)
(black line).
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Figure 2.15: Fe 2p XAS (upper panel) and XMCD (lower panel) CT multiplet calculation
of a mixed 50% Fe?** / 50% Fe3' valence state. In addition to the mixed spectra (black
line) also the seperated Fe?t (red line) and Fe3t (green line) calculations are shown.



58 Fe in different molecules and chalcogenide systems

As shown in chapter 3 (figure 3.2) for the XAS measurement of SroFeMoOg the

best calculated fit was found with an Fe?™ / Fe?' ratio of about 50% / 50%. Sur-
prisingly the spectral shape of the XMCD measurement could not be calculated with
this ratio. In case of the XMCD signal a considerably smaller Fe*™ amount had to
be assumed in the calculation. This discrepancy could only be explained by the fact
that part of the trivalent Fe present in SroFeMoOg showed no macroscopic magnetic
behaviour during the XMCD experiment.
This finding led to an overall investigation of XAS and XMCD measurements per-
formed on SrsFeMoOg during several years and the discovery of an ageing effect,
which was found to increase the Fe?* features in the Fe 2p XAS spectrum. More
details are given in chapter 3 and in Kuepper et al. (2008).

2.2.2 Fein Feo_5CUO.5CI'QS4

Feq5Cup5CraS, crystallises in a spinel structure were Fe is surrounded by sul-
phur (S) tetrahedral (see figure 4.1). In figure 2.16 the Fe 2p XAS measurement is
compared to charge transfer multiplet calculations. Like for the SroFeMoOg also the
calculation for Fey5Cug5CrySy is a mixture of a Fe?™ and a Fe?* multiplet calculation.
The simulations were performed in tetrahedral (T;) symmetry with a crystal field of
10Dq = 0.5 eV and broadened with a Lorentzian and a Gaussian function. Shown
are a crystal-field (CF) multiplet calculation in comparison to a charge transfer (CT)
multiplet calculation with a A value mixing the two ground state configurations in a
ratio of 82% 3d" / 18% 3d™*'L. In case of the CF multiplet calculation the best fit
was found for an Fe?* / Fe?' ratio of about 60% / 40%, while for the CT multiplet
calculation the measurement could be best fitted with a ratio of 55% / 45%.

As illustrated without charge transfer there are clear differences between the measure-
ment and calculation. The double peak structure of the Lg line is not well reproduced
and the calculation shows a shoulder at higher photon energies that is absent in the
measurement. In addition the calculated Lo line is broader than in the measurement
and has a different shape. The calculation also clearly shows a satellite at about 713
eV photon energy, which is not visible in the XAS measurement. The decay of the
calculated intensity between the L3 and L, line is much stronger than in the mea-
surement, as well.

In contrast to the CF calculation the charge transfer multiplet calculation shows a
much better consistency with the measurement. The double peak structure of the
L3 line is well reproduced and only a small shoulder is visible at higher photon en-
ergies in agreement with the measurement. The calculated Ly line is less broad and
resembles the measurement much better, although there are still differences in the
spectral shape. The satellite found in the crystal-field calculation vanishes in the
charge transfer calculation and the spectral shape between the Ls and L line is in
good agreement with the experimental result. Therefore one can conclude that charge
transfer effects are most likely present in Feg 5Cug 5CraSy.
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Figure 2.16: Fe 2p XAS measurement of Fey5Cug5CroSs and corresponding crystal-field
(CF) and charge transfer (CT) multiplet calculations.

As mentioned above in contrast to the XAS results the XMCD signal only shows
Fe?" features, which could be confirmed by CT multiplet calculations (see chapter
4, figure 4.13). Due to the findings for the SroFeMoOg where an ageing effect was
discovered leading to additional Fe3* features in the XAS spectrum with no contri-
bution to the XMCD signal, it could be concluded that for Feg5Cug5CroSs a similar
process occurs. Since in case of the spinel there is no Fe?* contribution to the XMCD
spectrum the whole trivalent Fe amount measured in the XAS seems to be due to
such a chemical change at the surface. This could be confirmed by measurements of
Feg 5Cug5CraSy samples that were treated differently. The findings led to new expla-
nations for the magnetic, electric and magnetoresistive behaviour in Fey5Cug 5CraSy
and are described and discussed in detail in chapter 4.

2.2.3 Fe in LuFe,O,

LuFe, 0y crystallises in a thombohedral crystal structure (space group R3m). The
underlying layered structure consists of W-like hexagonal Fe;O5 5 and U-like LuOq 5
layers (Isobe et al., 1990). In the U layer Lu is surrounded by O octahedral. The W
layers comprise two triangular nets of Fe ions surrounded by O trigonal bipyramidal
(see figure 2.17).
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Figure 2.17: Left: Crystal structure of LuFesO4 showing the hexagonal double layered
arrangement of Lu (large dark-grey spheres), Fe (small black spheres), and oxygen (large
white spheres) along the c-axis in the trigonal space group R3m. Right: The Fe double layers
are shown with a triangular interconnectivity. The figures are adopted from Subramanian
et al. (2006).
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LuFe;04 is a so called multiferroic transition metal oxide and has attracted in-
tense interest due to its fascinating ferroelectric and magnetoelectric properties (Ikeda
et al., 2005a; Subramanian et al., 2006). Multiferroic denotes the fact that in LuFe,Oy4
more than one ferroic phase coexists, namely ferroelectricity and ferrimagnetism. Be-
low 330 K an electric polarisation is induced via a frustrated charge ordering (CO)
of Fe** and Fe®" ions on the resulting honeycomb lattice (Kim et al., 2009; Yamada
et al., 2000; Ikeda et al., 2005b). Below 240 K a long-range ferrimagnetic order sets in
(Ikeda et al., 2005b). Since the ferroelectricity is caused by correlated electrons from
the Fe ions, LuFe,O4 shows unusual properties and unique capabilities (Subramanian
et al., 2006; Zeng et al., 2008; Li et al., 2008).

An intricate interplay between charge and spin degrees of freedom with the crystal
lattice and external electrical and magnetic fields to some extent on a short-range or-
der is assumed to be responsible for the large magnetoelectric coupling (Angst et al.,
2008; Xu et al., 2008; Wu et al., 2008; Li et al., 2009; Wen et al., 2009). However,
there is still some confusion about the nature of the spin-charge coupling in LuFe;Oy,.
In particular a model finding a v/3 x v/3 CO ground state (Xiang and Whangbo,
2007; Xiang et al., 2009) is challenged by simulations implying that the electrical po-
larisation in LuFe;O4 is due to spin-charge coupling and a spin frustrated magnetic
ground state in a chain CO state (Nagano et al., 2007; Naka et al., 2008). On the
other hand the first model finds a ferrimagnetic spin ground state where Fe?™ and
1/3 of Fe3* make up the majority spin, and 2/3 of Fe3™ make up the minority spin
(Tkeda et al., 2005b) (see also figure 2.18). Note that in both models a Fe** / Fe3"
ratio of 50% / 50% is expected.

In order to investigate the magnetic ground state of the Fe ions in LuFe,O4 XAS and
XMCD measurements were done. In figure 2.19 Fe 2p XAS measurements of LuFe,O4
are shown together with crystal-field (CF) multiplet calculations. The calculations
were done in trigonal bipyramidal symmetry (cs;). The presented calculations are
mixtures of Fe?™ and Fe3™ CF calculations with different ratios. More details are
given in Raekers (2009). In order to check if this compound is also affected by an
ageing effect like SroFeMoOg and Feg 5Cug 5CraS, the absorption measurements were
done in the total electron yield (TEY) and the more bulk sensitive total fluorescence
yield (TFY) mode. As one can see there are clear differences between the TEY and
TFY XAS spectrum. Note that due to self absorption effects the Ls / Ly ratio is dif-
ferent in the TFY spectrum compared to the TEY one. However the spectral shape
is comparable between the two measurement modes. The L3 spectral shape reveals
that in the TEY mode a considerably higher Fe3* signal is detected than in the TFY
mode. This clearly indicates that also in LuFe,O,4 a chemical process is present at the
surface affecting the Fe valence. Like shown in figure 2.19 the CF calculation with
a Fe?t / Fe*" ratio of 50% / 50%, as expected for LuFe,Oy4, resembles the spectral
shape of the TFY XAS spectrum quite good. In contrast to this the TEY spectrum
could only be simulated with a much higher Fe?™ amount leading to a Fe?™ / Fe3*
ratio of about 25% / 75%.
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Figure 2.18: Two models describing the spin and charge ordering of the Fe double layer in
LuFes0y4. a) A frustrated spin configuration according to Nagano et al. (2007). b) A spin
configuration without frustration according to Siratori et al. (1992); Ikeda et al. (2005b).
The long red and blue arrows mark the spin direction of the Fe3T ions, while the shorter
orange ones denote the direction of the Fe?t spins. Dotted circles represent frustrated Fe?*
spins.
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Therefore it can be concluded that in the TEY mode only about 25% of the
detected Fe3* signal is due to the sample bulk, while the rest is due to an additional
Fe3* amount at the sample surface. This signal is assumed not to contribute to the
XMCD signal like found for SroFeMoOg and Feg5Cug5CraSs. The clear differences
in the L3 spectral shape between the measurements and the calculations can be due
to charge transfer effects, which are not taken into account in the CF calculations.
As mentioned before the much higher signal at the Ly line in the TFY spectrum in
comparison to the TEY mode and the calculations is due to self absorption effects.
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Figure 2.19: Fe 2p XAS measurements of LuFe;O,4 in the TEY and TFY mode. The results
are compared to crystal-field multiplet calculations with different Fe?* / Fe3* ratios.

In figure 2.20 a Fe 2p XMCD TEY measurement of LuFe, Oy, is presented together
with corresponding CF multiplet calculations. The measurement was performed at
the Advanced Light Source (ALS) in Berkeley (California) at a temperature of about
80 K and an external applied magnetic field of 6 T. More details are given in Kuepper
et al. (2009). As mentioned above XAS measurements indicate that in the TEY mode
about 50% of the Fe3* signal is due to a chemical change at the sample surface, which
most likely will not contribute to the XMCD signal according to the results found for
SroFeMoOg and Feg 5Cug5CraSs. This was taken into account in the CF multiplet
calculations shown in figure 2.20. The calculation shown in panel (b) simulates a
spin magnetic ground state as predicted by Tkeda et al. (2005b) (see also figure 2.18
(b)). In panel (c) a frustrated spin magnetic ground state is assumed according to
Nagano et al. (2007) (see also figure 2.18 (a)). As can be seen both calculations
resemble the experimental result. But a more detailed look reveales that the spectral
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shape of the unfrustrated system resembles the measurement much better than the
one calculated for the frustrated system. As pointed out by the vertical black line, at
the L3 part of the experiment as well as in the unfrustrated calculation the dichroic
signal (p1,-u_) changes its sign at about 709 eV. This is a clear indication of all Fe?*
sites being in the majority-spin state, while 1/3 of the Fe* spin being in majority
and 2/3 in minority. The change of sign at 709 eV is absent in the calculation for
the frustrated system. In addition also the Ly part of the measurement shows clear
differences to the frustrated calculation. Although the dichroic signal at Ly is small
in the measurement, it clearly resembles the calculation of the unfrustrated system.
Therefore one can conclude that the Fe ions in LuFe,O4 are not in a spin frustrated
ground state.

~ (a)

XMCD experiment

Multiplet Calculations:
Fe’*(1) + 1/3*Fe>*(1) + 2/3*Fe** (V)

XMCD (arb. units)

Multiplet Calculations:
2/3*Fe?*(1) + 1/3*Fe**(0)
+ 2/3*Fe> (1) + 1/3*Fe>* (V)

700 705 710 715 720 725 730
Photon Energy (eV)

Figure 2.20: Fe 2p XMCD measurements (panel (a)) and corresponding crystal-field mul-
tiplet calculations (panel (b) and (c)).



2.2 Results 65

2.2.4 Fe in the Ferric star

The star-shaped complex {Fe!/[FelI(L1)5]3} - ACHCl3, also called ferric star
or FeStar, is shown in figure 2.21. Here L' = C H3N(C H,C'H,0)5™. For more details
concerning the structure and synthesis please be referred to Takacs et al. (2006);
Saalfrank et al. (2001, 2006). This trigonal, metal-centered { FeFes} complex is one
of the simplest inorganic systems showing single-molecule magnet (SMM) behaviour
and therefore has been extensively studied as a model system. As indicated by the
formula of the complex, in the FeStar the four Fe ions are expected to be trivalent.
Mossbauer measurements revealed that the Fe ions are octahedrally surrounded by
ligands with some deviation from the perfect surrounding at the peripheral Fe ions
(Saalfrank et al., 2006) (see also figure 2.21). Note also that in contrast to the centered
Fe ion the peripheral ions are not only surrounded by oxygen, but also by two nitrogen
ions, respectively. Basic magnetochemical investigations and magnetic measurements
of the ferric star reveal the three spins with S = % of the peripheral Fe ions at the
star edges to couple antiferromagnetic with the central ion leading to a ferrimagnetic
ground state with ps; = 10 pp / molecule (Barra et al., 1999; Saalfrank et al., 2006)
(see also figure 2.21).

Figure 2.21: Left: Structure of the ferric star { Fe!//[Fe!l!(L'),]3} attached from Takacs
(2005). Fe: Green; O: Red; C: Black; N: Blue; H: White. The Fe-ligand bondings are
marked with dashed lines. Right: Illustration of the ferrimagnetic ground state.

In figure 2.22 Fe 2p XAS and XMCD measurements of the ferric star are presented
together with charge transfer (CT) multiplet calculations. As mentioned before in
contrast to the expected Fe valence state the XAS and XMCD spectral shape indicate
the Fe ions to be nearly completely divalent. This is also confirmed by the multiplet
simulations. The calculations where done with a crystal field of 10Dq = 0.8 eV and
a charge transfer mixing the ground state in a ratio of about 82% 3d" / 18% 3d" ™' L.
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Figure 2.22: Fe 2p XAS and XMCD measurements of FeStar in comparison with CT
multiplet calculations.
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If one assumes an octahedral symmetry for the Fe ions the best fit of the spectral
shape is found for Fe in a complete divalent valence state (see figure 2.22, dashed line).
However the simulation differs considerably from the measurement. For instance the
L3 part of the XAS spectrum is broader in the calculation than in the measurement.
Also the simulated shoulder at higher photon energies appears at higher intensity
compared to the measurement. The spectral shape of the measurement between L3
— Ly and the Ly part itself is quite similar to the calculation but the measurement
shows a different background. Note that a two step function with a 2/3 (L3) to
1/3 (Ly) ratio was assumed as background and subtracted from the measurement.
Due to multiplet mixing the actual background can differ from this simple model,
which could cause the found difference in background between the calculation and
the measurement. This problem is not present for the XMCD measurement since
the background is deleted by the subtraction of the p~ and p™ absorption spectra.
Nevertheless again the calculation (dashed line) differs from the measurement. The
L3 part of the XMCD calculation shows multiplet states at lower photon energies
than found in the measurement. Also the calculated L3 spectral shape differs from
the measurement. At the Ly part the calculation and measurement show even more
differences. A possible reason for this will be discussed below.

Beside the calculation assuming an octahedral symmetry for the Fe ions, according
to the molecular structure, also CT multiplet calculations assuming a tetrahedral
symmetry were compared to the XAS and XMCD measurements (figure 2.22, black
line). Here the best fit was found for Fe in a mixed Fe?T / Fe3* valence state with
a ratio of about 90% / 10%. As one can see there are still differences between the
calculation and the measurement, but surprisingly the spectral shape is much better
simulated. Especially the Ls part of the calculation resembles the absorption mea-
surement much better. Most of the remaining differences can be due to problems
with the background subtraction already mentioned before. This becomes even more
clear by looking at the XMCD results. Although the measured Lj spectral shape still
differs from the calculation its shape at low photon energy (about 705 eV) and at
higher photon energy (about 710 eV) is much better reproduced by the tetrahedral
simulation compared to the octahedral one. Again the Ly part is not well simulated.
On the one hand the better consistency of the tetrahedral simulation could be ex-
plained by the deviation of the peripheral Fe ligand structure, which shows some
tetrahedral character (figure 2.21). On the other hand this finding could be an in-
dication for a change of the FeStar molecular structure. This is also supported by
the fact that at least 90% of the Fe ions seem to be in a divalent valence state in
the measurement, while according to magnetochemical investigations and magnetic
measurements only Fe3™ ions should be present (Barra et al., 1999; Saalfrank et al.,
2006). With Fe becoming divalent the Fe-ligand binding could weaken, which would
make a structural change possible. Finally also the considerable difference between
the Lo part of the XMCD measurement and the one of the calculations is a clear
evidence for a distortion of the Fe surrounding. In a perfect octahedral or tetrahedral
surrounding the Hund’s rules are annuled leading to the quenching of the orbital mag-
netic moment. As shown in figure 2.23 the overall integral of the calculation is about
zero for the octahedral as well as the tetrahedral symmetry. According to the sum
rules (see section 1.2.2.1) this would lead to a quenched orbital magnetic moment.
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However for the measured XMCD signal the integral is different due to the smaller
signal at the Ly part (see figure 2.22). Therefore the overall integral of the XMCD
measurement does not become zero leading to an orbital magnetic moment (see figure
2.23). This clearly indicates a greater distortion of the Fe surrounding possibly due
to a structural change.

