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Abstract
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This thesis addresses the electronic structure of vanadium and copper oxides using soft X-ray
absorption (SXA) spectroscopy and resonant inelastic X-ray scattering (RIXS) at high
brightness synchrotron radiation sources. In RIXS incident photons, tuned to the energy of
specific absorption resonances, are inelastically scattered leaving behind a low energy valence
excitation in the system studied. Effects of electron localization are reflected by the
occurrence of low-energy excitations in form of dd- and charge-transfer excitations that are
modelled by cluster calculations. Band-like states are dominating when the intermediate core
excited state is delocalized.

RIXS at V 2p and O 1s resonances has been used to study the electronic structure of the
monovalent vanadium oxides VO, and V,0,, and of the mixed valence compounds, NaV O

and VO,,. For NaV,0, and VO, sigzniﬁcant contributions from localized low-energy
excitations reflect the partly localized character of their valence band electronic structure,
whereas VO, and V,0, appear mostly as band-like. Effects of carrier doping are addressed for
the case of Mo doping into VO, and reveal a quasi-rigid band behavior. In the cases of VO,
and VO, the temperature dependent metal-insulator transition could be monitored by
following the spectral evolution of bands originating from V 3d and V 3d - O2p hybridized
states. For Na,V,O, nanotubes it was possible to selectively probe states from the apical and
the basal oxygen sites of VO, pyramids that constitute these nanotubes. Furthermore, the
RIXS technique has been demonstrated to be highly valuable in characterizing the charge
transfer processes that accompany lithium insertion into vanadium oxide battery cathodes.
Finally, for insulating cuprates RIXS at O 1s, Cu 3p and Cu 3s resonances has been recorded
at high-resolution for the detailed investigation of crystal field excitations.
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Chapter 1

Introduction

Vanadium oxides belong to the important class of early 3d transition metal com-
pounds [1], which have received strong attention in research over the last decades.
Owing to their broad variety of electronic, magnetic and structural properties
and because of their interesting technological applications, they have been widely
studied. Prominent examples of industrial applications range from the area of
catalysis to optoelectronics, where vanadium oxides are for instance used for the
construction of electrical switching devices [2] and smart thermochromic windows.

Chemical substitution facilitates to synthesize tailor made materials with fine
tuned physical properties. Their relatively open crystal structure, consisting of
distorted VOg octahedra, makes it possible to introduce an alkali metal as a further
component. Especially, Lit ions can achieve high mobilities in crystal lattices due
to their extraordinary small radius. Therefore vanadium oxides have recently been
studied also as promising cathode materials for rechargeable lithium batteries,
where Li is inserted into vanadium oxide based materials [3,4].

A most important characteristic is, that vanadium oxides display metal-to-
insulator or metal-to-semiconductor transitions [5,6] as a function of the temper-
ature, which are closely linked to potential value in their respective applications.
Understanding the dual nature of their electronic structure, being governed by
interplay of localized strongly correlated as well as delocalized (intinerant) 3d
electrons, is a formidable challenge for basic condensed matter and materials re-
search.

Late 3d transition metal oxides and in particular copper oxides, on the other
hand are known to be strongly correlated systems, where the on-site d-d Coulomb
repulsion at Cu sites, Ugq, is larger than the d-band width W [7]. After the
discovery of the high-T, superconducting cuprates also insulating cuprates have
gained renewed interest [1,7]. Upon doping insulating copper oxides, for instance
with Group IIb elements, transitions to the superconducting phase can be induced.
Moreover, they can serve as ideal model systems for the understanding of the
spectroscopic properties of the Cu-O octahedra, the basic building blocks of the
crystal structure of most copper oxides. Spectroscopic studies investigating the
role of correlation effects for the electronic structure are of immense importance

11



12 INTRODUCTION

for the understanding of the basic origin of macroscopic transport properties.

The current studies are focused on the characterization of the electronic struc-
ture of vanadium and copper oxides by means of resonant soft X-ray emission
(SXE) [8] and soft X-ray absorption (SXA) spectroscopy [9]. SXA and SXE spec-
troscopy probe unoccupied and occupied valence band states, respectively. In
resonant SXE (RSXE) spectroscopy experiments monochromatized synchrotron
radiation, tuned to the energy of specific resonances in the SXA spectrum of the
material studied, is employed to selectively excite SXE [8].

Thereby atomic and even orbital sensitive information can be gained from the
RSXE spectra, which characterizes the chemical state of specific atoms in the
material. For many delocalized materials, like for instance wide band materials,
the photon excitation and emission process can be viewed as two consecutive
decoupled steps [10]. However, it is not always justified to consider the whole
RSXE process as two separated processes. Moreover, for correlated materials the
intermediate state after the photon excitation is rather localized and in order to
accurately describe the electronic structure of such materials one needs to treat
RSXE spectroscopy as a one step process described as resonant inelastic X-ray
scattering (RIXS) [8,11,12].

In this view the incident photon is inelastically scattered and thereby occurring
spectral contributions due to (localized) low energy charge neutral excitations, like
crystal field excitations (e.g. dd-excitations) or charge transfer (CT) excitations
between delocalized ligand and localized transition metal orbitals, can be ana-
lyzed and explained. Such charge neutral excitations are particular prominent in
correlated 3d transition metal oxides like copper and vanadium oxides, and their
study allows to probe the degree of localization and the role of electron correlation
effects.

The thesis is organized in the following way. In chapter 2 I will describe the
theoretical background relevant for the understanding of the performed soft X-ray
spectroscopy investigations. Chapter 3 deals with theoretical models which are
used to interpret the RSXE spectra of the studied solid vanadium and copper
oxide samples. Chapter 4 gives a description of the experimental set-up used
and describes the sample preparation. In chapter 5 all results of the included
papers are summarized in great detail and ordered in separate sections dealing
with vanadium oxide materials (paper II, VI, VIII, XI, XII and XV), vanadium
oxide based Li-battery systems (paper IV, V, IX and X) and insulating cuprates
(paper I, III, VII, XIIT and XIV).



Chapter 2

Theoretical background of
soft X-ray spectroscopies

2.1 General background of soft X-ray spectroscop-
ies

Spectroscopic techniques use interactions between photons and matter to probe
the electronic structure and measure thereby the energy distribution of electronic
states in atoms, molecules or solid state materials. By determining transition prob-
abilities between these states it is possible to investigate the origin of chemical and
physical material properties. Consequently, spectroscopy is nowadays one of the
most powerful tools in modern physics. In particular, fundamental spectroscopic
observations triggered the development of quantum mechanics. One prominent
example for this is the measurement of the hydrogen spectrum by Anders Jonas
Angstrém in Uppsala, which was later described by the famous Balmer series.