—— FeStar_measurement
--- CT multiplet calculation in O, (100% Fe®*)

— CT multiplet calculation in T, (90% Fe®" /10% Fe*)
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Figure 2.23: The integral of the Fe 2p XMCD measurement and XMCD CT multiplet
calculations shown in figure 2.22.

In order to proof the assumption of a structural and/or valence instability in the
ferric star and to find a possible reason for this, Fe 2p XAS and XMCD measurements
with only 1% undulator yield were performed. Figure 2.24 presents a Fe 2p XAS
spectrum of an early measurement in comparison with a measurement done after the
sample was exposed to the beam for about 6 hours. In addition also the spectrum
discussed above measured with 100% photon yield is shown. As displayed there is a
clear change of the spectral shape. The early measurement done with 1% undulator
yield reveals trivalent Fe ions to be present. After 6 hours beam exposure time there
seems to be an increase of the Fe?* amount in the sample. With further progress this
would lead to an Fe?* spectrum as found for the sample measured with 100% photon
yield. This clearly indicates that the synchrotron beam radiated onto the sample is
responsible for the found changes in the FeStar.
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Figure 2.24: Fe 2p XAS measurements of the ferric star. One spectrum shows an early
measurement with a small beam exposure time and only 1% photon yield (light blue).
The second spectrum was measured with the same yield but an exposure time of about 6
hours (violet). The third one, which was already discussed above, was measured with 100%
photon yield (red).

In figure 2.25 the early measured Fe 2p XAS and XMCD spectrum with 1%
undulator yield is presented together with Fe3* CT multiplet calculations done in
Oy, and Ty symmetry, respectively. The same crystal field and charge transfer values
where used as for the calculations discussed above. As can be seen in contrast to the
measurement shown in figure 2.22, this one can be well reproduced with a simulation
assuming all Fe ions to be in a trivalent valence state surrounded octahedrally by
their ligands. Note that the tetrahedral simulation also reproduces the spectral shape
quite good, but there are more differences visible. Surprisingly by looking at the Fe
2p XMCD spectrum there is better consistency with the O calculation at about 707
eV photon energy, while the T; simulation clearly better reproduces the measurement
at higher photon energies of about 710 eV - 713 eV. This could be an indication of
a structural change. However this also can be explained by the mentioned deviation
from the perfect octahedral surrounding of the peripheral Fe ligand structure (see
figure 2.21).
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Figure 2.25: Fe 2p XAS and XMCD measurement of a FeStar sample, which was exposed
to the beam for a short time with only 1% undulator yield. The spectra are compared to

CT multiplet calculations.
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The latter is supported by investigation of the integrated XMCD spectra, which

are shown in figure 2.26. As can be seen the measurement shows a decreased integral,
which is due to the noise in the spectrum. Nevertheless in contrast to the measurement
performed with 100% photon yield (figure 2.23), here the overall integral clearly
becomes zero, indicating a quenched orbital moment. Thus it seems like the deviation
of the peripheral Fe ligand structure does not have a big influence on the orbital
magnetic moment.
Therefore it can be concluded that for the ferric star sample irradiated with 100%
photon yield indications for a considerable structure and valence change have been
found that are absent in a sample irradiated for a short time with only 1% photon
yield.

Fe 2p XMCD integral
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Figure 2.26: The integral of the Fe 2p XMCD measurement and XMCD CT multiplet
calculations shown in figure 2.25.

The findings of Mannini et al. (2009a,b) give evidence that the changes in the
ferric star activated by the beam radiated onto the sample could be related to the
molecular structure.

In figure 2.27 (left) the structure of a ferric star molecule produced by Barra et al.
(1999) is illustrated. In the following this molecule will be denoted as Fey. As shown
the Fey structure differs from the one of the ferric star produced by Saalfrank et al.
(2001, 2006) (see figure 2.27, right). In contrast to the ferric star in the Fe, there seems
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to be no connection of the oxygen ligands of the centered Fe ion to the ones of the
peripheral Fe ions via a carbon chain. Also in the Fe, all the Fe ions are surrounded
by oxygen atoms, while in the ferric star the peripheral Fe ions are surrounded by
four oxygen and two nitrogen atoms. In addition the octahedral symmetry of the
peripheral Fe ions in the F, seem to be less distorted than in the ferric star.

/\u

Figure 2.27: Left: The molecular structure of the ferric star (Feq) produced by Barra
et al. (1999). The illustration is attached from Accorsi et al. (2006). Fe: Red; O: Yellow; C:
Gray. Right: The molecular structure of the ferric star or FeStar produced by Saalfrank
et al. (2001, 2006) attached from Takacs (2005). Fe: Green; O: Red; C: Black; N: Blue; H:
White.

A/

The Fey, molecule was investigated with XAS and XMCD by Mannini et al.

(2009a,b). The results are shown in figure 2.28 together with corresponding lig-
and field multiplet calculations. It becomes obvious that the measured spectra differ
significantly from the measurement results of the FeStar using 100% undulator yield.
The ones using 1% undulator yield show more consistence with the results found for
the Fey, although there are still clear differences. Multiplet calculations assuming
all Fe ions to be present in a trivalent valence state reveal that in the Fey the oc-
tahedral crystal field seems to be higher than in the FeStar. Ligand field multiplet
calculations with a crystal field of 10Dq = 1.5 eV show a good consistence with the
measured results (figure 2.28). The smaller average crystal field (10Dq = 0.8 eV) for
the Fe3™ ions found in the ferric star measured using 1% undulator yield could be
explained by the reduced symmetry of the peripheral Fe ligand structure (see figure
2.27). Surprisingly no change of the spectral shape due to the synchrotron beam is
reported for the Fey.
These results indicate that, beside a higher average crystal field of the four Fe ions,
the different ligand structure of the Fe, molecule seems to lead to the absence of a va-
lence or structure instability. Therefore it can be concluded that the ligand structure
in the ferric star molecule is most likely responsible for the found changes activated
by the photon radiation.
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Figure 2.28: XAS and XMCD analysis on Fey. Absorption spectra (white dots: u™; black
dots: p~) and dichroic signal (black solid line) at T = 0.75 K and B = 3.0 T, along with
simulated curves (gray solid lines) obtained using ligand field multiplet calculations. The
figure is attached from Mannini et al. (2009b).



74 Fe in different molecules and chalcogenide systems

2.2.5 Fein MO72F830 and W72F€30

Moz Fesy and WyoFes, are spherical molecules containing 30 Fe3* (S:g) ions
surrounded octahedrally by oxygen (see figure 2.29). To date this is the largest num-
ber of paramagnetic ions that have successfully been incorporated in the diamagnetic
framework of a synthetic molecule. Since there is negligible intermolecular interaction
MoroFesy and WooFegy are promising model systems to study the behaviour of N =
30 interacting paramagnetic ions (Schnack and Luban, 2000). For more details about
the structure and synthesis of Moz Fegy and WooFes please be refered to Miiller et al.
(1999) and Todea et al. (2010), respectively.

Figure 2.29: Ball-and-stick representation of the MzoFeszg (M = Mo, W) cluster (Miiller
et al., 2001). The ligand structure within the cluster is omitted for clarity. M: blue; Fe:
yellow; O: red.

As already mentioned before and shown in figure 2.13 and 2.14 for My sFesq (M =
Mo, W) the results of the XAS and XMCD measurement are in agreement. In case of
MorsFesq the XAS and XMCD measurement show Fe to be in a mixed valence state,
while for the WryFesy both measurements show Fe to be purely trivalent. This is also
supported by charge transfer multiplet calculations, done with an octahedral (Op)
crystal field of 10Dq = 1.5 eV and a charge transfer value mixing the ground state
in a ratio of about 82% 3d"™ / 18% 3d™™' L. As shown in figure 2.30 for Moz,Fesq the
spectral shape could be simulated assuming a mixed Fe** / Fe valence state with a
ratio of about 45% / 55%. In case of WraFesq the best fit was found for CT multiplet
calculations assuming only trivalent Fe ions to be present.
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Figure 2.30: XAS and XMCD measurements of MoroFesy (left, top and bottom) and
WroFeso (right, top and bottom). In addition the spectra were simulated with charge
transfer multiplet calculations (black line). For MoyaFesq the calculation assumes a Fe?*
/ Fe3T ratio of about 45% / 55%, while for WraFegg a calculation with 100% Fe3* shows
good agreement with the measurement. Finally also the integrated XMCD measurements
are shown (red dotted line).
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Since in both compounds only Fe3" ions are expected to be present the found dif-
ference in the Fe valence state is quite surprising. As shown in figure 2.31 comparison
of the Ls line of an early XAS measurement of MoryFesq and a measurement done
at the end of the experiment reveals the Fe?T features in the spectrum to increase
temporally.
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Figure 2.31: Comparison of the Ls part of two Fe 2p XAS measurements of MoroFesq
taken at different times of the experiment. One spectrum was measured at the beginning
of the experiment with a small exposure time of the sample to the photon beam (green
line). The other was taken at the end of the measurement period (green dotted line).
In addition also the photon energies of the Lg line of divalent and trivalent Fe found by
reference measurements are marked with dotted lines.

Therefore with a view to the findings for the ferric star molecule it seems possible
that also in case of MoroFesy a valence instability is present leading to the appearance
of divalent Fe ions. Like for the FeStar also in case of this spherical molecules differ-
ences in the ligand structure can be an explanation for the Fe valence change. The
MoryFegp ball contains acetate ligands and is practically neutral (Miiller et al., 1999;
Todea et al., 2010). In contrast to this 25 sulfate ligands (SO?~) are present inside the
cavity of the WyoFesg molecule causing a considerable negative charge (see figure 2.32,
left). This leads to the fixing of NH} ions through hydrogen bonds to the FesW3Og
pores (figure 2.32, right) (Todea et al., 2010). It is possible that this considerable dif-
ference in the molecular structure can cause a valence and/or structure instability in
the Moy Fesq leading to the appearance of divalent Fe ions. Indication for a structure
instability is found by investigation of the integral of the XMCD measurement. Like
shown in figure 2.30 in case of WryFegy the overall integral of the XMCD signal is
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close to zero, indicating a quenched orbital magnetic moment and therefore a nearly
perfect octahedral surrounding of the Fe ions. For the MoryFesq the overall integral
remains negativ, which indicates a distortion of the Fe ligand structure.

Figure 2.32: Left, top: Ball-and-stick representation of the WraFezp without the NH; ions
but emphasising the 25 SOZ_ ligands coordinated in three different ways to the inner shell of
the cluster and their disorder as a sign of the complexity. Left, bottom: One {Fe3W30g}-
type pore together with one {(W)W5}-type pentagonal unit and three different coordination
types of the SOZ* ligands. W: green; Fe: orange; O: red; SO?[ ligands: yellow, lilac and
turquoise. The disordered SOi_ ligand positions are transparent for clarity. Right, top:
Space-filling representation of WroFesq highlighting the affinity of the 20 { F'e3W50¢}-type
pores for the 20 NH] cations located on the C3 axes. Right, bottom: Two views of the
pore situation (N blue, H light gray, other colors as in left). The illustrations are taken
from Todea et al. (2010).

2.3 Conclusion

In this chapter multiplet simulations for the Fe 2p XAS and XMCD spectra were
introduced and the influence of crystal field, charge transfer and temperature on the
spectral shape were shown.

Then an overview of Fe 2p XAS and XMCD measurements of different compounds
is given. On the basis of the XAS measurements first predictions for the Fe valence
state in the different compounds could be made. Thereby the Fe ions seem mostly
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to be present in a mixed Fe?* / Fe3" valence state with different ratios. Comparison
with the XMCD measurements revealed that the results found with XAS seem to be
affected by temporally effects. These effects seem to differ between the crystalline
materials on the one hand and the moleculare materials on the other.

For the crystalline materials (SraFeMoQOg, Feg5Cug5CraSy, LuFesOy) an ageing ef-
fect was discovered leading to an increase of the Fe3" contribution to the absorption
spectrum with no contribution to the XMCD signal. First of all measurements of
SroFeMoOg indicated a change of the mixed Fe valence state with time (see also
chapter 3 and Kuepper et al. (2008)). Here an increase of the Fe3" contribution to
the XAS spectrum was observed, which could not be seen in the XMCD spectral
shape. This indicated the absence of a macroscopic magnetic ordering or an anti-
ferromagnetic alignment of the additional Fe3* ions leading to the assumption of a
chemical change most likely at the sample surface. Later for Fey 5Cug5CraSy a similar
effect was found (see also chapter 4 and Taubitz et al. (2009)). Here the whole Fe?"
amount visible in the XAS measurement showed no XMCD signal at all. Further
investigations revealed that the Fe?" ions are present in the surface layers, while only
Fe? ions can be found in the bulk. Since the current model describing the magne-
toresistance (MR) assumes a mixed Fe valence state present in Fep5Cug5CraSy, this
finding led to different explanations for the MR in this spinel system (see chapter 4).
Finally for LuFe,O, a difference between the Fe3* contribution to the Fe 2p XAS
spectrum measured in the TEY-mode and the one measured in the TFY-mode was
detected. The surface sensitive TEY-mode showed a considerable higher amount of
trivalent Fe ions than the more bulk sensitive TFY-mode. Since again there seems
to be no contribution of the additional Fe3T ions to the XMCD signal a similar effect
like found for SroFeMoOg and Feg 5Cug 5CraSs could be assumed. This was considered
in multiplet calculations simulating the XAS and XMCD measurements of LuFe;Oy,
which revealed the Fe ions to be in a magnetic ground state without frustration (see
also Kuepper et al. (2009)).

In case of the molecules (FeStar, MozsFesg and WyyFesy) no chemical change like
found for the crystalline materials seems to occur, but the measurements revealed a
different temporally effect affecting the XAS and XMCD results. Thereby the mole-
culare structure seems to cause a structure and/or valence instability activated by a
photon beam radiated onto the sample. Note that in contrast to the valence insta-
bility of the crystalline materials this effect seems to increase the Fe?* amount in the
measurement, which shows a contribution to the XMCD signal, thus a macroscopic
magnetic ordering. The measurements of the FeStar molecule, which was predicted
to contain only trivalent Fe ions, showed at least 90% of the Fe ions to be in a di-
valent valence state. In addition evidence of a distorion of the ligand structure was
found. Further investigations revealed that measurements done with only 1% undu-
lator yield showed only Fe3' ions to be present in the FeStar with no or only a small
distortion. This indicated a structure and/or valence instability caused by the light
radiated onto the sample. Surprisingly measurements of a similar molecule, which
only differs in its ligand structure (Fey), does not show such an instability. There-
fore it can be concluded that the ligand structure seems to be responsible for the
found changes of FeStar caused by light radiation. The measurements of MozsFes
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and WyoFesq revealed a similar behaviour. In both compounds all Fe ions are pre-
dicted to be trivalent. While for the WyyFesq this could be confirmed by the XAS
and XMCD measurements in case of MoryFesy about 45% of the Fe ions seem to be
divalent. In addition the XMCD integral indicates a distortion of the ligand sur-
rounding in Mo7oFezy. Again the ligand structures of MozsFesq and WqsFesq differ
considerably. This supports the assumption that the ligand structure is responsible
for the Fe valence and structure change in Moz Fezy most likely caused by the photon
radiation.
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Chapter 3

Investigation of the Fe valence
state in SroFeMoQOyg

3.1 Introduction

Sr,FeMoOg has an ordered double perovskite structure A;B'B”Og comprising al-
ternating AB O3 and AB"Oj perovskite units. The A site is occupied by Sr and
the B" and B” site by Fe and Mo, respectively. This compound crystallises in the
tetragonal IJ/mmm space group. As shown in figure 3.1 Fe and Mo are surrounded
by oxygen in an octahedral symmetry. SroFeMoOg is ferrimagnetic, since the spin
magnetic moment of Fe is coupled antiferromagnetically to the smaller spin moment
at the Mo site (Besse et al., 2002). In addition evidence for a half metallic character
of this material was found (Park et al., 1998; Kuepper et al., 2005).

With the discovery of room-temperature low field magneto resistance (LFMR) an
intensed study of the magnetic and electric properties of SroFeMoOjg started, since
the high Curie temperature of about 420 K and the magnetoresistance (MR) make
this material a promising compound for future applications in magnetoelectronics
(Kobayashi et al., 1998).

However, despite a lot of theoretical and experimental studies essential properties of
SroFeMoQg are still under discussion, for instance the valence state of iron. The direct
measurement of valence states is important, since results of other methods like mag-
netometry are strongly influenced by structural effects such as antisites or antiphase
boundaries (Sanchez et al., 2002; Fang, 2005). Probed by various techniques such
as Mossbauer spectroscopy (Linden et al., 2000; Balcells et al., 2001; Raekers et al.,
2006), X-ray photoelectron (Moreno et al., 2001; Kuepper et al., 2004), and X-ray
absorption spectroscopy (Kuepper et al., 2004; Ray et al., 2001; Besse et al., 2002; di
Trolio et al., 2006), or theoretical electronic structure calculations (Kang et al., 2002;
Kuepper et al., 2005; Kanchana et al., 2007), the results for the iron valence state in
SroFeMoOg differ a lot. To give just a few examples, Martinez et al. (2000) report
the Fe valence state to be closer to Fe?*, while other works determine the Fe valency
to be close to Fe** with essential amounts of Fe*™ (Kuepper et al., 2004; Besse et al.,
2002; Kang et al., 2002; Garcia-Landa et al., 1999). Then also a mixed 50% Fe?T,
50% Fe3* valence state is reported (Linden et al., 2000; Raekers et al., 2006). Finally,
a large number of works measure a nearly or complete trivalent Fe valence state (Ray
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et al., 2001; di Trolio et al., 2006; Kanchana et al., 2007).

A quite complex intra- and intergrain structure on the surface of SroFeMoQOg could be
a reason for this discrepancies (Moreno et al., 2001; Ray et al., 2001; di Trolio et al.,
2006; Kanchana et al., 2007). Also a gradual decomposition of SroFeMoOg with time
into SrMoQO, has been reported, leading to a structural transformation of the system
(Navarro et al., 2003).

In the following Fe 2p XAS and XMCD multiplet calculations are presented and dis-
cussed together with measurements, revealing an additional ageing effect of SroFeMoOg,
which could explain the various different results concerning the Fe valence state. The
TT-multiplets program was used, which is based upon the methods described by
Thole, van der Laan and de Groot (de Groot et al., 1990a; de Groot, 2001; van der
Laan et al., 1992).

oxygen-
O e O g octahedron

Figure 3.1: The alternating FeOg and MoOg octahedra in the double perovskite structure
of SroFeMoOg attached from Tomioka et al. (2000). The Sr which is situated in-between the
oxygen octahedra is omitted here for simplification. In addition the direction and strength
of the ferrimagnetically coupled Fe and Mo spin magnetic moments are illustrated (blue
arrows).
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3.2 Results

High quality SroFeMoOg polycrystalline samples were produced by standard solid
state reaction, in which powder was annealed at 1200°C in 99% Ar/1% Hy. The
structural and chemical properties were probed directly after production by means of
X-ray diffraction and XPS revealing a very low concentration of antisite defects (&
3%). In addition a mixed Fe valence state was found to be present in the samples
comprising 70% Fe?™ and 30% Fe®" ions (Kuepper et al., 2004).

After this charge transfer multiplet calculations were done in order to confirm the
metal valence state. A cubic crystal field (O symmetry) with a strength of 10Dq =
0.8 eV was assumed. In case of the charge transfer (CT) calculations a ligand-to-metal
charge transfer between the oxygen ligands and the Fe ions is considered with a ground
state containing about 85% 3d™ and 15% 3d"*!'L character. Here 3d™ stands for the
occupation of the Fe 3d level and L for an oxygen hole. All spectra were broadened
with a lorentzian and a gaussian function to account for the lifetime broadening and
the broadening due to the experiment. As already shown and described in chapter 2
(figure 2.15) the Fe 2p XAS and XMCD measurements were simulated by a mixture
of CT multiplet calculations for Fe** and Fe3* ions in different ratios.

In figure 3.2 XAS and XMCD measurements of SroFeMoOg recorded in August 2004
are presented together with calculations of two differently mixed Fe valence states.
One set of spectra simulates a 70% Fe?/30% Fe®" ratio, the other a valence state
comprising 50% Fe?*™ and 50% Fe3* ions. The spectra are calculated with and without
charge transfer (CT), respectively.

As one can see the calculations done without charge transfer (dotted lines) fit the
spectra less accurate than the ones done with CT (black lines). In the XAS as well as
in the XMCD calculations without CT features at about 710 eV and 723 eV photon
energy occur that are not present in the measurements. These features are absent in
the CT multiplet calculations, which simulate the spectra quite well. Therefore one
can conclude that there is a ligand-to-metal charge transfer present in SroFeMoOg.
Furthermore as expected the shapes of the XAS and XMCD measurements reveal a
mixed Fe valence state. The double peak structure of the Lz-edge clearly indicates
Fe?* and Fe®" ions to be present (see also figure 2.15). Interestingly as can be seen
in figure 3.2 the calculation of the expected 70% Fe?t / 30% Fe3* ratio simulates the
XMCD spectrum quite well, while in case of the XAS measurement the simulated
spectrum differs considerably (right panel). Here a much higher Fe3™ contribution is
necessary to calculate the spectral shape. A XAS calculation simulating a 50% Fe?*/
50% Fe*T mixed valence state shows good consistency with the spectrum (figure
3.2, left panel). Therefore it seems like part of the Fe®* signal visible in the XAS
measurement does not contribute to the XMCD spectrum. This could be explained by
an additional Fe?* containing phase present in the sample that shows no macroscopic
magnetic ordering or an antiferromagnetic behaviour.
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Figure 3.2: Fe 2p XAS and XMCD measurements of SroFeMoOg together with multiplet
calculations. One set of calculations is done for a mixed Fe valence state comprising 50%
Fe?" and 50% Fe3* ions (left panel) the other for a 70% Fe** / 30% Fe?* ratio (right panel).

In figure 3.3 XAS and XMCD measurements of SroFeMoOg recorded in January
2004 are compared to those done in August 2004. This reveals that there is a clear
temporally increase of the overall maximum at about 709 eV visible in the XAS
spectrum. Comparison with figure 2.15 and 3.2 reveals that this increase can be
attributed to an increase of the Fe3™ amount in the sample. However in the XMCD
measurements no considerable change of the spectral shape is visible, which confirms
the appearance of an additional non magnetic or antiferromagnetic Fe3* phase in
SroFeMoQg, as already assumed from multiplet calculations.

Based on these findings Kuepper et al. (2008) started an overviewing investigation
of XAS measurements that recured over several years. The measurements done in
January 2004 and May 2005 were carried out at the Beamline for Advanced Dichroism
(BACH) at Elettra, Italy. All other spectra were measured at beamlines 4.0.2 and
8.0.1 of the Advanced Light Source (ALS), Berkeley, USA. Most of the experiments
were recorded in total electron yield (TEY) and therefore are to a considerable extent
surface sensitive. For transition metals an electron escape depth of around 5 nm
was reported (Gota et al., 2000). Before every measurement a fresh piece of the
same SroFeMoQOg-pellet was scraped ex situ, thus the experimental conditions were
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comparable for all experiments.
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Figure 3.3: XAS (upper panel) and XMCD (lower panel) measurements of SroFeMoOg
recorded in January 2004 (blue line) and August 2004 (red line).

In figure 3.4, attached from Kuepper et al. (2008), an overview of the XAS mea-
surements is given. In addition to the measurements also CT multiplet calculations
for different Fe?* and Fe3* ratios are shown. This reveals that there is a clear change
in the spectral shape with time. The intensity of the total maximum at about 709
eV increases in comparison to the prepeak located around 708 eV. As already men-
tioned before this can be attributed to an temporally increase of the Fe3™ amount in
the sample. This is also confirmed by the multiplet calculations, which simulate the

spectra with an increase of the Fe3* amount from 35% for the first measurements to
60% for the latest ones.
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Figure 3.4: An overview of several Fe 2p XAS measurements of the same SroFeMoOg
sample recorded over several years (black lines). It is attached from Kuepper et al. (2008).
The date of each experiment is displayed. For one experiment a total fluorescence yield
(TFY) spectrum has also been recorded (blue line). In addition CT multiplet calculations
for different Fe?* and Fe3* ratios are shown (red lines).
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Thus, an ageing effect is found changing the Fe valence state of SroFeMoOg.
Note that the spectrum measured in the total fluorescence yield (TFY) mode in
April 2004 seems to be less influenced by the found ageing process (figure 3.4, blue
line). This indicates that the temporally changes primarily affect the surface layers
of SroFeMoQg, since the TFY mode is more bulk sensitivity, with a probing depth
of a few hundred nm (note that the difference in the Ly/Lj branching ratio is due to
self absorption effects). Therefore in Kuepper et al. (2008) it was concluded that the
ageing process could be due to water and oxygen. Navarro et al. (2003) reported a
structural decomposition of polycrystalline SroFeMoOg with time into SrMoOy. In
addition SrFeO;_, particles have been found in somewhat lower layers of the poly-
crystalline grains (Kim et al., 2004), which could also explain the Fe deficiency found
at SroFeMoQg surfaces (Fix et al., 2007). Note that in StFeO3 nominally Fe'* ions are
present. However a high amount of charge transfer 3d°L states and the tendency to
form oxygen deficient SrFeO;_, could explain the enhancement of Fe3*-like features in
the XAS. The fact that in the XMCD measurement the increase of the Fe3*-features
is not visible, see figure 3.2, can be explained by the antiferromagnetic behaviour
of SrFeO; (Abbate et al.,, 2002). An antiferromagnetic ordering would lead to the
absence of an overall net-magnetic moment, which therefore would not contribute to
the XMCD signal.

Interestingly evidence was found that in SroFeMoOg not a double-exchange induced
colossal magnetoresistance (CMR) process is responsible for the LEMR but a tunnelling-
type magnetoresistance (TMR) process through tunnel barriers formed by impurities
(Kobayashi et al., 1998; Saitoh et al., 2002; Deb et al., 2004). It is reasonable to as-
sume that the ageing effect found here will influence the magneto resistive properties
of the compound (Yuan et al., 2003). Of course this has to be considered for potential
future applications of SroFeMoQOg.

3.3 Conclusion

Fe 2p XAS and XMCD multiplet calculations of the double perovskite SroFeMoOg

were compared to measurements that recurred over several years. This revealed an
ageing effect involving the Fe valence state. It was found that the Fe?* amount in
the sample seems to increase significantly with time. Since this increase is not visible
in the XMCD spectra it can be assumed that the appearing Fe3* phase exhibits no
macroscopic magnetic ordering or is antiferromagnetic. A possible explanation could
be the appearance of SrFeO3_, particles in the sample (Kim et al., 2004).
In SroFeMoOg not a double-exchange process is assumed to cause the LEFMR, but
an impurity induced tunnelling-type magnetoresistance (TMR) process (Kobayashi
et al., 1998; Saitoh et al., 2002; Deb et al., 2004). It is reasonable to assume that the
ageing effect found here will have a major influence on the magnetoresistive properties
of SroFeMoOg (Yuan et al., 2003). Therefore this has to be considered for potential
future applications. Note that also in other MR-materials impurity conduction is
assumed to be present and a key property, like for example in the spinel system
Fe;_,Cu,CrySy (see chapter 4).
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Chapter 4

Valence states in Fe{_,Cu,CroSy

4.1 Introduction

The Cr based chalcogenide system Fe;_,Cu,CrsS, has a normal spinel structure
AByX, in which X represents the sulfur, the B site is occupied by chromium and the
A site a mixture of iron and copper in different concentrations. The Cr is surrounded
by sulfur in an octahedral symmetry while Fe and Cu are surrounded tetrahedral.
The unit cell is basically consisting of two atomic structures indicated by the black
and the orange cubes in figure 4.1. The shown arrangement of four of these structures,
respectively, represents the unit cell. The Fe and Cr spin magnetic moments couple
ferromagnetic among themselves, while they are antiferromagnetic coupled between
each other. The latter can for example be proven with a XMCD measurement. In
figure 4.14 this is shown for Fey5Cug 5CraySy, but can also be seen for other Cu sub-
stitutions (Han et al., 2006).

During the last years Fe;_,Cu,CrsSy (0 < x < 1) has attracted considerable attention
due to a variety of interesting electronic and magnetic properties including colossal
negative magnetoresistance, semiconducting behaviour, and room temperature spon-
taneous magnetism (Ramirez et al., 1997).

For x = 0 and 0.5 the materials are respectively p- and n-type semiconducting ferri-
magnets (Lotgering et al., 1969), whereas CuCrySy (x = 1) is a ferromagnetic metal
(Haacke and Beegle, 1967). A very large negative magnetoresistance (MR) effect
comparable to the colossal magnetoresistance (CMR) in perovskites was reported in
Fe; ,Cu,CrySy (x = 0, 0.5). This effect occurs together with a metal-to-insulator
(M—I) crossover near the magnetic transition temperature 7. On further cooling
the resistivity p(T') recovers the insulating behaviour far below T (Ramirez et al.,
1997; Watanabe and Nakada, 1978). The temperature range of the metallic features
of p(T') is wider for x = 0.5 than for x = 0. The M—I crossover occurs together with
the magnetic transition also for 0.1 < x < 0.5. With increasing substitution x in
Fe;_,Cu,CrsSy, the value of T increases monotonically, whereas the room tempera-
ture resistivity and the MR change non-monotonously exhibiting a minimum near x =
0.2 and maximum at x = 0.5 (Lotgering et al., 1969; Haacke and Beegle, 1967; Ando
et al., 1979; Fritsch et al., 2003). For x > 0.5 both the resistivity and the MR decrease
monotonically. CuCrySy shows a ferromagnetic order with a Curie temperature of 377
K well above the room temperature (Kimura et al., 2001).
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Figure 4.1: The unit cell of the spinel Fe;_,Cu,CrsSs. The black and orange cubes all
contain the same atomic structure. It is omitted here for simplification. The blue lines
indicate the octahedral symmetry of the Cr-site and the tetrahedral symmetry of the mixed
Cu-Fe site, respectively.

One of the long-standing problems in Fe; ,Cu,CryS, that is under continuous
debates is related to the charge and valence state of the Fe and Cu ions. To get a
clear answer on this problem is very important in view of elucidating the origin of
the colossal magnetoresistance and the M—1I transition found in these materials.
While for x = 0 the nominal valence state is considered as Fe?*Cri"S3™, for CuCr,S,
(x = 1) two competing models have been proposed. In the model of Goodenough
(1969) divalent Cu ions and trivalent Cr ions are suggested. In contrast, in the
Lotgering—van Stapele model (Lotgering and van Stapele, 1967) the Cu ions are ex-
pected to be monovalent and the Cr ions to be in a mixed valence state:

Goodenough model : Cu’*Cri*S;~ (4.1)
Lotgering model : Cu'[Cr®"Cr*t]S3~ (4.2)

Later on, Lotgering et al. (Lotgering et al., 1969) also postulated Cu™ ions to be
present in Fe;_,Cu,CrySy (0 < x < 1) leading to the following valence configurations:

1
Felt, Fe’*Cul[Crit]Si~ for 0 < x < 3 (4.3)
1 1+ 6
Felt Cu/[Crit]S:,.S,, , for 3 <x < * % (4.4)
Felt Cut[Crit,  Crtt . 187 8- for TN <x <1 (45
e, Cu,| T3 _out60 r2x71750] 4—60°5 or =X = (4.5)

2
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Here S~ represents a hole in the valence band and J; an unknown parameter. The
Lotgering model starts at x = 0 with the valence state Fe?* Cr3*S2~. With increase of
the monovalent Cu concentration x the Fe ions are expected to change their valence
state gradually to Fe3". For x = 0.5 all Fe ions are predicted to be trivalent (equation
4.3). If the Cu concentration increases further (x > 0.5) S is expected to exhibit
holes in the 3p band (S™) to achieve charge neutrality (equation 4.4). At last for
very high Cu concentrations that exceed an unknown threshold (%), the Cr ions
are predicted to become partially Cr** (equation 4.5).