The valence levels of atomic systems host the least bound electrons and the
core levels have much higher binding energies. Therefore valence electrons are
responsible for the bonding between atoms in molecules or solids, and the energy
distribution of their states in occupied and unoccupied parts is related to chemical
properties of the materials. Core states are spatially localized at a specific atom,
and therefore core states of different elements are energetically well separated.
Since electronic transitions between shallow core and valence levels correspond
to photon energies that fall into the range of soft X-rays (ca. 20 eV to 5 keV),
radiation from this spectral region is extremely useful for the studies of electronic
properties of various materials. Fig. 2.1 - 2.3 depict different spectroscopic modes
utilizing photons from the soft X-ray range.

Soft X-ray spectroscopies following from single photon excitation and ionization
processes are summarized in Fig. 2.1. In soft X-ray absorption (SXA) spectroscopy
(Fig. 2.1 (a)) [9,13], a core electron is promoted to an empty valence state by an
incident X-ray photon of energy hw;. By varying hw; in SXA spectroscopy one
can map the unoccupied valence states. The atomic-like nature of the core hole

13
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Figure 2.1: Schematic illustrations of soft X-ray spectroscopies with one-photon
processes in an insulator. Horizontal and vertical axes represent binding energy
(Ebinding) and density of states (DOS), respectively. The valence band (VB) is split
into an upper unoccupied VB and a lower occupied VB with the Fermi level, Ercrmi,
between them. Note that the energy difference of the VB and the horizontal bar sym-
bolizing the core level is underestimated. (a) Soft X-ray absorption (SXA), (b) X-ray
Photoelectron Spectroscopy (XPS), and (c) Ultraviolet Photoelectron Spectroscopy
(UPS).

makes SXA an elemental and site sensitive spectroscopic technique. Photoemiss-
ion spectroscopy (PES) [14] measures the kinetic energy distribution of emitted
photoelectrons that are excited to the high-energy continuum. Depending on the
energy of the incident photons, PES is generally divided into X-ray Photoelectron
spectroscopy (XPS) (see Fig. 2.1 (b)) or Ultraviolet photoelectron spectroscopy
(UPS) (see Fig. 2.1 (c)), where XPS and UPS ionize core and valence states,
respectively. The measured kinetic energy Fpy;petic Of the emitted electrons can be
related to the binding energy Epinging by

Ebinding = hw — Ekinetic — @, (21)

where Aw is the energy of the incident photon and ¢ is the work function. Using
UPS, which is sometimes also called valence band PES (VB-PES), one gets thereby
information about the distribution of the occupied valence states, i.e. chemical
information. XPS as a core level spectroscopy reveals direct elemental information
and in addition also chemical information by the energy position and shape of
the lines, which are dependent on the chemical environment. Therefore XPS is
often also denoted as Electron Spectroscopy for Chemical Analysis (ESCA) [15].
SXA, XPS and UPS are first order optical processes in the sense that first order
perturbation theory of the electron-photon interaction can be used to describe
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their properties.

After a core hole is created, the resulting core ionized (Fig. 2.2 (1)) or core
excited (Fig. 2.3(I)) state will rapidly decay on a femtosecond time scale. In this
decay process the vacant core level is filled by a valence electron in an electron
transition, either by a non-radiative Auger decay involving the emission of an
Auger electron (Fig. 2.2 (2A)) or by the fluorescence of an X-ray photon (Fig. 2.2
(2B)).

The Auger electron yield for light elements dominates over the fluorescence
yield in the soft X-ray region by a factor of 100-1000 [16,17]. This poses due to
the relatively small solid angles of photon collection high demands on the required
excitation intensities for soft X-ray fluorescence spectroscopy, which is nowadays
mostly denoted as soft X-ray emission (SXE) spectroscopy [8]. Therefore SXE
spectroscopy, which measures intensity and photon energy distribution of x-rays
emitted from a sample, was long limited by the use of excitation sources delivering
high-energetic electron beams of several keV kinetic energy, a technique which
creates a core ionized state. The arrival of dedicated synchrotron radiation sources
made it possible to employ monochromatized soft X-ray photons as excitation
agents for SXE spectroscopy.

When the initial photon excitation process by incident soft X-ray photons of
energies well above the ionization threshold results in a core ionized intermediate
state, the following SXE process is generally denoted as normal SXE (NSXE) (see
Fig. 2.2 (1/2B)) [8,11]. The intermediate state in NSXE is the same as the final
state for XPS. Therefore, the SXE process in NSXE can be described indepen-
dently from the excitation process, i.e., the excitation and subsequent radiative
decay can be viewed as a two-step process. In this case NSXE can be described
as spontaneous emission of X-ray photons in a dipole transition between two elec-
tronic states. NSXE is largely independent of the incident photon energy hw; and
thus often reflects partial density of states (PDOS) of the occupied valence band,
if atomic multiplet effects can be neglected.

Furthermore, monochromatized photon excitation below the ionization thresh-
old (see Fig. 2.3 (I)) enables to perform resonant soft X-ray emission (RSXE)
spectroscopy [11]. RSXE is a second order optical process, where an incident pho-
ton of energy fiw; promotes a core electron to an empty valence level (Fig. 2.3
(I)) and subsequently a valence electron fills the core hole in a radiative transition
emitting an X-ray photon of energy fiws (Fig. 2.3 (IIb)). The final state of SXA
spectroscopy is the intermediate state in RSXE. In contrast to XPS, which leaves
the system in a ionized state, RSXE is a charge neutral process, i.e. the number
of electrons in ground and final state is identical for a specific atomic site. If the
core hole is filled by the same valence electron which was excited from the ground
state, one speaks of direct re-emission or of an elastic contribution in RSXE (Fig.
2.3 (ITa)).

SXE spectroscopy has several advantages over other spectroscopies. It is as
a photon-in/photon-out technique bulk sensitive, owing to the attenuation length
of soft X-ray photons (ca. 100-200 nm), revealing complementary information
to the surface sensitive electron spectroscopies. In addition to the common ele-
mental selectivity of core level spectroscopies, RSXE greatly profits from the use
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Figure 2.2: Schematic illustrations of the decay processes after an initial core ion-
ization (1). (2A) Auger electron emission. (2B) Soft X-ray fluorescence or normal
soft X-ray emission (NSXE)leaving the system in an valence ionized final state.
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Figure 2.3: Schematic illustrations describing the processes of resonant soft X-ray
emission (RSXE). (I) Core excitation. (Ila) elastic part of RSXE where the initial
and final state are the same. (IIb) inelastic part of RSXE where the final state is a
valence excited state.
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of selective excitation with synchrotron radiation in obtaining atomic site- and
orbital-sensitive properties. This entails that RSXE reflects the PDOS projected
onto specific atomic sites or, owing to the use of polarized X-rays and the virtue
of dipole selection rules, onto orbitals of defined symmetry.