To explain the magnetoresistance in Fe;_,Cu,CrsS; one can consider the double-
exchange (DE) interaction mechanism like in colossal magnetoresistive (CMR) per-
ovskite manganites. But unlike in manganites, magnetic ions in spinels occupy two
different sites, tetrahedral (T,) and octahedral (Op). Therefore the DE process in
spinels has to be modified. This problem was discussed by Palmer and Greaves (1999)
within the so called tripleexchange (TE) model. The TE process considers a mixed
Fe valence state to be present in the chalcogenide system. In figure 4.2 a channel
of the tripleexchange interaction between Fe?t and Fe?' ions in Fe;_,Cu,CryS, is
illustrated.

Tripleexchange
Fe2*(A)-Cr3*(B)-
Fe3*(A)

A(Fe2*) A(Fe3*) B(Cr3*) X(S)

® 0 o O

Figure 4.2: Tllustration of a channel of the tripleexchange interaction in Fej_,Cu,;CraSy.
Here only the main part of the unit cell is shown. The spin direction is indicated by white
arrows.
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A band-structure picture of the TE reproduced from Fritsch et al. (2003) is shown
in figure 4.3. Like the double-exchange the TE process consists of an electron hopping
between metallic ions over a non-metallic ligand. But in contrast to the DE in the
TE also a third metallic ion is involved. As can be seen in figure 4.3 in the for
Fe;_,Cu,CryS, assumed tripleexchange process a single electron from the Fe** spin-
up e, band is transfered via a p-orbital of the sulphur to an empty spin-up e, band of
the Cr**. From the temporary divalent Cr the electron proceeds via a second S to an
empty spin-up e, state of the Fe**. The antiferromagnetic alignment of the Cr and
Fe spin magnetic moments is essential for the TE, since otherwise the opposite spin
directions of the mobile Fe electron and the empty state of Cr would make a hopping
impossible.

Fe2+ Cr3+ Fe3+

o oo

29 -~"e Xy

RPN T
M tag @ BN
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Figure 4.3: Tripleexchange process in Fe;_;Cu,CraSy reproduced from Fritsch et al. (2003).
The rough bandpositions are adopted from band-structure calculations of Park et al. (1999).
The mobile electrons and empty states, in which they are hopping, are indicated by the
violet spheres.

In another model exchange interactions are assumed to be the dominant magnetic
interaction and responsible for the magnetism in Fe;_,Cu,CrsS, (Kim et al., 1993;
Son et al., 2005; Kim et al., 2002; Tsurkan et al., 2005). Here the Fe ions are not
expected to be in a mixed valence state, but either in a Fe3* or in a Fe?* state.
Concerning the M-I crossover and MR of chalgogenide spinels beside the tripleex-
change model various other models are introduced in the literature involving interac-
tions of local magnetic moments and charge carriers, which alter the carrier density
and/or mobility. Again a mixed Fe valence state is not necessary in these models,
which will be discussed in the section 4.4 below in more detail.

Here it becomes clear that the determination of the ion valence states in Fe;_,Cu,CryS,
is essential in order to elucidate the magnetism, conductivity and MR behaviour of
this chalgogenide system. The valence state of the constituent elements in Fe;_,Cu,-
CryS, was investigated by many authors using various methods. However, many
controversial results were reported and interpreted within the mutual exclusive mod-
els.

Yokoyama et al. (1967) investigated the NMR spectra of CuCrsS, (x = 1) and con-
cluded that all Cr ions are in a trivalent state. Magnetic and XPS measurements
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of the single crystalline CuCrsSey, very similar to CuCryS,, support this conclusion
(Nakatani et al., 1978; Tsurkan et al., 2000). In addition, neutron diffraction mea-
surements indicate the presence of Cr*™ and Cu™ ions in the crystal (Colominas, 1967;
Robbins et al., 1967). At the same time, the NMR measurements performed by Kov-
tun et al. (1977, 1978) were interpreted assuming a mixed tetra- and trivalent valence
state of chromium, supported by investigations of cation—anion distances (Riedel and
Horvath, 1973). Neutron diffraction studies of CuCrySe, (Yamashita et al., 1979) also
revealed the presence of monovalent Cu ions, while the Cr ions were shown to be in
a mixed valence state. Kimura et al. (2001) found an indication of a small amount of
Cu?* in this compound. Finally, a temperature dependence of the Cu and Cr valences
was suggested by neutron diffraction studies (Kovtun et al., 1979).

In case of pure FeCryS; (x = 0) the experimental results are quite consistent. XPS
(Tsurkan et al., 2000; Kurmaev et al., 2000), Mdssbauer (van Diepen and van Stapele,
1973; Spender and Morrish, 1972; Klencsar et al., 2002), and XAS measurements of
Feg.9Cug1CraSy with composition close to stoichiometric FeCrySy (Han et al., 2006)
revealed the presence of Fe?* and Cr3* ions. This is supported by neutron powder
diffraction (Kim et al., 2002; Kurmaev et al., 2000; Shirane et al., 1964) and mag-
netic measurements (Haacke and Beegle, 1967; Shirane et al., 1964). The fact that
the results of neutron diffraction show strong variations and the saturation magnetic
moment is lower than the theoretically expected value of 2up for the antiferromag-
netic arrangement of spins of the Cr3* and Fe?* ions is explained by covalent bonding
or hybridization effects (Han et al., 2006; Nath et al., 2002).

For Feg 5Cug 5CraS, (x = 0.5) the situation is even more different. While the Mossbauer
experiments revealed the Fe ions to be completely in a trivalent state (Son et al., 2005;
Klencsar et al., 2005), the X-ray absorption (XAS) and X-ray emission (XPS) studies
showed that the Fe ions remain divalent (Kurmaev et al., 2000; Han et al., 2006).
Only Deb et al. (2003) reported the XAS spectrum for Fe?" ions. Furthermore, XPS
and XAS experiments suggest a trivalent state for the Cr ions and a monovalent state
for the Cu ions (Tsurkan et al., 2000; Kurmaev et al., 2000; Han et al., 2006). X-
ray magnetic circular dichroism (XMCD) measurements of Fey;Cug5CrySy confirm
an antiferromagnetic coupling of the Fe and Cr ions, revealing the spectra typical
for divalent Fe ions (Han et al., 2006; Deb et al., 2003; Kang et al., 2007). Neutron
powder diffraction (Palmer and Greaves, 1999; Son et al., 2005; Lang et al., 2000)
and magnetic measurements (Son et al., 2005; Tsurkan et al., 2005; Deb et al., 2002)
support the presence of Cr3* and Fe3* ions in Feg5Cug5CraSs, but again the results
vary significantly. Their variation is explained by strong covalent bonding, metallic
hybridized state or spin canting of the Fe ions (Palmer and Greaves, 1999; Han et al.,
2006; Deb et al., 2003; Lang et al., 2000). In addition, due to deviation from the stoi-
chiometry often observed in ternary chalcogenides, certain sample dependence cannot
be excluded. Palmer and Greaves (1999) determined from the neutron diffraction that
the Fe and Cu ions order over the tetrahedral sites in the space group F43m. Later
on, Lang et al. (2000) were unable to establish such ordering and suggested that it
could depend on the sample preparation. Furthermore, Tsurkan et al. (2005) showed
that the significant differences between the properties of the single and polycrystalline
samples of Fe; ,Cu,CryS, concerning their Curie temperature and saturation mag-
netization are related to deviation from the stoichiometry.
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Summarizing, one can state that the experimental results are rather contradictory,
sometimes even when they are obtained with the same methods. In order to un-
derstand the reason for these discrepancies and to get reliable information about the
valence states in Fe;_,Cu,CryS, single crystalline samples of various composition and
different treatment were studied.

In the following XAS, XPS and XMCD measurements of single crystalline Feg 5Cug 5-
CryS4 grown by bromine and XPS measurements of single crystalline Fe;_,Cu,CrySy
(x = 0.2, 0.5, 0.6, 0.9) grown using chlorine are presented and discussed. The re-
sults indicate that over the whole substitution range in the Fe;_,Cu,CrsS, system,
the Cu ions stay mainly monovalent and the Cr ions remain trivalent. Furthermore,
a comparison with literature data reveals that a small amount of Cu?* found in
Feg5Cug5CraSy is sample dependent and therefore is most likely related to an im-
purity phase. In addition, it is shown that an impurity phase containing Fe3*t is
present in air treated Feg5Cug5CryS,, while only the lines attributed to Fe?t remain
in vacuum cleaned samples.

4.2 Experimental Details

Single crystals of Fe;_,Cu,CryS, were grown by the chemical transport reactions
method with chlorine (using anhydrous CrCls or ultra-dry TeCl; compounds) and
bromine as the transport agents. The polycrystalline Fe;_,Cu,CrsS, prepared by
solid state reaction from the high-purity elements (99.99% and 99.999%) was used
as a starting material for the single crystal growth. The composition and phase ho-
mogeneity of the samples was checked by the wave-length dispersive electron-probe
microanalysis (EPMA) and X-ray diffraction. EPMA studies of the crystals prepared
by chlorine revealed a small amount of the halogen which substitutes the sulfur ions
due to close ionic radius of these anions (Tsurkan et al., 2005). No halogen conta-
mination was detected in crystals grown with bromine. The X-ray photoemission
spectra were measured in ultra-high vacuum (UHV) at the University of Osnabriick
with a PHI 5600ci multitechnique spectrometer. The samples were radiated with
monochromatic Al K, radiation giving an overall resolution of about 0.4 eV. The
X-ray magnetic circular dichroism spectrum was measured at beamline 4.0.2 of the
Advanced Light Source (ALS) in Berkeley, USA, at a temperature of 80 K and a mag-
netic field of 0.5 T. The X-ray absorption measurements were performed at beamline
4.0.2 of the ALS and the RG-beamline at the BESSY II in Berlin. Furthermore the
XAS spectra presented in figure 4.11 were measured in cooperation with the working
group of Prof. Dr. Tjeng from the University of Koln at the NSRRC in Taiwan.

All the following spectra were measured in the total electron yield (TEY) mode. To
get a surface free of contamination, the samples were fractured in-situ directly prior
to the experiment unless otherwise noted.

4.3 Results

This section deals with the results found during the investigation of the Cr—,
Cu— and Fe—valence states in the chalcogenide spinel system Fe; ,Cu,CrySy. As
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mentioned before Lotgering (equation 4.2) and Goodenough (equation 4.1) presented
two contrary models describing the valence states in CuCryS,. In addition Lotgering
predicted valence state changes in Fe;_,Cu,CryS, with increasing Cu substitution x
(equation 4.3 - 4.5). In the following these models will be compared to measurement
results, literature data and calculations in order to solve the long-standing valence
problem.

4.3.1 Investigation of the Cr valence

Goodenough predicted Cr®* ions to be present in CuCr,S, (equation 4.1), while

Lotgering assumed the Cr-ions to be in a mixed Cr*t - Cr** state (equation 4.2).
According to Lotgering with increasing Cu substitution x in Fe;_,Cu,CryS, the Cr
valence will change from Cr3* at lower x to a Cr** - Cr** mixing for high Cu con-
centrations (equation 4.3 - 4.5).
In Fig. 4.4 Cr 2p XPS spectra of Fe;_,Cu,CrsS, (x = 0.2, 0.5, 0.6, 0.9) are given.
As can be seen neither the spectral shape nor the binding energy of the Cr 2p lines
change with the Cu substitution, indicating the Cr ions to stay in the same valence
state.

Fe,,Cu,Cr,S,

Cr 2p XPS

Intensity (arb. units)

I I I
590 585 580 575 570

Binding Energy (eV)

Figure 4.4: Cr 2p XPS spectra of Fe;_,Cu,CrsSs with different Cu concentrations.

In addition in all spectra a clear splitting of the Cr 2ps/, line can be observed.
This splitting is considered to be proportional to the local magnetic moment (Tsurkan
et al., 2000). The Cr 2ps/, splitting is about 1 eV for all x, which is attributed to
a local Cr magnetic moment of about 3ug (Cr®"). Since also for CuCraS, (x = 1)
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many investigations show Cr to be in a trivalent valence state (Yokoyama et al., 1967;
Nakatani et al., 1978; Tsurkan et al., 2000; Colominas, 1967; Robbins et al., 1967),
one can conclude that in contrast to the Lotgering model the Cr ions stay trivalent
for all Cu substitutions. Here the Goodenough model seems to be correct.

4.3.2 Investigation of the Cu valence

According to Goodenough the Cu ions in CuCrySy are divalent (equation 4.1),

while Lotgering predicted monovalent Cu to be present (equation 4.2). Furthermore
in the Lotgering model Cu stays monovalent in Fe;_,Cu,CrsS, for all Cu substitutions
X (equation 4.3 - 4.5).
Figure 4.5 shows the Cu 3s XPS spectra of Fe;_,Cu,CrsS, (x = 0.2, 0.5, 0.6, 0.9)
together with reference spectra of single crystalline CuO (formally Cu?*) and ceramic
CuzO (formally Cu™). Tt is found that for different concentrations x the spectral shape
does not change, indicating that the Cu ions stay in the same valence state. It is well
established that the spectral splitting of the 3s XPS corelevel spectra of transition
metals originates from the exchange coupling between the 3d electrons and the 3s
hole created in the photoemission process. The 3s splitting is related to the total
spin of the 3d electrons (van Vleck, 1934) and therefore from its value one can get
information about the electronic configuration of the transition metal. Since there is
no Cu 3s exchange splitting visible, one can conclude that most of the Cu ions are in
a diamagnetic 3d'® (Cu™) electronic configuration.

Cu 3s XPS

Fe, ,Cu.Cr,S,
x=0.2

Intensity (arb. units)

135 130 125 120 115 110
Binding Energy (eV)

Figure 4.5: Cu 3s XPS spectra of Fe;_,Cu,CroSs with different Cu concentrations com-
pared to ceramic CupO (formally Cu') and single crystalline CuO (formally Cu?") reference
spectra.

In spite of this there are hints that a small amount of Cu?T can be present
in this spinel system. Figure 4.6 compares a measured Cu 2p XAS spectrum of
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Feg 5Cug5CraSy to those of reference compounds, namely single crystalline CuO (for-
mally Cu®") and CuyO (formally Cu™). In addition, another Cu 2p XAS spectrum of
a Feg 5Cug 5CraSy single crystal taken from Deb et al. (2003) is shown. The compari-
son of the measured spectrum with the reference measurements reveals that most of
the Cu ions are monovalent as indicated by the large peak B in the Cu 2p XAS spec-
trum of Fey5Cug5CrySs. Peaks C and D are considered to originate from hybridized
ground and final states of the Cu™ ions (Han et al., 2006; van der Laan et al., 2002).
At the same time, a small peak at lower photon energies is observed (peak A). This
peak can be assigned to a small amount of Cu?* ions. Comparison with the data
measured by Deb et al. (2003) suggests that peak A is sample dependent. This peak
is much weaker in the measured spectrum than in the measurement presented by
Deb et al. (2003), indicating a lower amount of Cu** ions in the investigated sample.
Therefore peaks C und D are increased in the present measurement due to the higher
amount of Cu™ ions in the sample. The fact that peak A shows a small XMCD signal
(Deb et al., 2003) supports the assumption that it represents divalent Cu ions. The
difference of the Cu?* amount in the two measurements could be explained by an
additional impurity phase, possibly due to oxidation. Thus, the formation of this
phase could be dependent on the sample age and/or treatment.

C D
Ty

FeysCuysCryS,

Cu 2p XAS

Fe,sCuysCr,S,
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Figure 4.6: Cu 2p XAS spectrum of Feg 5Cug 5CraSy (blue line) compared with a spectrum
taken from Deb et al. (2003) (black line) and reference measurements of single crystalline
Cuz0 (formally Cut) and CuO (formally Cu?*).