Tuning of monochromatized synchrotron radiation to photon excitation en-
ergies close to the core threshold RSXE reveals interesting additional resonance
phenomena, which can not be explained by a two-step description. It was shown
that RSXE must be treated as a coherent absorption-emission event, i.e. it must
be regarded as an one-step process [18]. In this description one is dealing with a
photon-in/photon-out scattering process and RSXE is then often denoted as res-
onant inelastic X-ray scattering (RIXS), which is described by inelastic scattering
theory [11,18]. This entails that RSXE/RIXS can give valuable information on
dynamic properties and, e.g., the influence of correlation effects in the electronic
structure. After giving an descriptive overview about different soft X-ray spect-
roscopies and the underlying electron-photon processes, the next section will be
devoted to the quantum mechanical description of SXA, NSXE and RIXS.

2.2 Quantum theory of radiation

Interaction of light with matter

In non-relativistic quantum mechanics [19] the electromagnetic radiation field A
is a vector potential operator at position r; and time ¢,

¢ | T s iker;—i A ikt
A=A(r;,t) :\/_V Z Z % [ak,aeae kerg—iwt 4 a;oéeae kerit “’t}, (2.2)
k «

where ag , and aL ., are annihilation and creation operators, which decrease and
increase the number of photons by one, respectively. In Eq. (2.2) k and « stand
for wave vectors and spin quantum numbers of the material system. €, are unitary
polarization vectors and w gives the photon frequency. For the electrons ¢ of an
atom in a quantum mechanical system describing some material the interaction
Hamiltonian can be written as:

e e
H,, = (—QA- . —A-A). 2.
s e 21: p; + p (2.3)
Eq. (2.3) gives together with the Hamiltonian of the unperturbed system,

Hy = Z(ipz + V(rﬁ), (2.4)

2m

for the total Hamiltonian of the system:
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where p; is the momentum vector of electron i and V (r;) is the scalar potential at
electron i of the system under consideration.

Fermi’s Golden Rule

The vector potential A(r;,t) is a quantized field operator and is written in Eq.
(2.2) as a superposition of creation and annihilation operators, which are directly
related to the photon number operator. For a single electron transition, i.e. a
single photon emission or absorption event, the eigenvalue of the photon number
operator has to change by exactly one. The second term < A - A in Eq. (2.3)
for the interaction Hamiltonian changes the total number of photons by 0 or +2
and has in the lowest order of perturbation theory no contribution to one photon
processes. For single photon processes only the left term of Eq. (2.3) contributes
and the transition probability is proportional to the squared matrix element of
the interaction Hamiltonian Eq. (2.3) between the initial |i) and final |f) photon
state. It is straightforward to derive the transition probability w; s per unit time
from the total Hamiltonian in Eq. (2.5) employing time dependent perturbation
theory treating H;,: as a small perturbation. The famous result is Fermi’s Golden
Rule,

2 .
wy,f = g|<f|Hmt|Z>|25(Ef — Ei ¥ hw), (2.6)

where the delta distribution takes care of energy conservation, £ — E; F hw = 0,
between final and initial states, and —hw or 4+hw refer to the absorption or emission
of a photon, respectively.

Transition rate of the X-ray emission process

In the soft X-ray region photon wavelengths are much larger than atomic dimen-
sions or crystal lattice parameters. Therefore the the scalar product k- r; must be
much less than unity and in a series expansion of Eq. (2.2) we can approximate for
the exponential term e ~ 1. Assuming emission of a photon in a continuous
energy interval [hw, h(w+ dw)] into a solid angle element d2 the number of allowed
states is pd(hw) o w?dd(hw). Multiplying by the latter, integrating Eq. (2.6)
over the photon energies d(hw) by using Eq. (2.2) and Eq. (2.3) together with the
approximations above leads to the transition rate:

waq o w|{f|éq - Pli)[*dS2. (2.7)

Rewriting Eq. (2.7) with the use of the commutation relation between position
operator r and the unperturbed Hamiltonian (p = %[r, Ho]) gives the familiar
form [19],

wao < W3 (f|éq - r]i)|?dS, (2.8)

with the electric dipole operator (&, - r). Eq. (2.8) for the transition rate of
emitted photons into the solid angle element df) is written in the electric dipole
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approximation, which approximates the vector field by an oscillating dipole. In
Eq. (2.7) and (2.8) is implicitly assumed that only one electron participates in the
spontaneous emission process, i.e. NSXE or ordinary fluorescence is described.

Electric dipole selection rules

Angular integration of Eq. (2.8) imposes dipole selection rules for single photon
transitions by determining the non-zero matrix elements. They state that only
transitions are allowed, which change the angular momentum quantum number [
by one, Al = 4+1. In addition the z-component of the orbital momentum quantum
number m has to fulfill Am = +£1,0 and the spin s must be conserved, i.e. As = 0.
Note that the dipole selection rules are not just restricted to systems consisting of
single atoms. Furthermore, it is generally possible to expand the system’s wave
functions by atomic-like wave functions when dealing with molecules and solid
materials and thus the dipole selection rules above are still valid (but sometimes
less stringent as for atoms) for all kinds of electronic systems.

The formulas above were derived for single photon processes like the absorption
or emission of an X-ray photon. For the case of X-ray emission this approach is
only justified for describing a spontaneous transition from an core ionized state
to a valence excited state, which is generally referred to as non-resonant X-ray
emission or normal soft X-ray emission (NSXE). In practice there are two common
experimental excitation techniques which result in core ionization of a system,
either by electrons or X-ray photons, both with energies exceeding the ionization
limit. However, if the excitation occurs with X-ray photons tuned to photon
energies close to an absorption resonance of the material, it is no longer possible
to separate the excitation and emission process into two consecutive steps. Instead,
one has to deal with a one-step process described by inelastic scattering theory
[18,19].

Resonant inelastic X-ray scattering

In order to evaluate the transition probability for an one-step scattering process the
interaction Hamiltonian from Eq. (2.3) is used. An one-step scattering process will
not change the total number of photons and, therefore the left term in Eq. (2.3)
o A -p; will not contribute to it in first order of perturbation theory. However, the
second order of the perturbation theory gives a contribution from this term. The
second term of Eq. (2.3), which is o A - A, contributes as pointed out above to
transitions without change in the number of photons. The differential cross section
for inelastic X-ray scattering is given by the Kramers-Heisenberg formula [18-21]

do  w e’ L e (fIp2 - Azlm)(m|p; - A,i)
—= Ay A — _
dwod$2 * w1 ;‘ZmCQU ? 1Z>+m0;[ Em—Ei_hwl_%

(fIp2 - Aglm)(m|p1 - Aqli)

+ Ei*Em*I‘hWQ

2
” % 8(hwi — hws — By + ),
(2.9)
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Figure 2.4: Schematic energy level diagram of the one-step process in resonant
inelastic X-ray scattering (RIXS) in a atomic-like system. E.z. represents the energy
of a localized low-energy charge-neutral excitation

where hw; represents the incident photon energy before and hws the scattered
photon energy after the scattering event. E;, E,, and E; denote the energies of
initial (¢), intermediate (m) and final (f) states of the system, respectively. df) is
the solid angle element and I',, the core-hole life time width of the intermediate
states. In Eq. (2.9) the first term in the sum over all final states f describes elastic
X-ray scattering. The two contributions in the sum over all intermediate states
m are due to inelastic X-ray scattering, where the first and second term in this
sum represent resonant and non-resonant (anomalous) inelastic X-ray scattering,
respectively.

3d transition metal oxides, such as vanadium and copper oxides, are regarded
as strongly correlated materials. In these systems, the electronic structure is
characterized by the dual nature of delocalized and localized states [1,7]. Lo-
calized atomic like intermediate states are reflected by the occurrence of discrete
charge-neutral low energy excitations (e.g. crystal field excitations) in the RSXE
spectra [11,12]. These localized low-energy excitations are described by localized
theoretical models like the single impurity Anderson model [11,12] (described in
great detail in Sec. 3.4 of the next chapter) employing the resonant term of the
Kramers-Heisenberg formula Eq. (2.9) which guides resonant inelastic X-ray scat-
tering (RIXS). Figure 2.4 visualizes the one-step nature of RIXS by an energy level
diagram.

Because of the involvement of two (virtual) dipole transitions the final state has
the same parity as the initial state, and therefore crystal-field excitations between
d-orbitals of different symmetry (so called dd-excitations) are allowed. Thereby,
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the electronic structure can be characterized in terms of dd-excitations and charge-
transfer (CT) excitations, which arise due to transitions between delocalized ligand
and localized transition metal atom states [11,12,22,23]. The excited electron in
RIXS of correlated materials is localized at the excitation site, which is different
than in wide-band materials, where the excited electron can dissipate to delocalized
parts of the intermediate states.

For the delocalized part of the electronic structure in correlated materials sim-
ilar dynamical dissipation processes are expected and therefore these components
give rise to spectral features which are similar to NSXE [11, 24, 25] and will be
referred to as ordinary fluorescence in this thesis. Energy conservation applies
to the whole scattering process, and one obtains information about the ground
state of the system via intermediate core excited states. The energy conservation
requires that

hws = hwy, — Eege, (2.10)

where hws and hw; are the energies of the scattered and incident photons, re-
spectively. FE... is the excitation energy of the final-state and corresponds to a
localized low-energy charge-neutral excitation (See FIG. 2.4). Remarkably, the
energy of the intermediate state does not enter in Eq. (2.10), which implies that
the spectral broadening is not related to the life time of the intermediate state [10]
as in NSXE. Thus, the spectral resolution is determined only by the experimental
resolution, i.e. from the excitation source (width of hw;) and the spectrometer
resolution.

2.3 X-ray absorption spectroscopy

X-ray absorption spectroscopy using synchrotron radiation is generally employed
in two spectral regions, the spectral range of Near Edge X-ray Absorption Struc-
ture (NEXAFS) and the spectral range of Extended X-ray Absoprtion Fine Struc-
ture (EXAFS). A general and detailed description of the analysis of NEXAFS
spectroscopy can for instance be found in the book by J. Stohr [13]. In the soft
X-ray range NEXAFS spectroscopy is a particular powerful chemical character-
ization technique which is often simply denoted as soft X-ray absorption (SXA)
spectroscopy.

In SXA, a core electron is excited to an empty conduction band state. As such,
SXA probes the unoccupied part of the electronic structure of the investigated
system and thereby valuable information about the chemical composition can be
gained. Due to the atomic nature of the core hole elemental and chemical state
selectivity is obtained. If the incoming photon energy matches the energy required
to promote a core electron to an unoccupied state an excitation may occur (see
FIG. 2.1 (a)), i.e the atom may absorb the incoming photon. The probability
of such a transition determines the X-ray absorption cross section and thus the
absorbed X-ray intensity is governed by Fermi’s Golden Rule:

Isxa ~ [(®glé-r|®:)|*0p, B —nw (1)
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The intensity Isx 4 in (1) is proportional to the squared diploe matrix element
(é-7) between initial state ®; and final state ®¢. The delta function assures energy
conservation in that the difference between the energies of final (Ef) and initial
(F;) state have to be equal to the absorbed photon energy hw .

In the soft X-ray range quadrupole transitions are some hundred times weaker
than dipole transitions and therefore the SXA process is governed by dipole se-
lection rules. This entails that the allowed transitions are restricted to transitions
which change the angular momentum quantum number (1) by one, Al = +1. In ad-
dition the z-component (m) of the orbital momentum has to change by Am = £1,0
and the spin (s) is conserved, As = 0.

The core excited state can decay in two channels, nonradiative by the emission
of an Auger electron or radiative by emitting a photon. In the soft X-ray region,
the Auger electron yield is usually higher than 99%, i.e. the X-ray fluorescence
yield is often much less than 1%. An avalanche of cascading excitations initiated
by the Auger decay results in the creation low energy electrons that can emerge
from the sample. The corresponding electron signal can either be detected by
measuring the drain current or with a electron sensitive detector, e.g. a multi
channel plate detector or a channel electron multiplier (CEM). By appropriate
negative biasing of such a CEM detector also the fluorescence signal can be used
for the SXA measurement. A positively biased grid is usually placed in front of
the detector in order to reject ion contribution to the spectra.

The intensity of these secondary Auger electrons (electron yield) or the emit-
ted photons (fluorescence yield) can be measured as a function of incoming photon
energy. This will reflect the absorption cross section as the intensity of the sec-
ondary electrons/emitted photons is approximately proportional to the intensity
of the absorbed incident X-ray photons. Because of the short mean free path of
low energy electrons (about 50-200 A) using the total electron yield (TEY) sig-
nal is a relative surface sensitive X-ray absorption probe. If instead the emitted
photons are employed for the x-ray absorption signal, i.e. SXA is recorded in
fluorescence yield (FY), SXA can be made bulk sensitive with a probing depth of
about 1000-2000 A) due to the comparatively large attenuation lengths. However,
when employing FY-SXA one is experimentally limited in the usable geometry re-
garding the incident X-rays due to possible self-absorption and saturation effects.
Especially soft X-rays can easily be reabsorbed on the way leaving the material
and thereby the relative spectral components can be distorted.