Such an impurity phase containing divalent Cu in a monovalent Cu system could
be verified for CuyO, which supports the assumptions above. Single crystalline Cu,O
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samples subjected to different treatment were investigated by means of X-ray absorp-
tion. Figure 4.7 shows Cu 2p XAS spectra of in situ cleaned CuyO (formally Cu™)
and CuO (formally Cu*") together with measurements of Cu,O single crystals in dif-
ferent states of the cleaning process. One sample was not cleaned in situ prior to the
measurement, the other one was cleaned inadequately. The spectra of these samples
show prepeaks A and A* that decrease with further cleaning of the samples. Com-
parison with the CuO measurement reveals that these features result from an Cu?"
phase, that most likely form on the sample surface due to oxidation. It is possible
that such a valence instability of the Cu-ions is also present in Fey5Cug5CroSy.

Cu 2p XAS

-------- Cu,0 not cleaned
=+-=+ Cu,0 cleaned inadequately

Intensity (TEY/10)

| | |
925 930 935 940 945 950 955 960
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Figure 4.7: Cu 2p XAS spectra of in situ cleaned single crystalline CupO (formally Cu™)(red
line) and CuO (formally Cu?")(green line) together with measurements of single crystalline
Cuz0 that was not cleaned and one that was cleaned inadequately (dotted lines).

Since also measurements of the mothercompound CuCr,S4 show Cu™ ions (Colom-
inas, 1967; Robbins et al., 1967; Yamashita et al., 1979), one can conclude that in
contrast to the Goodenough model in the bulk of Fe;_,Cu,CryS, Cu stays monovalent
for all x. Cu?* seems to be present in this chalcogenide system only as an impurity
phase most likely due to oxidation. Therefore here the Lotgering model seems to be
the approproiate model.

4.3.3 Investigation of the Fe valence

According to Lotgering the Fe ions in Fe;_,Cu,CryS, change their valence state
with increasing Cu substitution x (equation 4.3 - 4.5). While for x = 0 only Fe*"
should be present Lotgering predicts the Fe ions to become gradually trivalent with
increasing x. For x > 0.5 all Fe ions are expected to be trivalent.

Figure 4.8 compares the Fe 2p XAS spectra of Feqs5Cug5CrsS, with those of FeO
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(formally Fe?") and Fe;O3 (formally Fe?t) taken from Regan et al. (2001). The upper
spectrum (red line) was measured on the sample cleaned in air with acetone without
subsequent cleaning in vacuum. The other Fe 2p XAS spectrum was measured after
rasping the sample with a diamond file in-situ (blue line). A striking difference of
the spectral shape between these two measurements is clearly seen. The comparison
with the reference measurements suggests that a mixture of Fe?t and Fe3* ions is
present in the sample not cleaned in vacuum. For this sample in the Fe 2p XAS
spectrum in addition to peak A attributed to Fe?T there also appears a large peak
at higher photon energies (peak B). Since the position and the shape of this peak
is very similar to that of Fe;O3, peak B can be associated with trivalent Fe ions.
After rasping the sample in-situ the peak B completely disappears indicating that
the Fe3T ions represent an additional phase on the surface. Appearance of this phase
can be attributed to oxidation of the material at the surface (Regan et al., 2001). As
introduced and discussed in chapter 3 Kuepper et al. (2008) observed a similar increase
of the Fe3* contribution in the Fe 2p XAS spectrum of ploycrystalline SroFeMoOg
related to an ageing process involving water and oxygen.

Fe 2p XAS
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Figure 4.8: Fe 2p XAS spectra of Feps5Cug;CraSy cleaned in air (red line) and rasped
in-situ (blue line) compared to reference measurements. The FeO (formally Fe?") and the
FeyO3 (formally Fe3t) spectra have been taken from Regan et al. (2001).

Figure 4.9 presents the Fe 2p XMCD measurement of a sample that was not
cleaned in-situ. It can be seen that the part of the spectrum associated with Fe3*
(peak B) does not contribute to the XMCD signal. The absence of a macroscopic
spontaneous magnetic order of the Fe3™ phase is a further indication of Fe?* being
part of an impurity phase. As mentioned before after rasping the sample in-situ the
Fe 2p XAS spectrum shows only one peak A which can be attributed to divalent Fe
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and within the experimental resolution no evidence for the peak B associated with
Fe?' can be found (Figure 4.8).

r— it |Fe 2p XMCD

T=80K

FeysCuysCr,S, B=0.5T
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Figure 4.9: Fe 2p XAS spectra of Feps5Cug5CraSy, obtained with the photon helicity
parallel (p™) and antiparallel (p~) to the magnetisation, respectively. The XMCD spectrum
(blue) corresponds to the difference between p and p~ (XMCD = p* — p7).

To investigate how the sample preparation can affect the ageing process, thus the
Fe valence change, Fe 2p XPS spectra of single crystalline Feq 5Cug5CrsSy subjected
to different treatment were performed. In Fig. 4.10 the results are presented. The
spectra show the Fe 2p spectrum of a sample powdered in air (green line), rasped in
air (red line) and cleaved in-situ (blue line) together with reference measurements of
FeO (formally Fe?*") and Fe,O3 (formally Fe?", taken from Moulder et al. (1992)).
The measurements of the samples treated in air clearly show a shift to higher binding
energies, especially the spectrum of the powdered sample, indicating the appearance
of a considerable amount of trivalent Fe ions. Therefore it can be concluded that the
Fe valence change is rather sensitive to the sample preparation.
In order to find out if the Fe valence change can also reach deeper into the bulk mate-
rial a small peace of single crystalline Fey 5Cug5CreSy was investigated. In Fig. 4.11
XAS spectra of the sample that was cleaved in situ are presented. The spectra were
measured at three different beampositions on the cleaved sample surface. Spectrum
(a) was measured at the edge, (b) between the edge and the centre and (c) at the
centre of the cleaved surface. As one can see the peak B, associated with an Fe3*
containing oxidation phase, dominates the Fe 2p XAS spectrum (a). Spectra (b)
and (c) clearly show a decrease of the Fe3* features and a spectral shape similar to
divalent Fe. This confirms that the edge of the sample, thus the uncleaned surface,
contains a high amount of trivalent Fe.
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Figure 4.10: Fe 2p XPS spectra of Fep5Cug5CraSy cleaved in-situ (blue line), rasped in

air (red line) and powdered in air (green line) compared to reference measurements of FeO
(formally Fe?*) and FeyOj (formally Fe3t, taken from Moulder et al. (1992)).
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The decrease of the Fe?T features in the more centered measurements of the
cleaved sample surface indicates that in the bulk the trivalent Fe ions vanish, thus
only divalent Fe ions are present. The fact that even in spectrum (c) Fe3* features
are visible can be explained by the dimensions of the beam and the sample. The
cleaved surface size was about 1x1 mm while the beamsize was about 0.8x0.7 mm. So
also in the measurement (c) Fe-ions of the surface region contribute to the spectrum.
However these measurements show that the Fe valence change reaches surprisingly
deep into the bulk of the Fey 5Cug 5CryS, single crystal. Therefore it is possible that in
a powdered sample of Fey5Cug5CraS, a considerable high amount of Fe ions change
their valence state from a divalent to a trivalent character explaining the differing
results published in the literature.

Fe 2p XAS

Fe, sCu, 5Cr,S,
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Figure 4.11: Fe 2p XAS spectra of Feps5Cug;CraSy cleaved in situ. Spectrum (a) was
measured at the edge, (b) between the edge and the centre and (c) at the centre of the
cleaved surface. This is also illustrated in the figure.

Comparison with literature results

Han et al. (2006) measured Fe 2p XAS spectra of Fe; _,Cu,CrsS, (0.1<x<0.5). Tt
was found that for all different Cu concentrations x the spectral shape does not change
indicating that x does not affect the Fe valence state. All the presented spectra show a
striking consistency with the Fe 2p XAS spectrum of an in situ rasped Fey 5Cug 5CraSy
sample presented in figure 4.8 (blue line). As described above this spectrum reveales
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Fe to be divalent. In addition XPS measurements of Fey 5Cug5CraS, were presented
by Kurmaev et al. (2000). The spectra clearly exhibit a spectral shape similar to
divalent Fe.

These results confirm the ones presented in this work, but are in contradiction with the
Lotgering model that predicts Fe to become trivalent in Feg5Cug5CrySy (Lotgering
et al., 1969), as well as with the results of Méssbauer investigations (Son et al., 2005;
Klencsar et al., 2005).

Han et al. (2006) explained the fact that the Fe 2p XAS measurements do not show
trivalent Fe ions with a metallic like bonding between Fe and S ions, indicated by the
absence of multiplet features in the Fe 2p XAS spectrum. The strong hybridisation
of the Fe and S states is assumed to be responsible for the similar shape of the Fe 2p
XAS spectra of FeCryS, (Fe?™) and Feg 5Cug5CraSs. But a metallic state of Fe could
not be detected with XPS. As discussed before in Fig. 4.10 a Fe 2p XPS spectrum
of the single crystalline Fey5Cug 5CrySy cleaved in-situ is presented (upper spectrum,
blue line). Metallic Fe is expected to have a 2pz/, binding energy of about 707 eV.
But the maximum of the Fe 2p L3 line of the in-situ cleaved Feg 5Cug5CraSy crystal
appears at a binding energy of about 709 eV, which can be attributed to Fe?" state
when compared with FeO (formally Fe*") (see also figure 1.7).

In case of XPS measurements the fact that the Fe 2p spectrum shows Fe?* instead of
Fe3t ions in Feg 5Cu.5CrySy is explained by a charge transfer from the S?~ to the Fe3*
ions during the photoemission excitation process (Kurmaev et al., 2000). However,
this effect can not occur in XAS measurements, which also show divalent Fe ions
as discussed before. Thus, both XAS and XPS measurements reveal Fe to be in a
divalent state in the bulk material.

The fact that XAS and XPS are relatively surface sensitive compared to other methods
might be a reason for the different results concerning the Fe valence. However, for
the samples cleaned in-situ one can definitely exclude surface contamination and in
this case both XAS and XPS probe the bulk properties.

One must also note that XAS and XPS studies are performed on single crystalline
material in ultra-high vacuum whereas other techniques use powdered samples and
measure in air or low vacuum. As already shown in Fig. 4.10 the treatment of
Feg5Cug5CraSy in air highly affects the Fe valence state leading to the appearance
of trivalent Fe ions. This change can reach deeper into the sample bulk as shown in
figure 4.11, which could affect the Fe valence state in the whole powdered sample.
As mentioned before Deb et al. (2003) reported an XAS measurement of trivalent Fe
in a Fep 5Cug5CraSy single crystal, that was cleaned in situ. In figure 4.12 Fe 2p XAS
and XMCD measurements attached from Deb et al. (2003) are compared to the Fe
2p XMCD measurement also shown in figure 4.9. The XMCD signal was inverted
for better comparision. It can be seen that the two XMCD measurements show a
remarkable similarity. As described before only the features belonging to the Fe?™
contribute to the XMCD signal. Therefore it is likely that in fact Fe?™ was measured
by Deb et al. (2003).
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Figure 4.12: (a) Fe 2p XAS and XMCD measurement attached from Deb et al. (2003)
measured at T = 50 K with B = 1.4 T. (b) Fe 2p XAS and XMCD of an in air cleaned
Feg.5Cug.5CraS, single crystal measured at T = 80 K with B = 0.5 T. Peak A origins from
Fe?*, peak B from Fe?' ions on the surface.

In addition charge transfer (CT) multiplet calculations were performed to support

this assumption. The TT-multiplets program was used, which is based upon the
methods described by Thole, van der Laan and de Groot (de Groot et al., 1990a; de
Groot, 2001; van der Laan et al., 1992)(see also section 1.4.2). In figure 4.13 Fe 2p
XAS and XMCD measurements are compared to CT multiplet calculations of Fe?*
and Fe?" ions. The Fe 2p calculations were performed in Ty (tetrahedral) symmetry
with a crystal field of 10Dq = 0.5 eV like done by Deb et al. (2003). Within the
CT model best agreement with the experimental results were found by setting the
DELTA value to 3 eV leading to a ground state containing about 83% 3d"™ and about
17% 3d"*1L character. Here 3d™ stands for the occupation of the metal 3d level
and L for an oxygen hole. The spectra were broadened with a Lorentzian and a
Gaussian function to account for the lifetime broadening and the broadening due to
the experiment. The calculations are calibrated and normalised on the experimental
peaks. Above Fe 2p XAS spectra of a sample cleaned in air (red dotted line) and
a sample cleaned in situ (red line) are compared to calculations of Fe?* (black line)
and Fe*™ (black dotted line). As can be seen there is a nice agreement between the
measured Fe 2p spectrum of the sample cleaned in situ and the Fe?" calculation.
Furthermore it becomes clear that the spectrum of the sample not treated in situ can
be described as a mixture of the Fe?™ and Fe3* calculation. A good agreement with
the measurement is achieved with a Fe** /Fe3" ratio of about 55/45.
Below the XMCD measurement (blue line) is compared to Fe?* (black line) and Fe*"
(black dotted line) calculations. Again there is a nice agreement between the Fe?™
calculation and the measured XMCD signal. As mentioned before the same signal was
mesured by Deb et al. (2003) interpreted and calculated as Fe3*. Although similar
in shape at the 2p3/, features the Fe 2p XAS and XMCD Fe*" and Fe** calculations
show clear differences at the 2p; /; features. In XAS as well as in XMCD the measured
spectra show good agreement with the 2p;, line of the divalent Fe calculation while
there is a clear difference compared to the trivalent Fe calculation. The same can also
be seen in the calculations done by Deb et al. (2003). Therefore one can conclude
that also Deb et al. (2003) measured most likely divalent Fe in Feg 5Cug 5CraSy.
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Figure 4.13: Measurements and multiplet calculations of Fe 2p XAS and XMCD spectra
of single crystalline Fey 5Cug 5CraS4. The Fe 2p XAS spectra of a sample cleaned in air (red
dotted) and a sample cleaned in situ (red line) are compared to multiplet calculations of
Fe?" (black line) and Fe?T (black dotted line). Below a measured Fe 2p XMCD spectrum
(blue line) is compared to multiplet calculations of Fe?* (black line) and Fe3* (black dotted

line).
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In summary one can say that in contrast to the Lotgering model the Fe ions
seem to stay in a divalent valence state in the bulk of Fey;Cugs5CraSs. However
a considerably high amount of trivalent Fe was found on the surface of untreated
samples and in samples powdered in air. In addition it was shown that this trivalent
Fe site can reach surprisingly deep into the sample bulk. Therefore, since many
experimental methods differ significantly in the sample treatment, this Fe valence
instability in Feg5CugsCroSs might explain the differing results found by various
other experiments concerning the Fe valence.

4.3.4 Investigation of the XMCD measurements

In this section the XMCD measurements of Fey5Cug5CraSs are analysed. As

discussed above evidence was found that the measurements presented in this work
were performed on a sample that was affected by a chemical process changing its Fe
valence state in the surface layers and therefore most likely also its magnetic prop-
erties. However the investigation of the XMCD signal can give valuable information
about the sample surface.
Despite the changes at the sample surface the XMCD spectra of Feys5Cug5CraSy
clearly show a ferrimagnetic ground state. In figure 4.14 the Fe 2p and Cr 2p XMCD
measurements and their integrals are presented. As one can see the XMCD signals
of Cr and Fe are opposite to each other, which especially becomes visible by compar-
ison of the integrals. Since the Cr amount is four times higher than the Fe amount
in Fep5Cug5CraSs the antiferromagnetic alignment between Cr and Fe leads to a
ferrimagnetic ground state.

FeysCu, ;Cr,S,
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Figure 4.14: XMCD measurements of Fe (red line) and Cr (green line) in Feg 5Cug 5CraSy.
The XMCD signals are shown together with their integrals, violet dotted for Fe and dark
green dotted for Cr. In addition a sketch of the direction of the spin magnetic moment is
given.