Chapter 3

Theoretical Models

At the present time there exists no unified model for interpreting the electronic
properties of transition metal oxides. There are two groups of opposing models of
the electronic structure of solids, one type of models describes the electrons in a
localized picture (ionic or cluster models) and another kind of models deals with
extended or delocalized electron states (band theory) [1]. Band-like properties
arise from a strong valence orbital overlap of atomic-like orbitals in a solid and
therefore delocalized band theory accounts for the physical properties of most
metals.

Electron correlations are many body effects that crucially influence the physics
of many electronic systems. One most prominent example is electron correlation in
solids where the Coulomb interaction between the electrons produces localization
and thus is responsible for the peculiar transport properties of many transition
metal oxides. Extreme localized models are ionic models, which concentrate on
the properties of individual ions of crystal. One most prominent ionic model is the
crystal-field model [1,26], which describes how transition metal ions with d™ config-
uration are perturbed by their chemical environment. In general it is not possible
to strictly assign a particular transition metal oxide material to either of these
two groups of models. Furthermore, one always needs to consider a competition
between the different interactions, which either favor localization or delocalization
of electrons.

3.1 Crystal-field theory

Crystal-field theory (CFT) [1,26] was developed by Hans Bethe in 1929 to account
for the electronic structure and chemical properties of d-metal ions in ionic crystals.
In CFT, a ligand-lone pair is idealized as a point negative charge repelling the
d electrons in the orbitals of the central metal ion due to purely electrostatic
interactions. The five d orbitals in an isolated gaseous metal are degenerate. If
a spherically symmetric field of negative charges is placed around this metal ion,
these orbitals remain degenerate, but all of them are raised in energy as a result
of the repulsion between the negative charges on the ligands and in the d orbitals.

23
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Figure 3.1: The orientation of the d orbitals of different symmetry in an octahedral
crystal field. [Figure 7.8 (p. 227) from Inorganic Chemistry third edition by Shriver,
D.F. and Atkins, P.W. (1999), by permission of Oxford University Press]



3.1. CRYSTAL-FIELD THEORY 25

Figure 3.2: Angular parts of the d orbitals relative to the local reference frame
of the central metal atom.[Reprinted with permission from Annalen der Physik
(Leibzig), 10, Volker Eyert, The metal-insulator transition of VO;: A band
theoretical approach, 650-702, Copyright 2002, with permission from WILEY-
VCH Verlag GmbH]

In case of a non-spherical symmetric crystal-field, the discrete point charges of
the ligands interact differently with the d-metal ion orbitals, and thereby the
degeneracy of the d orbitals is lifted. This model explains the splitting of the d
orbitals in groups of different energies. The electrostatic energy is increased for
d orbitals, which are oriented towards the region of high electron density; and
likewise the energy is lowered when the opposite is the case. The total crystal field
splitting energy may be estimated by

D ~ 7ﬁgrl)ital 3.1
CFT ~ R5 ) ( . )

metal—ligand

where 7orbitar is the radius of the d orbital and and Rinetai—tigand is the metal-
ligand internuclear distance. However, simple CFT ignores covalent interactions
between the ligand and the central metal ion. Ligand-field theory accounts for
this deficiency of CFT by including the overlap of d and ligand orbitals in form of
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Figure 3.3: The energies of the d orbitals of a transition metal ion in an octahedral
crystal field.

molecular orbitals.

In the CFT model of ionic complexes in octahedral (Oy) symmetry, six ligands
are placed at the corners of an octahedra around the central metal ion. Electrons
in the two d orbitals of e, symmetry (d.» and d,2_,2), pointing directly towards
the ligands, are repelled more strongly by the negative charge of the ligands than
electrons in the three d orbitals of ¢y, symmetry (dg,, dy. and d..), pointing
between the ligands (see FIG. 3.1). According to group theory the e, orbitals are
doubly degenerate and the ty, orbitals are triply degenerate. In the energy level
diagram in FIG. 3.3 of this simple model the e, orbitals lie above the t5, orbitals.
The separation of these orbitals is expressed by the crystal-field splitting parameter
10Dgq. In a spherically symmetric environment the mean energy averaged over all
d orbitals has to remain unchanged. Therefore the three to, and two e, orbitals lie
%10Dq below and %10Dq above the average energy, respectively. The magnitude
of 10Dq changes for different octahedral complexes. It depends on the identity of
the metal ion, the charge on this ion, and the nature of the ligands coordinated to
the metal ion.

When the crystal structure of a solid is constituted of basic structural units of
distorted metal-oxygen octahedra, it is often a good starting point to analyze the
electronic structure in O symmetry. In this thesis the RSXE spectra of several
vanadium oxides have been analyzed with a model employing O;, symmetry. If,
however, the distortion is large, the electronic structure has to be explained in
lower symmetry groups. One prominent departure from a regular octahedron is
the tetragonal distortion, where the Z-axis of the octahedron is elongated and the
X- and Y-axes are compressed. In tetragonal symmetry (Dyp) the energy of the

d.> is reduced, whereas the energy of the dg2_,> is increased. Therefore a further
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energetic splitting of the to4 and e, orbitals occurs. Other common distortions of
six-coordinate complexes, which remove the orbital degeneracy, are square-planar
and hexagonal.

3.2 Band theory

Modern band theory calculations of solids are generally based on the density-
functional theory (DFT) [27]. In the DFT the eigenfunctions ¢;(r) are determined
by the Kohn-Sham equation [28],

g
{—%V + Vp(r)} (]57;(1‘) = Ei(bi(l‘), (32)
with the atomic periodic potential of the crystal lattice given by
o o [ () | dExc[n(r)]
Vi) = i)+ [ ' T 4 SENCHTL (33)

where the electron density is connected to the eigenfunctions of the Kohn-Sham
equation (3.2) by

n() = 3ol (34

In Eq. (3.3) Exc[n(r)] is the exchange-correlation energy, and v;oy, (r) represents
the potential of the ion lattice, excluding the electrons under consideration. In the
local density approximation (LDA) Ex¢[n(r)] is approximated by a homogeneous
electron gas with the same density as the local density of the system:

Exc[n] = /n(r)sxc[n]dr. (3.5)

Knowing Exc[n(r)], the Kohn-Sham Eq. (3.2) can be solved self-consistently to
determine the electron density n(r). The ground state electronic energy of the
system can then be written as:

Bln) = 5 3 [ 610V oute)dr + [ vin (x)n(r)de

2 [ n(r)n(r) (30
+2/P_r/|drdr/+EXc[n].

Extending the LDA to inhomogeneous electron distributions can be accomplished
by the corrections of the general gradient approximation (CGA) [29], where a
correction energy is added to Exc[n(r)]. The DFT is a powerful method for
obtaining ground state properties, but is generally less accurate for excitations
and for systems with strongly correlated electrons.

However, for systems with weak electron correlations (like wide band materi-
als), the Kohn-Sham Eq. (3.2) reduces to the one-electron Schrédinger equation
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and can be employed in analysis of the electronic structure of such materials. In
this work we compare the ordinary fluorescence part of the resonant soft X-ray
emission spectra to partial density of states calculated from band structure cal-
culations within the DFT scheme. This component of the electronic structure
arises from delocalized intermediate states and is therefore only weakly effected
by electron correlation effects similar as wide band materials.

3.3 Hubbard Models

In band theory, it is assumed that repulsion between electrons can be represented
by using an average effective potential. In this approximation, the interaction of
the independent electrons in the solid is described by a periodic potential and the
mean field of the other electrons. For narrow valence band materials this simplifi-
cation breaks down and such materials are difficult to describe with conventional
band theory. Instead the on-site Coulomb interaction (U) between the electrons
becomes comparable to the one electron band width (W) and a more localized way
of describing their electronic properties is needed. Many transition metal oxides,
like copper and vanadium oxides belong to this class of materials.

The electronic structure of such correlated systems can better be described
by so-called Hubbard-like models. Such a Hubbard model [30] is based on the
idealization that one can neglect the repulsion between electrons except when
they are on the same atomic site. The electron correlation is then expressed by
the on-site Coulomb interaction (U), a parameter which is often simply denoted as
the Hubbard U. One simple form of a Hubbard Hamiltonian [30], which includes
also the interaction with neighboring sites is

Hyguppara = —t Z (CIUC]‘U + C}L‘gcia) + UZ”jT“jl’ (37)

(i,9),0 J

where t is the transfer integral to neighboring sites, (7, ) stands for the summation
over all nearest neighbors, C;rg ¢;» are creation and annihilation operators of elec-
trons of spin o at site i, and n;, = CIUCm gives the number operator for electrons
with spin o at site 7.

3.4 Single impurity Anderson model

For correlated electron systems with strong intra-atomic Coulomb interactions,
like 3d transition metal oxides or f electron materials, an atomic-like approach is
necessary to characterize the electronic structure. In such a approach a simplified
model Hamiltonian can be used that includes only the interactions around one
specific metallic site. Therefore this kind of model is often called single impurity
Anderson model (SIAM) [11,12,22,23]. The SIAM is related to the Hubbard
model [30] in that it also accounts for correlation effects by an on-site Coulomb
interaction parameter U. It was originally proposed for the description of magnetic
moments of impurity transition metal 3d atoms in a nonmagnetic metal matrix by
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Anderson [31]. Later, the STAM could widely be employed in the analysis of X-ray
photoemission and X-ray absorption spectra of d and f electron systems [32].

Recently, the STAM has extensively been used in the interpretation of reso-
nant soft X-ray emission (RSXE) and resonant inelastic X-ray scattering (RIXS)
spectra [11,12,22,23]. In the STAM the final state in RIXS of d and f electron
systems can be described in terms of of intra-atomic excitations and inter-atomic
charge transfer excitations. The intra-atomic excitations give the multiplet struc-
ture of the ground state electronic configuration due to electrostatic, exchange,
crystal field and spin-orbit interactions. The inter-atomic charge transfer excita-
tions, originating from an electron hopping mechanism from delocalized hybridized
ligand states to localized metal states of the valence band, display the coupling of
the localized metal ion states to the hybridized valence band levels of the ligands.
The model Hamiltonian of the SIAM considers in addition to a single atom with d
or f electron states also the extended valence and conduction band states, and the
hybridization between localized metal and delocalized ligand states of the valence
band.

One specific representation of a STAM for transition metal oxides is the so called
single transition metal site M Lg (M=metal atom, L=ligand atoms) cluster model
in octahedral symmetry (Op,) [33-35]. This model is especially useful for crystals
of transition metal oxides consisting of basic building blocks of M Lg clusters. In
this thesis this kind of cluster model was employed to analyze the RSXE spectra
of several vanadium oxides (see Sec. 5.1 in chapter 5). The Hamiltonian of the
M Lg cluster model is given by

H = Hatom + HCF + HL + Hmim7 (38)

where the first term H4,,, describes the atomic state of metal site M including M
2p and M 3d states, and the second term H¢o g represents the crystal field splitting.
The third and fourth terms, H; and H,,;,, describe the L 2p molecular orbital
energy of the ligand and the hybridization between between M 3d states and L 2p
molecular orbitals, respectively. All these terms are written as

Hatom = Z eqdd, + Z ecchen + Udd Z did,dl,d,

K v>v' <39)
_Udc Z dldu(l - CLCH) + Hmultiplet7
v,
Her = Y e(T)dld,, (3.10)
with
A(T) = 3(10Dq)  forT =, (3.11)
—2(10Dq) for I' = tag, .

Hp =Y e L}L, (3.12)
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and
Hypiw = Y _V(v)(d}L, + Lid,). (3.13)

The first and second term of the Hamiltonian Hgutopm, in Eq. (3.9) express the one
particle energies of the M 3d and M 2p states, respectively. Correlation effects in
form of the Coulomb interaction U g4 between M 3d electrons and the influence of
the attractive core-hole potential -U . on the 3d electrons are accounted for by the
third and fourth term in Hg;opy,, respectively. The last term includes intra-atomic
multiplet coupling and spin-orbit interactions for the M 3d and M 2p states.

In Eq. (3.9) - (3.13) df, (dy), ¢}, (¢,) and L, (L) are electron creation (anni-
hilation) operators for M 3d, core M 2p, and L 2p orbitals, respectively. v and u
represent combined indices for spin (o) and orbital quantum numbers (I"), where I’
stands for ¢o4 and ey, which are irreducible representations of Oy,. eq4, €. and €, are
one particle energies for the M 3d, M 2p and L 2p states. 10Dq = [e(ey) — €(t24)]
and V(T') denote the energy of the crystal field splitting and the hybridization
strength between M3d and L2p states, respectively. The charge transfer (CT)
energy is defined as A = E(d"T'L) — E(d") with n = 0,1,2, where L denotes
a hole in the L 2p orbital, and E(d"*'L) and E(d") denote multiplet averaged
energies of the respective d"*'L and d™ configurations. In calculations within
the M Lg cluster model A, Ugq, Uge, V(eg)[= —2V (t24)] and 10Dq are treated as
adjustable parameters, which have to be optimized by fitting experimental data
from core-level spectroscopies like RIXS.