As described in section 1.2.2.1 it is possible to achieve the spin and orbital mag-
netic moments from the XMCD signal by calculating the sum rule equations. In
figure 4.15 all the spectra and integrals that are necessary to calculate the Fe and
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Cr magnetic moments in Fey5Cuy5CreS, are shown on the basis of the Fe 2p lines.
Basically the integrals of two spectra are needed. One is the integral of the sum of the
XAS spectra taken with left and right circularly polarised light, respectively (graph
(b), blue line). The integral is calculated over the hole L3+Lsy lines (parameter r).
The other is the integral of the XMCD signal (graph (c), violet line). Note that the
sum rule equation for the spin magnetic moment needs two XMCD integrals. One
over the L (parameter p) and one integral over the hole Ls+Ly lines (parameter q)
(see equation 1.17).
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Figure 4.15: Fe 2p XAS and XMCD spectra of FegsCugs5CraSy: (a) X-ray absorption
spectra with photon helicity parallel (1) and antiparallel (u~) to the magnetisation, re-
spectively; (b) The sum of the absorption spectra (u*+x7) and its integral; (¢) The XMCD
spectrum (ut — p7) and its integral. The integrals needed for the sum rules are denoted
by 7, p and gq.
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The exact equations used to calculate the spin and orbital magnetic moments are
the following:

4

Moy = = 5+ (10 = n3q) - Cpor | (4.6)
6p — 4

Mspin = p , a . (10 - n3d) ' C(pol : CTeramura (47)

Here the parameters shown in figure 4.15 are used. In addition to the sum
rules established by Chen et al. (1995) a factor C,, is considered, which takes into
account the quality of the light polarisation. In case of mgy:;, a second factor Creramura
is multiplied, which represents the Teramura factor (see also section 1.2.2.1). As
already mentioned the Fe3" ions do not contribute to the XMCD signal and therefore
the equations 4.6 - 4.7 are calculated for a Fe?* and a Cr®t ion, respectively. In
case of Fe*™ (ngg = 6) a Teramura factor of Creramure = 1.14 was used (Teramura
et al., 1996) and a light polarisation of 90% was assumed (C,, = 1.1). Note that
in contrast to XMCD in XAS the trivalent Fe is visible and therefore contributes
to its integral r. This has to be considered in the calculation. As described before
multiplet calculations revealed a Fe?™/Fe?T ratio of about 55/45 (figure 4.13). Since
the XAS integral contributes to the denominator in the sum rules the spin and orbital
magnetic moments calculated for Fe have to be multiplied by a factor of 1.82. For
Cr3* (n3q = 3) the Teramura factor was set to Creramure = 1.0, since no factor is
available. Therefore the spin magnetic moment calculated by equation 4.7 is most
likely underestimated for the Cr3*, due to the strong multiplet mixing between the
Ly and L3 lines. All the results are listed in table 4.1 and compared to the spin and
orbital magnetic moments published by Deb et al. (2003) as well as theoretical values.
Note that the signs of the published values are reversed for a better comparison.

Atom magnetic XMCD exp. XMCD exp. [Deb] ion* ion*+
moment  (up/atom) (up/atom) (up/atom) (up/atom)
-3.28 4+ 0.02 (for Fe?*)
Popin  ~09 L0025 5 60 4 0,02 (for Fe?™) - E
Fe
-0.24 £ 0.02 (for Fe3t)
pors 005002 19 4 g9 (for Fe?*) 2 0
Lspin 0.62 £ 0.02 2.33 £0.03 3
Cr
Horb 0.02 £ 0.02 -0.09 £ 0.03 3

Table 4.1: Here the measured spin (fispin) and orbital (for5) magnetic moments for Fe and
Cr in Fep 5Cug 5CraSy in units of up per atom are listed (B = 0.5 T; T = 80 K). In addition
the magnetic moments measured by Deb et al. (2003) are shown (B = 1.4 T; T = 50 K).
Finally also the theoretical fispi, and g, values for a Fe?t, Fe?™ and Cr®* ion are given.
For more details see the text.
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In table 4.1 two values are given for the Fe spin and orbital magnetic moments
measured by Deb et al. (2003). This is due to the expected Fe valence state. Deb
et al. (2003) assumed Fe to be completely in a trivalent valence state. Therefore
the magnetic moments fi5p;, and fi,, were calculated with nsq = 5 giving the upper
values. Since the findings in this work give rise to the assumption that Fe is nearly
completely divalent in a vacuum cleaned Feq5Cug5CreS, sample, thus also in the
measurements done by Deb et al. (2003), the values were recalculated with ngy = 6
leading to the lower values. As already mentioned the magnetic moments measured
in the present work were calculated for Fe?* only. The theoretical values for pigpn
and fop given for an Fe?*, Fe3t and Cr3* ion are assumed according to the Hund’s
rules, thus effects of the crystal structure like the crystal field or hybridisation are
not taken into account.

It becomes obvious that the Fe spin magnetic moments published by Deb et al. (2003)
are too small compared to the theoretical values, regardless of the assumed Fe valence
state. This is also the case for the Cr spin magnetic moments, although here the dif-
ferences are not as big as for the Fe ions. The measured Fe and Cr spin magnetic
moments in the present work are even considerably smaller. Various reasons can be
responsible for this discrepancy.

One reason could be the Ly - L multiplet mixing leading to an underestimated spin
magnetic moment resulting from the sum rules, which can be compensated by using
the Teramura factor. For the Fe spin magnetic moment a factor was used that was
calculated for a crytal field of 10Dq = 1.5 €V in an octahedral symmetry (Teramura
et al., 1996). Since the Fe ions in Fey 5Cug 5CryS, are situated in a tetrahedral crystal
field of about 10Dq = 0.5 eV, the Teramura factor is not suited perfectly. For Cr** no
factor was available and due to the strong multiplet mixing the ji5p, value calculated
here is most likely highly underestimated. In case of the values measured by Deb
et al. (2003) it was not mentioned if a Teramura factor was used to calculate the
Fe spin magnetic moment. The Cr 5, was not calculated directly with the sum
rules, but estimated by using the p, value and a SQUID measurement. This could
explain the big difference between the measured Cr spin magnetic moment and the
one published by Deb et al. (2003).

A second reason for the small jig, values could be a strong covalent bonding or
metallic hybridisation (Palmer and Greaves, 1999; Han et al., 2006; Deb et al., 2003;
Lang et al., 2000). Band structure calculations support this assumption and give
reduced values for the Cr and Fe magnetic moments (Park et al., 1999; Deb et al.,
2002, 2003; Lang et al., 2000).

Also magnetic frustration effects were mentioned as a reason for the low spin mag-
netic moments (Lang et al., 2000).

In addition antisite processes can be responsible for a reduced magnetic moment. If,
for instance, Fe atoms situated at the A-site partially change positions with the Cr
atoms of the B-site, both the Fe and Cr ions would become antiferromagnetically
aligned to the Fe and Cr ions remaining at the former sites, respectively (see figure
4.16). This would lead to a reduction of the measured overall magnetic moments.
However X-ray diffraction measurements confirmed the high quality of the samples
having a single-phase crystal structure. Also magnetisation measurements revealed
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homogenous ferrimagnetic behaviour without any irreversible magnetic effects char-
acteristic of disordered systems (Deb et al., 2003; Tsurkan et al., 2005).

Figure 4.16: Tllustration of an antisite process in which a Fe and Cr ion change positions.
Here only the main part of the unit cell is shown. The spin direction is indicated by white
arrows.

The appearance of low spin states could also cause a reduction of the magnetic
moments. In figure 2.8 this is illustrated for a Fe?" ion. Divalent Fe is a d° electron
system. In Fe;_,Cu,CryS, the Fe is surrounded by S tetrahedrally. The resulting
crystal field splits the d orbitals energetically as shown in figure 2.8. In the high spin
state all spin up states lie energetically below the spin down states. This leads to the
occupation of five spin up and one spin down state resulting in a magnetic moment
of s = 4up in accordance with the Hund’s rules. A low spin state can occure if due
to changes in the crystal field the spin down states decrease energetically below the
spin up states. This can lead to additional occupations of spin down states resulting
in a reduction of the magnetic moments from u, = 4up to us = 2up.

Beside these explanations, which consider intrinsic properties of the material or the
measurement technique to be the origin of the discrepancies, experimental results
indicate an additional reason for the reduced magnetic moments. Measurements done
by Tsurkan et al. (2005) give rise to the assumption that a considerable lowering of the
magnetic moment is connected with the sample treatment. In figure 4.17 the field
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dependence of the magnetisation for bulk and powdered FeCryS, poly- and single
crystals at a temperature of T = 4.2 K are given attached from Tsurkan et al. (2005).
As illustrated the single crystalline sample shows a saturation magnetisation of about
1.8 pp/ f.u., which is only a little reduced in comparison to the ionic value of 2 ppg/ f.u.
and could be explained by covalent bonding or hybridisation effects. Surprisingly the
polycrystalline sample shows a considerable reduction of the saturation magnetisation.
In case of the powdered samples the lowering of the magnetisation is even increased
down to values less than half of the single crystalline magnetisation. Here the effect is
present regardless if the powdered sample was single- or polycrystalline. For the single
crystal the reduction seems to be even higher. Note that the XMCD measurements
presented in this work were performed with an external magnetic field of B = 0.5 T,
while the ones published by Deb et al. (2003) were done with B = 1.4 T. These values
are stressed out in figure 4.17.
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Figure 4.17: Field dependence of the magnetisation at T = 4.2 K for bulk and powdered
FeCryS4 poly- and single crystals attached from Tsurkan et al. (2005). The magnetisation
of the samples at a magnetic field of B = 0.5 T and B = 1.4 T are stressed out.

One explanation for the decrease of the magnetisation in the polycristalline and
powdered samples could be a surface anisotropy (Tsurkan et al., 2005), which can be
caused by various reasons. For instance, while in case of nanoparticles anisotropy is
believed to be present due to shape effects, it can also have a crystallographic nature.
Here the anisotropy would be caused by symmetry reduction of the spin-orbit coupling
(and/or crystal field) at the sample surface (Bakuzis and Morais (2001) and citations
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within). Due to surface anisotropy magnetic ordered spin systems in a solid may show
canting of the spins near the surface if the easy axis associated with the surface is non
collinear with the bulk magnetisation (Mills, 1989; Conte, 2007) (figure 4.18). This
could lead to a reduced magnetisation of the sample especially when powdered due
to the bigger contribution of the surface layers. Considering the values presented in
table 4.1 for Feq 5Cug5CrsS, it also has to be mentioned that the measurements were
performed in the TEY-mode, which is very surface sensitive and therefore increases
the effect of a surface anisotropy. In addition the values were obtained at much higher
temperatures (T = 80 K; T = 50 K (Deb)), which could decrease the measured spin
magnetic moment as well. However it remains unclear why the reduction of the spin
magnetic moments is so strong and why it is considerable stronger in the measured
sample compared to the one published by Deb et al. (2003), since both measurements
were performed on single crystals.
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Figure 4.18: Tllustration of a surface anisotropy resulting in an easy axis of the surface
layers (blue), which is non collinear with the bulk magnetisation (red). This causes a
canting of the spins (black arrows) at the surface.

In this work an additional process was found, which can explain the significant
reduction of the measured spin magnetic moments in Fey5Cug5CreS,. This is the
formation of Fe3* ions at the sample surface. In section 4.3.3 it was shown that this
Fe?t formation can be increased by powdering of the sample and can reach deeper
into the sample bulk. In addition it was found that the trivalent Fe ions do not show
macroscopic magnetic behaviour and therefore would not contribute to the magneti-
sation in overall magnetic measurements like SQUID. Therefore this chemical process
can cause a considerable reduction of the magnetisation especially in powdered or un-
cleaned samples. However note that in contrast to the surface anisotropy this process
would not directly affect the Fe** spin magnetic moment measured by XMCD. But
an explanation can be found if one considers that only a thin surface layer is af-
fected by the chemical change. As mentioned before the surface sensitive TEY Fe
2p XMCD spectrum of an uncleaned Feg5Cug5CraS, sample shows no macroscopic
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magnetic behaviour of the Fe3* ions, while there is a clear magnetic behaviour of
the Fe*™ ions (see figure 4.9). This can also be found for the Fe3O,, which has a
spinel structure as well. Here the trivalent Fe ions are antiferromagnetic aligned,
while the divalent Fe is ferromagnetic. It was shown that a small film of FesO4 on
NiO shows a considerable reduction of its magnetisation, thus the Fe?* magnetic mo-
ment, due to surface anisotropy effects and frustration (Lind et al., 1993). In addition
strong surface anisotropy was found for surface oxide phases on metallic iron parti-
cles consisting of an Fe;O3 or Fe3Oy spinel phase (Bodker et al. (1994) and citations
within). So if one assumes a similar behaviour of the Fe3™ containing surface layers
in uncleaned Fe;Cuy5CryS, the reduction of the Fe?* [spin, can be due to surface
anisotropy and/or frustration as well. The difference between the measured fi5y;, and
the one published by Deb et al. (2003) can then be explained by the different sample
treatment, since the latter cleaned the sample in situ, which showed nearly no Fe?*
features in the XAS and XMCD spectral shape.

Looking at the measured orbital magnetic moments of the Cr and Fe ions in Feg 5 Cug 5-
CryS,4 one can see that they are almost quenched. This can be explained by the crystal
field, which lifts the degeneracy of the electron d states and can annul the Hund’s
rules.

In addition strong covalent bonding or metallic hybridisation could explain the small
orbital magnetic moments. As mentioned before band structure calculations support
this assumption and give reduced values for the Cr and Fe magnetic moments (Park
et al., 1999; Deb et al., 2002, 2003; Lang et al., 2000).

The values measured during this work are even smaller than the ones measured by
Deb et al. (2003) and in case of Cr also inversed. This can indicate a change in the
crystal field possibly caused by a change in the crystal structure of the surface layers.
In summary one can say that there are various reasons for the measurement of too
small spin magnetic moments in Fey5Cug5CraSs. But due to the experimental find-
ings there is much evidence that the reduction of the magnetic moments is caused
by the sample treatment. Possible reasons for this are surface anisotropy and/or a
chemical change at the sample surface found in this work causing spin frustration.
The differences in the measured orbital magnetic moments could indicate a change
in the crystal field, thus the crystal structure in the surface layers.

4.4 Discussion

As previously described there is no evidence for a mixed valence state of Fe, Cu
or Cr found in the bulk of Fe;_,Cu,CrsSs. More precisely the results contradict
both the Lotgering and the Goodenough model. Neither divalent Cu for high Cu
concentrations nor a change of the Fe valence state from Fe?* for x = 0 to Fe?* for
x = 0.5 was found. This could be explained by the fact that S exhibits a lot of extra
holes in the 3p band (Kimura et al., 2001), much more than predicted by Lotgering
et al. (1969).

Since there is only divalent Fe found in Fe;_,Cu,CrySy4, beside the fact that neither the
presented measurements nor measurements in the literature reveal an intermediate
Cr?* state, the tripleexchange model fails to describe the conduction mechanism.

Therefore one has to think of other models describing the magnetism, M-I crossover
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and the MR. In the following sections possible explanations for the magnetic and
electric behaviour of Fe;_,Cu,CrsSs will be discussed.

4.4.1 Magnetism in Fe; ,Cu,CrsS,

Fe;_,Cu,CryS, is a ferrimagnet for the hole substitution range except x=1.

CuCrySy is ferromagnetic. Beside the double- or tripleexchange model, the so called
direct exchange or the superexchange interaction between the spin magnetic moments
of atoms can determine the magnetism in an atomic system. While in the direct
exchange two spins interact directly over a short distance, in the superexchange in-
teraction two spin magnetic moments interact with each other over a non-magnetic
ligand (see also section 1.5).
Two superexchange interactions are predicted to be present in Fe; _,Cu,CryS;. One is
an antiferromagnetic intersublattice superexchange interaction between Fe(A)—Cr(B),
the other an intrasublattice superexchange interaction between Cr(B)—Cr(B) that is
ferromagnetic (Kim et al., 1993; Son et al., 2005; Kim et al., 2002; Tsurkan et al.,
2005). This results in a ferrimagnetic ground state. In figure 4.19 the magnetic
ground state and the two superexchange interactions are illustrated.

Antiferromagnetic
superexchange
interaction
Fe(A)-Cr(B)

Ferromagnetic
superexchange
interaction
Cr(B)-Cr(B)

A(Fe) B(Cr) X(S)

O 0 O

Figure 4.19: Tllustration of two superexchange interactions in Fe;_,Cu,CrsSy. One is an
antiferromagnetic interaction between Fe(A)—Cr(B), the other a ferromagnetic interaction
between Cr(B)—Cr(B). Here only the main part of the unit cell is shown. The spin direction
is indicated by white arrows.
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Often also a superexchange between the Fe ions is mentioned, but this can only be
present in inverse spinels. Since Fe;_,Cu,CryS; has a normal spinel structure where
Fe only occupies the A-site such an interaction is not possible. Figure 4.20 shows
the interacting orbitals in more detail. In the 90° Cr3* - anion - Cr3* interaction,
a half-filled m-bonding t orbital shares a common anion p orbital with an empty o-
bonding e orbital on the neighbouring cation. According to Kanamori (1959) this
results in a ferromagnetic spin interaction. In case of the 123.2° Fe?* - anion - Cr?*
interaction, not shown here, the prediction of the resulting spin interaction is difficult
due to the changing symmetry and the not vanishing orbital moment of the Fe?* ion.
But experimental results proof that this interaction is antiferromagnetic.

anion p orbital

half filled t orbital

Figure 4.20: Interacting orbitals of the 90° Cr3* - anion - Cr3* superexchange interaction.

The assumption of superexchange interactions to be responsible for the mag-
netism in Fe;_,Cu,CryS, is supported by Tsurkan et al. (2005). Here it is pointed
out that the non-monotonic variation of the conductivity for 0.2 < x < 0.5, the in-
crease of T¢ with decreasing lattice constant ag and the insulating character of the
samples for the whole substitution range, except x=1, indicate the superexchange to
be the dominant magnetic exchange mechanism in Fe;_,Cu,CrySy.

Here it has to be mentioned that there is evidence that beside the superexchange in-
teraction additional exchange interactions are present in chalcogenide spinels (Yang
et al., 2004; Baltzer et al., 1966). In case of Cr this could be easily seen by compar-
ison of the magnetic ground state of CdCrsS4 and ZnCryS,. CdCrySy is found to be
ferromagnetic, while ZnCrsS, is an antiferromagnetic, even though they are isostruc-
tural. This could be explained by more distant neighbour antiferromagnetic Cr —
Cr interactions competing with the nearest-neighbour ferromagnetic superexchange
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interactions, both modulated by the distance between the Cr ions. Since CdCryS,4 has
a bigger lattice constant (lattice parameter 1.0243 nm) than ZnCr,S, (lattice parame-
ter 0.9974 nm), it was deduced that in case of CdCryS4 the sum of the ferromagnetic
superexchange interactions is stronger than that of the more distant neighbour anti-
ferromagnetic Cr — Cr interactions. ZnCrsS, with a shorter Cr — Cr distance shows
antiferromagnetism due to dominant more distant neighbour Cr — Cr interactions.
Note that for Fe;_,Cu,CryS4 the situation becomes more complex, since also magnetic
ions are situated at the A-site making additional more distant neighbour interactions
possible. This gives rise to canting or frustration effects in Fe;_,Cu,CrsS,. As shown
by Tsurkan et al. (2005) also the lattice parameter changes considerably with the Cu
substitution x, which is significant for the spin interactions.

Since for CuCryS, the lattice parameter (0.9925nm) is even smaller than for the an-
tiferromagnetic ZnCrySy, the origin of the ferromagnetic Cr ground state is unclear.
One explanation for this could be an local atomic displacement due to exchanget-
riction (Martin et al., 1969). In CdCrsS,/Se, an anomalous absorption edge shift
was found as the temperature decreases below the Curie temperature. This shift was
attributed to a change in the lattice parameter. Although it could be shown that this
change is too small to cause such a shift, Martin et al. (1969) admit that if the local
atomic displacements attributed to exchangetriction are quite different from the local
displacements associated with an equivalent unit cell change under hydrostatic pres-
sure, exchangetriction could cause the absorption edge shift after all. If one assumes
an exchangetriction to cause the Cr-Cr distance to increase in CuCryS, without a
unit cell parameter change, one could explain the different magnetic ground states of
CuCryS, and ZnCraSy.

It also has to be mentioned that CuCrsS, is metallic in contrast to the semiconduct-
ing CdCr,S, and ZnCr,S,. CuCr,S,, which also shows mainly a d!° configuration at
the A(Cu)-site (see section 4.3.2), can be seen as a heavily p-type doped ZnCrsSy
causing the system to become metallic possibly due to reasons summerised in the
next section. It will be shown that there is evidence for a strong interaction between
charge carriers and local magnetic moments in these spinel systems. It is possible
that this interaction supports a ferromagnetic Cr ground state making it stronger
than the antiferromagnetic short range interaction.

In summary one can say that in Fe;_,Cu,CryS; the magnetism can be explained
by exchange interactions. Thereby for the hole substitution range except x=1 the
dominant exchange interactions in Fe;_,Cu,CryS; seem to be superexchange inter-
actions between Fe and Cr ions resulting in a ferrimagnetic ground state. However
in chalcogenide spinel systems additional more distant neighbour interactions can be
present and compete with the superexchange interactions. This could lead to spin
canting or frustration effects. It was also mentioned that the ferromagnetic ground
state of CuCryS, (x=1) could not be explained by the existing interaction models. As
a possible explanation the interaction of charge carriers and local magnetic moments
supporting ferromagnetism was mentioned.
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4.4.2 Conduction and magnetoresistance in Fe;_,Cu,CryS;

The temperature dependence of the resistivity and magnetoresistance of Fe; _,Cu,-
CraSy (x=0, x=0.5) are shown in figure 4.21 (panel (a) and (b)). As one can see,
although there are differences in value and behaviour, the basic features of the so
called metal to insulator (M-I) crossovers are the same. This is illustrated in panel
(c). For T > T¢ the resistivity increases with decreasing temperature exhibiting a
maximum about T (area A). With further cooling the resistivity decreases (area B),
but starts to increase again below a certain temperature far below T (area C). In
addition both samples show a maximum of the MR-effect about T¢. As mentioned
before with increasing substitution x the value of T increases monotonically, whereas
the room temperature resistivity and the MR change non-monotonously exhibiting a
minimum near x = 0.2 and maximum at x = 0.5 (Lotgering et al., 1969; Haacke and
Beegle, 1967; Ando et al., 1979; Fritsch et al., 2003).
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Figure 4.21: Resistivity and magnetoresistance versus temperature for FeCraSy (panel (a))
and Feg 5Cug 5CraSy (panel (b)), attached from Ramirez et al. (1997) . Panel (c) illustrates
the characteristics of the resistivity spectra.

Since the tripleexchange process can not be responsible for the conduction mech-
anism in Fe;_,Cu,CryS; one has to think of other possible explanations for the
resistivity- and MR-behaviour. Surprisingly in case of Fe;_,Cu,CryS, nearly no other
models can be found that try to explain its electric properties. This is different for
spinels like CdCryS, or CdCrySes. Here one can find a variety of different conduction
models. Since some of these systems are very similar to Fe;_,Cu,CryS; and show
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nearly the same behaviour (Bongers et al., 1969; Yang et al., 2004), it is reasonable
to introduce and discuss these theories.

Band splitting model

The report of strange magnetic and electric properties of n-type doped CdCrySy

and CdCrsSey (Lehmann and Robbins, 1966; Lehmann and Harbeke, 1967), includ-
ing magnetoresistance, initialised a variety of different investigation and explanation
efforts. One of the first models giving an explanation for the resistivity and MR be-
haviour was presented by Haas et al. (1967); Haas (1968); Bongers et al. (1969). Here
it was assumed that there are two distinct types of electronic states in the crystal.
One is derived mainly from outer s and p orbital states, which overlap strongly and
are properly described by energy-band theory. The charge carriers are assumed to
occupy states in this broad energy band. The other type of states is derived from 3d
orbitals of the Cr-ions. Electrons in these d states are more localised and assumed to
be responsible for the localised magnetic moments.
An interaction between charge carriers and the ionic spins now causes a splitting of the
conduction band and can lead to two different effects. One is a possible intra-band or
inter-band scattering of the charge carriers (spin disorder resistivity), changing their
mobility (figure 4.22 panel (a)). The other is a change of the charge carrier concentra-
tion due to an additional splitting of the donor levels (figure 4.22 panel (b)). These
effects are magnetic field and temperature dependent and affect the conductivity.
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Splitting of the conduction band due Fic. 6. Donor levels in a

to interaction between charge car-
rier Spin and core spin. Process

a: intra-band scattering; process b:

inter-band (spin-flip) scattering.

ferromagnetic semiconductor: (a)
paramagnetic region, with H =0;
(b) ferromagnetic region, or
paramagnetic region, with H 0.

Figure 4.22: In panel (a) the conduction band splitting and the charge carrier scattering
is illustrated (attached from Haas et al. (1967)). Panel (b) also illustrates the donor level
splitting (attached from Haas (1968)).
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The corresponding calculations give a good qualitative agreement with the resis-
tivity and MR behaviour (see figure 4.23).
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Figure 4.23: Calculation results of the band splitting model. Panel (a) shows the carrier
concentration versus reciprocal temperature and the magnetoresistance versus temperature,
in case of a field-independent mobility. In panel (b) the mobility and the MR versus tem-
perature in case of a field-independent carrier concentration is shown. Spectra are attached
from Bongers et al. (1969)

However this model only is applicable for the temperature range around T¢ (area

A.B in figure 4.21 (c)). The behaviour at low temperatures (area C figure 4.21 (c))
can not be explained by this. In addition it was pointed out that the calculated mo-
bilities are quite small showing strong scattering, for which this simple perturbation
theory becomes less reliable. Also a possible appearance of magnons or magnetic
polarons is mentioned, which is not considered in this model (Haas, 1968).
Bongers et al. (1969) further pointed out based on the valence model and energy level
diagram of Lotgering et al. (1969) that in case of Fe;_,Cd,CrsS, the magnetoresis-
tance seems to be caused by a different mechanism. Lotgering et al. (1969) assumes a
relative narrow Fe?* band to be present in the energy gap. Since the described split-
ting model is based on charge carriers situated in a broad conduction band it is not
applicable in this situation. Therefore the conduction in these materials is attributed
to hopping Fe?*, Fe3" conduction or to itinerant electrons (holes). But as shown
above (section 4.3) the found experimental results contradict the Lotgering valence
model and also Bongers et al. (1969) mentions that if the level diagram assumed by
Lotgering would be correct n-type doped FeCryS, should show a magnetoresistance
effect, which is not the case.
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Magnon-hole interaction and Magnetic polaron conductivity

Haas (1968) pointed out that an increased but not too strong coupling between
charge carriers and spins can lead to a so called magnon-drag effect (Wasscher and
Haas, 1964). If the coupling becomes very strong, magnetic selftrapping of the charge
carriers can occur, leading to magnetic polarons (von Molnar and Methfessel, 1967;
Ramirez, 1997).

Haacke and Beegle (1966) found an anomalous increase of the thermoelectric power
a in p-type FeCrySy near the Curie temperature and attributed it to a magnon-hole
interaction. This assumption is based on the magnon-drag effect. This effect arises
from a strong interaction between spin waves (magnons) and charge carriers through
which additional carriers are dragged along a temperature gradient, thereby increas-
ing the thermoelectric power o above the normal diffusion term. In case of FeCrySy
it is assumed that the increase of « is due to an increase of the kinetic energy of the
charge carriers caused by an interaction between magnons and holes. An explanation
for the resistivity and MR behaviour was not given.

A model involving magnetic polarons was published by Yang et al. (2000, 2004) to
describe the conductivity in Fe;_,Cd,CryS,. Based on the experimental results of
thermoelectric power measurements and Electron-Spin-Resonance (ESR) measure-
ments it is concluded that magnetic polarons dominate the conduction above T¢.
The decrease in the resistivity below T¢ is explained by a gradual change of the con-
duction mechanism. Evidence was found that a paramagnetic state still exists at this
temperature range making polaron formation possible. Due to this the resistivity in
this region is described in terms of a two-fluid model concerning the coexistance of
magnetic polarons and naked carriers. The naked carriers are assumed to originate
from Fe?* narrow bands. The increase of the resistivity and MR with increasing Cd
substitution x is attributed to a decrease of the carrier density.

However the polaron conduction can only describe the resistivity behaviour above T¢
and partly in a small temperature region below T where a paramagnetic state is
still present (area A,B in figure 4.21 (c)).

Mixed-Conduction Model

Amith and Gunsalus (1969) investigated the resistivity, the normal Hall coeffi-
cient and the thermoelectric power (Seebeck coefficient) of n-type doped CdCraSey
(1-2% In). The result could not be explained by existing theories and did point to a
multi-band model in which different mechanisms dominate at different temperatures.
Later a mixed-conduction model was presented (Amith and Friedman, 1970) consist-
ing of two bands, an n-type conduction band and a subsidiary hole band in the band
gap. These bands are assumed to change their energy edges with temperature leading
to the measured changes of resistivity, Hall coefficient and Seebeck coefficient.
Within this model the increase of the resistivity for T>T s with decreasing tempera-
ture (area A in figure 4.21 (c)) is explained by an electron freeze out onto the donors in
competition with an increase of the hole concentration. The decrease of the resistivity
with further cooling (area B in figure 4.21 (c)) is attributed to a rapid increase of the
electron concentration due to the reduction of the donor ionization energy while the
hole concentration decreases and becomes insigificant. The increase of the resistivity
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at low temperatures (area C in figure 4.21 (c)) is ascribed to impurity conduction.
It was pointed out that the resistivity like the Hall coefficient behaviour strongly in-
dicate a change in the carrier density rather than a mobility variation and that the
presented dual band model is the simplest one which can account for the measured
data in a consistent manner. Furthermore it is shown that the results cannot be
explained in terms of a single band, even if the spin splitting of the band and the
effect of spin-disorder scattering are included (see band splitting model above), nor
in terms of two n-type conduction bands.

It has to be mentioned that this model differs from the previous mentioned theories
in that extrinsic sources of charge carriers, like added indium impurities and intrin-
sic defects, are assumed to be essential for the electric behaviour. The postulated
p-type band situated in the band gap cannot be the materials intrinsic valence band,
since this lies much too far below the conduction band to account for any free holes.
Therefore it is assumed that this hole band originates from combined effects of added
indium impurities and intrinsic defects. In more detail two electrons are expected to
arise from a missing selenium ion in a selenium-deficient sample. These electrons now
can fill an impurity band formed by the indium donor in the n-type doped CdCrySey
resulting in an more-than-half-filled band with p-like behaviour. The donor levels are
ascribed not to the In ions, but to selenium deficiencies. This interpretation of the
roles of the indium and selenium defects is strongly supported by experimental find-
ings. It was shown that vacuum-annealing of a not doped p-type CdCrsySe, sample
(increased selenium deficiencies) leads to a negative Seebeck coefficient indicating n-
type conduction even without indium doping. On the other hand defect free samples
showed p-type conduction regardless of whether or not they were doped with indium.
In addition in defect free n-type doped samples the decrease of the resistivity about
T was absent like in not-doped samples. This strongly suggest that selenium defi-
ciencies are indeed responsible for the n-type conduction and that indium impurities
are essential for the resistivity behaviour.

Note that the dual band model gives an explanation for a lot of experimental results
but is not directly concerned with the magnetoresistance effect.

Magnetic impurity state (MIS) model

Larsen and Voermans (1973) investigated n-type doped (2% Ga) CdCrsSey and
CdCryS4 samples that were differently treated. A model was introduced explaining
the resistivity maximum and the negative magnetoresistance around T¢ not with a
change in the mobility and/or the number of charge carriers in the conduction band,
but with a so called magnetic impurity state (MIS)-type conduction. In this model,
originally proposed for EuSe and EuS (Kasuya and Yanase, 1968), a point defect
structure, also called Schottky-Wagner defect structure, with vacancies of chalcogen
and cadmium is considered to be present. The concentration of this defects is altered
by annealing of the samples at different gas pressure.

It was found that in undoped samples a resistivity maximum near To as well as a
considerably large MR was absent. Therefore it was concluded that if the present
conduction mechanism can be ascribed to charge carriers in the conduction band, the
long range magnetic ordering has practically no influence on the electron mobility
and the numbers of electrons in the conduction band. This is in contradiction to the
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spin splitting model. The resistivity behaviour for undoped samples is explained by
an decrease of the electron density in the conduction band, that is partly cancelled
by an increase of the mobility.