The initial and final state of RIXS, |g) and | f), are described by a linear combi-
nation of three configurations, which are mixed with each other by hybridization:

l9) = cold™) + er]d™ L) + ca|d" 2 L?) (3.14)

1) = cold™) + ey 1" L) + ¢ |d" L), (3.15)

The final state of X-ray absorption (XA) spectroscopy at M 2p-edges is the inter-
mediate state |m) of RIXS, when a M 2p core electron is excited to an empty M
3d orbital, and can be written as follows:

m) = coled™™) + ¢y |ed" 2L + cy|edTPL?). (3.16)

In the last Eq. (3.16) ¢ symbolizes the hole in the M 2p core level. Diagonalizing
the total Hamiltonian in Eq. (3.8) in the basis given by Eq. (3.14) - (3.16) gives all
the eigenvalues and eigenfunctions of the system. The X-ray absorption spectrum
(XAS) can then be calculated by

Fxas(hQ) = [(m|D|g)]*6(hQ — Ey, + Ey), (3.17)

m

where i) stands for the incident photon energy, and |g) and |m) represent the
ground and the final state in XAS with the respective energies £, and E,,. The
RIXS spectrum is calculated by the resonant term of the Kramers-Heisenberg-
equation (2.9), which is written as
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2
Frixs(hQ, hw) Z‘Z _”;'m_ %D@ x6(hQ—hw+E,—Ey), (3.18)

where |g), |m) und | f) represent ground, intermediate and final states in RIXS with
the energy eigenvalues E,, F,, and Fy. D stands for the electric dipole transition
operator. The photon energy loss (X-ray Raman shift) between incident photon
energy h{) and emitted photon energy hAw is hw — hQD.






Chapter 4

Experimental description

4.1 Synchrotron radiation sources

In order to perform RSXE spectroscopy, one needs a tunable soft X-ray light
source with high photon flux. Conventional laboratory X-ray light sources like
X-ray tubes or rotating anodes consist of a solid target which is bombarded with
high-energy electrons to create X-rays in form of bremsstrahlung and characteristic
radiation [36]. These kinds of X-ray sources are limited in achievable photon
flux due to cooling restrictions, which arise when a large portion of the incident
kinetic electron energy is dissipated as heat. Other interesting, though technically
more complicated soft X-ray sources, like for instance plasma X-ray sources [36,
37], are promising candidates for future applications. Therefore modern RSXE
experiments have to be performed at synchrotron radiation sources [36,37].

An accelerated charged particle emits electromagnetic radiation [38]. When
such a particle is moving at relativistic velocities, the emitted radiation is concen-
trated in a narrow cone tangentially to the path of it [39,40]. Synchrotron radia-
tion [36,37] is generated when relativistic electrons (or positrons) are centripetally
accelerated by the Lorentz force of strong magnets in a curved trajectory. In a
storage ring a series of magnets are utilized to force the electrons on a circular path
at nearly constant relativistic velocities. The loss of energy of the electron beam
due to the emitted synchrotron radiation is compensated by a oscillating radio
frequency (RF) electric field in so called RF-cavities. Commonly three types of
magnetic structures [36,37] are used to produce radiation in modern synchrotron
facilities: dipole magnets, undulators, and wigglers (see FIG. 4.1).

Dipole magnets "bend” the electrons in a single curved trajectory in order to
produce a narrow fan of radiation of continuous wavelength around the center of
the dipole. Undulators are periodic magnetic structures, in which the electrons
are forced to follow a path of a harmonic oscillation. The resultant radiation is
emitted in an extremely small radiation cone with very small angular divergence
and spectral width. Wigglers operate with much higher magnetic fields as undula-
tors. Stronger magnetic fields result in larger oscillation amplitudes and increased
radiation power. Consequently, the radiation cone is broader in space and angle,
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Figure 4.1: Working principles of the magnetic structures at a third generation
synchrotron radiation ring: bending (dipol) magnet, wiggler and undulator [41].

and the emitted spectrum is similar to that of the bending magnet, but with much
higher photon flux and a shift to shorter wavelength.

All experiments presented in this work have been performed with soft X-rays
from undulators [36,37], which are installed in straight sections of the storage ring
(which consists of circular and straight sections). The period of the alternating
magnet pairs of opposite polarity in an undulator (see 4.2) is optimized in such
way that the oscillating electrons emit coherent radiation pulses at each magnetic
pole which can constructively interfere. This can be achieved by adapting the
period length of the harmonic path of the electrons in the undulator in the desired
emitted wavelength region. Therefore an undulator spectrum consists of sharp
peaks, called harmonics. The energy position of these harmonics in an undulator
spectrum depends on the magnetic field strength, which can be varied by changing
the distance (gap) between the upper and lower row of permanent magnets of
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Figure 4.2: Schematic side view of an undulator.

alternating magnetic polarity (see 4.2). This design characteristic of undulator
devices can be employed to get the desired tunability of the synchrotron radiation.
The high flux of radiation from an undulator is thus concentrated in a narrow
photon energy range of a few electron volts and is highly directional, which entails
that a large portion of the total flux is available for the anticipated experiments. In
a usual configuration undulators deliver linear polarized light with the polarization
direction in the plane of the storage-ring. The wavelength of the radiation emitted
from the undulator is determined by the extended undulator equation [37]

A K?
u 1 22 4.1
An 2n72( 2 7 o )’ (4.1)

where A, is the period of the magnetic poles, n the harmonic number (n =
1,2,3...), the Lorentz contraction factor v = ﬁ and the non-dimensional
1

_ 22’

2
undulator parameter K is related to the magnetic flux density B by

c

K = B (4.2)

2mrme’

The third term in the undulator equation (4.1) depends in the solid angle of the

central radiation cone of relative spectral bandwidth % = Nin written by

9—V1+K72 (4.3)

=&

The dependence of Eq. (4.3) illustrates that undulator spectra become more nar-
row, when the number of magnetic pairs N is increased. Higher harmonics (n > 1)
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occur due to transverse oscillations of the electron beam and extend the spectral
region covered to shorter wavelengths [37]. The relative spectral bandwidth is also
diminished by a factor % for higher harmonics. Even harmonics, i.e. n = 2,4,6, ...
have a radiation pattern that is extremely weak on axis. Therefore the only rel-
evant harmonics for the use of undulator radiation in experiments are the odd
harmonics n = 1,3,5, ..., which radiate on axis. The wavelength tunability of
an undulator is realized by varying the undulator parameter K by changing the
magnetic flux density B, i.e. the magnet gap.