Samples that were doped with 2 per cent Ga showed a resistivity maximum near T¢
and a large MR. It is believed that at high temperatures (area A in figure 4.21 (c))
the conductivity is the sum of a band conductivity and an impurity conductivity. The
conduction ist assumed to be determined by the electrons ionised into the conduction
band, whereas the Ga dopant forms an impurity band separated from the conduction
band, which can participate in the conduction if partly filled. According to the MIS
model the s-d exchange interaction may be the main source of the activation energy.
This energy is needed to align the spins between a Ga*t and a Cr®" ion in spite
of an empty donor place, which enables electrons to move from an occupied to an
unoccupied donor position. The activation energy decreases with increasing magnetic
ordering. Therefore the impurity conduction increases with decreasing temperature.
The resistivity maximum (area B in figure 4.21 (c)) will be observed at the tempera-
ture where the main conduction mechanism shifts from band conduction to impurity
conduction. Since the activation energy is influenced by the magnetic ordering an
external magnetic field can change the resistivity, which leads to the negative mag-
netoresistance. It is further proposed that the anomaly of the thermoelectric power
is due to spin polarisations around the s-electrons in the impurity band.

The conduction via magnetic impurities can explain the MR and resistivity behaviour
in differently treated CdCrySey and CdCrySy in the T temperature region (area A
and B in figure 4.21 (c)). But the increase of the resistivity for low temperatures
(area C in figure 4.21 (c)) can not be explained by this model.

In summary

Now it becomes clear that there are a lot of different explanations for the anom-
alous electric behaviour of chalcogenide spinel systems. Some models propose intrin-
sic mechanisms to be responsible for the conductivity, other models involve extrinsic
charge carrier sources. Also the temperature region for which the models are appro-
priate differs.

In my opinion an adequate model describing the resistivity behaviour of chalcogenide
spinel systems has to involve extrinsic conduction mechanisms. This is most likely
also the case for the Fe;_,Cu,CrySs system. The simple fact that there are no mixed
valence states found to be present in the bulk of Fe;_,Cu,CryS,; makes the formation
of S holes and/or defects necessary for charge compensation. As shown in Amith
and Friedman (1970) and Larsen and Voermans (1973) the formation of chalcogenide
defects is essential for the electric behaviour of these compounds. Without defects
these materials do not show an anomalous resistivity behaviour. Interestingly also
a small n-type doping (about 2% In or Ga) seems to be necessary for the resistivity
maximum and MR in CdCr,Ses and CdCr,S,. Such a small doping due to Fe3* ions
could also be present in Fe;_,Cu,CryS,, since XAS measurement would not detect
such a small Fe3* amount. Therefore I would propose a model involving the dual
band conduction and/or the magnetic impurity state (MIS) conduction. These mod-
els can not only explain the anomalous electric behaviour of these materials, but also
the changes due to different doping and treatment. The fact that also Lotgering
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et al. (1969) found a complete change of the Seebeck coefficient caused by different
treatment of Feg5Cug5CraySy strongly supports this.

The changes of the MR and resistivity with the Cu substitution x in Fe;_,Cu,CrySy
can thereby be explained by a change of the amount of magnetic impurities and/or
chalcogenide defects. According to the MIS model also the exchange interactions of
the spin magnetic moments is important for the impurity conduction. Tsurkan et al.
(2005) showed that the lattice constant changes considerably with x, which would af-
fect exchange interactions. In addition as shown in figure 4.24 the possible pathways
of the superexchange interaction between Fe and Cr ions is significantly changed by
X.

- -

Antiferromagnetic
superexchange
interaction
Fe(A)-Cr(B)

- —— -

Figure 4.24: Possible channels of the Fe(A)—Cr(B) antiferromagnetic superexchange in-
teraction in Fe;_,Cu,CroSy for different Cu concentrations.
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The finding of a considerable Fe3* and a small Cu?T amount on the surface of air

treated Feg 5Cug 5CraSy single crystals also introduces an additional source of extrinsic
charge carriers, since many conduction experiments are performed in air and/or on
powdered samples. It is likely that an impurity layer on the surface of Fe;_,Cu,CrySy
plays a significant role in the conduction mechanisms.
Here it has to be mentioned that all these models are concerned with the resistivity
and MR behaviour of the Curie temperature region in the first place (area A and B
in figure 4.21 (c¢)). The reason of the resistivity increase at low temperatures (area
C in figure 4.21 (c)) is still unclear. In case of CdCrsSe, it was assumed that this
behaviour is due to an impurity conduction (Kondo effect) (Amith and Gunsalus,
1969).

4.5 Conclusion

The valence state of the Cu and Cr ions in Fe; ,Cu,CryS; (x = 0.2, 0.5, 0.6,
0.9) single crystals was investigated using XPS spectroscopy. The results indicate
that Cu and Cr remain mainly monovalent and trivalent, respectively, throughout
the various Cu concentrations. Furthermore XAS, XPS and XMCD measurements
of single crystalline Fey5Cug 5CryS, were performed. The comparison with reference
measurements and literature data revealed that a small amount of Cu?* observed in
Feg 5Cug5CraSy is sample dependent and therefore most likely related to an impurity
phase, possibly due to oxidation on the surface.

In addition the measurements do not show trivalent Fe ions to be present in in-situ
cleaned Fey5Cug5CraS,. Reference measurements and multiplet calculations clearly
identify divalent Fe ions in the measured spectra of the sample bulk. Also evidence
was found that the only known reference that claimed to have measured XAS and
XMCD spectra of Fe3' in Feg5CugsCrySy (Deb et al., 2003) most likely measured
divalent Fe ions as well.

However a considerable amount of Fe?* was found to be present in the surface layers
of Feq5Cug5CraS, samples, that were not cleaned in-situ prior to the measurements.
It also could be shown that in samples treated in air, especially in powdered samples,
a considerable amount of Fe3* appears. In addition XAS measurements with different
beam positions on the in-situ cleaved surface of a small Feq 5Cug5CraSy sample gave
evidence that the Fe valence change can reach surprisingly deep into the sample bulk.
Since many complementary experiments use powdered samples and measure in air
or low vacuum, the finding of this Fe valence instability might explain the differing
results concerning the Fe valence in Fey5Cug5CraSy.

Calculation of the magnetic moments from the XMCD measurements revealed the
Fe and Cr spin magnetic moments to be significantly reduced compared to the ionic
ones. Possible explanations were discussed revealing the sample preparation and
the found Fe valence change in the surface layers to be most likely involved causing
magnetic frustration and /or surface anisotropy. Differences in the orbital moments in
comparison to published values give rise to the assumption of a change of the crystal
field, thus the crystal structure, at the sample surface.

In summary, these results provide evidence that the Cu- and Cr-ions in the bulk of
Fe;_,Cu,CrsSs do not change their valence state over the whole Cu concentration
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range. Furthermore, these data suggest that most of the Fe ions stay divalent at
least for x < 0.5. Since without a mixed Fe valence state the tripleexchange process
fails to describe the electric and magnetic behaviour of Fe;_,Cu,CrySy, other models
explaining the conduction mechanism and magnetism in chalcogenide spinel systems
were introduced and discussed. The ferrimagnetic ground state could be explained
by inter- and intrasublattice superexchange interactions between the Cr and Fe ions.
Concerning the anomalous electric behaviour of Fe;_,Cu,CrySy it was found that an
appropriate model has to involve extrinsic charge carrier sources like chalcogenide
defects and/or magnetic impurities. Furthermore the experimental results also give
rise to the assumption of an additional extrinsic charge carrier source. It is imaginable
that an impurity layer on the surface of Fe;_,Cu,CryS, plays a significant role in the
conduction mechanisms.
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Chapter 5

Summary and Outlook

5.1 Summary

In this work the electronic and magnetic structure of various chalcogenide sys-
tems was investigated by means of X-ray spectroscopic techniques.
In chapter 1 the history of X-ray spectroscopy is introduced together with basics con-
cerning the measurement techniques X-ray photoelectron spectroscopy (XPS), X-ray
absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD), their
spectral features and instrumentation. In addition a short introduction in multiplet
calculations and magnetism is given.
The goal of this work was the investigation of iron (Fe) in various chalcogenides in
order to reveal reasons for the contradictory results found in the attempt to clarify the
electronic and magnetic Fe state in these compounds. This is essential if one wants
to understand the interesting electric and magnetic properties of these materials and
highly necessary for the development of new materials, electric structures and devices
for future applications.
The main finding of this work is the presents of a valence instability of the Fe ions
in many chalcogenide advanced materials. Thereby the Fe valence-change process
seems to differ between the crystalline and molecular materials. The crystals show
a temporally change of the Fe valence state from Fe?" to Fe3t at the surface layers
while stored ex situ (oxidation like process). In contrast to this for the molecules a Fe
valence state change from Fe?" to Fe?* is found induced by a photon beam (reduction
like process). In the following the results of this thesis are summarised in more detail.

5.1.1 Fe in different chalcogenide compounds

In chapter 2 an overview of Fe 2p XAS and XMCD measurements on differ-
ent chalcogenide systems was given. The investigated materials were the crystals
SroFeMoQg, Feg5Cug5CraS, and LuFe,O4 as well as the molecules FeStar, MoroFesq
and WroFesg. The measurements revealed additional temporally effects changing the
magnetic and electronic iron state in these compounds. Thereby the crystalline ma-
terials showed a different behaviour than the moleculare ones. In case of the crystals
a chemical change seems to occur ex situ with time, which leads to the appearance of
paramagnetic or antiferromagnetic Fe?" ions at the surface layers. In contrast to this
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for the molecules a structure and/or valence instability seems to be present activated
by the synchrotron beam, which leads to the appearance of Fe?* ions showing an
overall magnetic alignment. Evidence was found that this instability is caused by the
ligand structure of the molecules.

XAS and XMCD measurements of SroFeMoOg crystals gave first evidence for a
change of the Fe valence state with time described and discussed in more detail
in chapter 3. It could be shown that with ageing of the samples an increase of
the Fe?* contribution to the absorption spectrum occured, which could not be
seen in the XMCD signal indicating a para- or antiferromagnetic ground state
of the ions.

XAS and XMCD measurements of FegsCugsCraS, revealed a similar effect.
Here the whole Fe3* contribution to the absorption spectrum was found to be
due to changes of the Fe valence state. Further investigations of differently
treated samples indicated that the trivalent Fe ions are only present in the
surface layers, while the bulk of the sample only contains divalent Fe ions. This
led to new explanations for the interesting magnetic and electric properties of
Feg 5Cug5CrySy described and discussed in more detail in chapter 4.

Also for the crystal LuFe,Oy4 an increased Fe?™ amount was detected in the XAS
spectrum measured in the surface sensitive total electron yield (TEY) mode.
By assuming this additional Fe3* ions also to be due to an ageing effect and
not to contribute to the dichroic signal, the XAS and XMCD spectra could be
well simulated by multiplet calculations. Thereby it could be shown that no
frustration is present in the Fe magnetic ground state of LuFe;Oy.

Investigation of the FeStar molecule revealed at least 90% of the Fe ions to be
divalent in contradiction to basic magnetochemical investigations and magnetic
measurements showing all Fe ions to be trivalent. In the following evidence was
found that the photon beam radiated onto the sample causes a change of the
Fe valence state from Fe?* to Fe?* and a structure distortion of the ferric star
molecule. Comparison with the very similar Fe, molecule revealed the ligand
structure in the FeStar to be most likely responsible for this instability.

Finally the molecules Moz Fesy and WrsFesy were investigated. In both com-
pounds Fe is predicted to be trivalent surrounded by oxygen octahedrally. While
this could be supported by XAS and XMCD measurements in case of WyyFeso,
for MoryFesy about 45% of the Fe ions were detected to be divalent. In addition
indication for a distortion of the Fe surrounding in Moz Fesy was found. Since
the ligand structure of Moz Fesq differs considerably from the one of WyoFesq it
could be concluded that, like found for the FeStar molecule, also in case of the
Fezy molecules the ligand structure could cause a structure and/or Fe valence
instability.

5.1.2 Ageing effect in SroFeMoOg

In chapter 3 Fe 2p XAS and XMCD measurements of the double perovskite
SroFeMoOg were compared to charge transfer multiplet calculations. While in the
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absorption spectrum a surprisingly high amount of trivalent Fe was found, in the
XMCD measurement the Fe? signal was not increased. This led to the assumption
of para- or antiferromagnetic Fe?* ions to occure in SroFeMoQg.

Based on these findings Fe 2p XAS and XMCD measurements of SroFeMoOg that
recurred over several years were compared to CT multiplet calculations. This re-
vealed an ageing effect causing a considerable increase of para- or antiferromagnetic
Fe3* ions in SroFeMoOg samples with time. As a possible explanation the appear-
ance of SrFeO3_, particles was assumed. Since in SroFeMoOg not a double-exchange
process was found to cause the magnetoresistive behaviour, but an impurity induced
tunnelling-type magnetoresistance (TMR) process, it was pointed out that the found
ageing effect could have a major influence on the magnetoresistive properties of
SroFeMoOg crucial for possible future applications.

5.1.3 Valence states in Fe;_,Cu,Cr,S,

In chapter 4 the valence states of Cu, Cr and Fe in Fe;_,Cu,CryS; (x = 0.2, 0.5,
0.6, 0.9) single crystals were investigated using XAS, XMCD and XPS. The results
indicated that the Cu and Cr ions remain mainly monovalent and trivalent, respec-
tively, throughout the various Cu concentrations. Furthermore the Fe ions were found
to stay divalent at least for x < 0.5.
In addition the investigation of Feg 5Cug5CrsSy revealed Cu?* and Fe?* to be present
in the sample most likely due to an ageing effect. Samples treated in air especially
when pulverised showed a considerable high amount of trivalent Fe. However when
cleaned in situ the whole Fe3* signal disappeared showing only divalent Fe to be
present in the bulk of the sample. Comparison with literature results and reference
measurements revealed the Cu** amount to be sample dependened, possibly also due
to an ageing effect. Since many complementary experiments use powdered samples
and measure in air or low vacuum, this finding might explain the differing results
concerning the Fe and Cu valence in Feg 5Cug 5CraSy.
Since without a mixed Fe valence state the tripleexchange process fails to describe
the electric and magnetic behaviour of Fe; ,Cu,CryS,, other models explaining the
conduction mechanism and magnetism in chalcogenide spinel systems were intro-
duced and discussed. Thereby the ferrimagnetic ground state could be explained by
inter- and intrasublattice superexchange interactions between the Cr and Fe ions.
Concerning the anomalous electric behaviour of Fe;_,Cu,CryS, it was found that an
appropriate model has to involve extrinsic charge carrier sources like chalcogenide
defects and/or magnetic impurities. Furthermore the experimental results also gave
rise to the assumption of an additional extrinsic charge carrier source. It was assumed
that an impurity layer on the surface of Fe; ,Cu,CryS, could play a significant role
in the conduction mechanisms.

5.2 Outlook

In this work evidence was found that for many different compounds the electronic
and magnetic state of iron changes due to sample ageing, the sample treatment or the
measurement technique (photon radiation). In the next step it would be appropriate
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to further elucidate the origin and course of these changes.

In case of the crystalline materials like Fe;_,Cu,CrySy, SroFeMoOg and LuFe,Oy it
would be interesting to study the time dependence of the found ageing effect in more
detail. The investigation of samples that were exposed to chosen atmospheres and
pressures for different time periods could help to find out more about this effect.
In addition to get more information about the characteristics of the found surface
changes, aged samples could be investigated with Atomic Force Microscopy (AFM),
Scanning Tunneling Microscope (STM) or X-ray Diffraction (XRD). It also would be
important to find out how the found changes could affect or initiate the anomalous
magnetic and electronic behaviour of these materials.

In case of the molecular materials like FeStar, Mo7sFesy and WrooFesq it would be
interesting to study the influence of the ligand structure on the valence or structure
instability in more detail. For instance the production of Mo7yFesy and WooFesg with
both types of ligand structures could help to identify the origin of this effect. Also
the investigation of samples already radiated and changed with a photon beam could
give a lot of information about the course and characteristics of this light induced
effect. Note that this investigation could also be extended to molecules containing
different magnetic elements. For instance, experimental results indicate that a similar
valence instability could be present for manganese (Mn) and cupper (Cu) containing
molecules (Prinz, 2009; Taubitz).
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