4.2 Beamlines

In order to take advantage of the emitted synchrotron radiation in performing ex-
periments, it has to be guided to a specialized experimental station, where samples
are illuminated and investigated. For RSXE spectroscopy experiments it is also
necessary to limit the spectral bandwidth of the radiation hitting the sample, i.e.
to monochromatize. In the case of an undulator the synchrotron light is already
quite narrow with a absolute width in the order of some electron volts, depending
on the tuned energy and the used undulator harmonic. All this is accomplished
by a beamline [42], which consists of a series of high precision optical elements,
which direct, monochromatize and focus the radiation onto the sample.

These optical components have to be kept under ultra-high vacuum (~ 10~1°
mbar) in order to avoid attenuation of the photons by air molecules along the
beamline and to minimize photochemical processes, which can lead to carbon
and oxygen contamination of the surfaces of these elements. Carbon and oxygen
containing contaminations of the optical elements generally lead to so called carbon
and oxygen dips in the intensity response function of the beamline around 290 eV
and 530 eV, respectively.

Monochromatization of photons in the soft X-ray range is commonly accom-
plished by diffraction from reflection gratings [36,42]. The absorption of soft X-ray
light by materials is relatively high and correspondingly the reflection at normal
incidence extremely low. However, since the index of refraction is less than unity
for all materials in the soft X-ray range total external reflection can be achieved,
if sufficiently small incidence angles relative to the surface are employed. There-
fore all mirrors and gratings, which are used as optical elements in a soft X-ray
beamline have to be used at grazing incidence angles, i.e. at glancing angles
smaller than the angle of total external reflection. Generally, the type of grating
monochromators is classified by the shape of the used gratings. Nowadays, plane
grating monochromators (PGM) and spherical grating monochromators (SGM)
are the most common designs [42].

The experimental work presented in this thesis has mainly been performed at
two undulator beamlines, at beamline 7.0.1 [43] at the Advanced Light Source
(ALS) at Lawrence Berkeley National Laboratory (in Berkeley, California, USA),
and at beamline I511-3 [44] at the MAX II storage ring at MAX-lab National
Laboratory at Lund University (in Lund, Sweden). The principle characteristics
of these beamlines and the used experimental stations will be described in the
following.
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Figure 4.3: Schematic picture of beamline 7.0.1 at ALS and the experimental set-up
used for soft X-ray spectroscopy [45].

4.2.1 Beamline 7.0.1 at ALS

The schematic layout of beamline 7.0.1 at the ALS is shown in FIG. 4.3 [45]. This
beamline comprises a 5m long undulator with 89 magnetic periods of a period
length of A, = 50 mm [43]. Tt is equipped with a SGM monochromator in a nearly
Rowland circle geometry with fixed entrance and translating exit slit covering an
energy range of 60-1300 eV with three interchangeable gratings.

In the SGM concept [42] a pre-focussing mirror collects and focuses light from
the undulator, limited to the acceptance angle of the central cone by horizontal
beam defining apertures, onto the fixed entrance slit of the monochromator. The
entrance slit defines the illuminated area of the spherical grating. At the grating
the light is diffracted according to the grating equation (see Eq. 4.4 in Sec. 4.3).
In order to focus a desired wavelength onto the movable exit slit the grating needs
to be slightly rotated. A plane mirror situated after the exit slit directs the light
to the used experimental end station. For most applications it is beneficial to
illuminate only a small sample spot with synchrotron radiation of high photon
flux and therefore the light is refocussed by two additional spherical mirrors in
horizontal and vertical direction before striking the sample situated in the focal
point of this refocussing mirror giving an illuminated beam spot of 40 — 50um.

The resolving power of the monochromator can be varied by adapting entrance

and exit slit widths with a maximum achievable resolving power of R = ﬁ =

10000 [43]. In the work presented in this thesis the beamline was operated in



38 EXPERIMENTAL DESCRIPTION

the 5th harmonic of the undulator employing the ”high-energy” grating with 925
lines/mm with a resolving power of R = ﬁ = 1700, corresponding to a spectral
resolution in the order of 0.3 eV in the range of 500-550 eV. The undulator gap can
be scanned coordinated together with the energy scanning of the monochromator
in order to employ always the center of the undulator peak for the experiments.

The end station, in which all the measurements are performed, is equipped
with a soft X-ray emission spectrometer and a channel electron multiplier, which
can be used for total fluorescence yield absorption measurements. Total electron
yield absorption can be measured by recording the drain current.

4.2.2 Beamline I511-3 at M AX-Lab

At beamline 1511 a 49 period undulator with an undulator period length of A\, = 52
mm [44] is employed as light source providing linearly polarized photons in the
horizontal plane of the laboratory. Monochromatization of the light is achieved by
a PGM type monchromator [42] of the Zeiss SX700 design covering an effective
energy range of 100-1200 eV with one standard grating of 1220 lines/mm. In this
design the beamline does not need a entrance slit, if the electron beam position in
the storage ring is of high stability.

The undulator light is collected and horizontally focussed by a cylindrical pre-
mirror towards the monochromator, which consists of three optical elements. Be-
fore illuminating the plane grating the light is further redirected by a plane mirror,
and after the grating the diffracted light is focused by a spherical mirror towards
the exit slit. The required photon energy is selected by rotating the plane grating
and thereby changing the wavelength, which is dispersed perpendicular to the exit
slit. The resolving power of the monochromator is adjustable through the exit
slit widths with a maximum achievable resolving power of R = 20000 [46] for low
energies. For the work presented in this thesis the measurements at 1511-3 were
performed in an energy range of ca. 500-550 eV employing the 3th harmonic of
the undulator and using similar resolving power as at beamline 7.0.1 (ALS), i.e.
with R =~ 1700.

Behind the exit slit beamline 1511 splits into two branches with specialized
end-stations. The branch used in the presented investigations, I511-3, is dedicated
to bulk-sensitive spectroscopy of solids and liquids. The end-station has similar
measurement equipment as the end-station at beamline 7.0.1 at ALS and is de-
picted in FIG. 4.4. A flippable mirror situated directly behind the monochromator
exit slit is used to direct the light into one of the end stations. Both branch lines
are equipped with refocusing optics, consisting of a so called Kirkpatrick-Baez pair
of bendable plane-elliptical mirrors giving a beam spot size at the sample of ca.
20pum x ca. 30um [47] in vertical and horizontal direction, respectively.

4.3 Soft X-ray emission spectrometer

The resonant soft X-ray emission and resonant inelastic X-ray scattering spec-
tra, presented in the investigations of this thesis, were measured with a Rowland
mounted grazing incidence soft X-ray emission spectrometer [48]. The spherical
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Figure 4.4: The enstation of beamline 1511-3 at MAX-Lab. The view to the right
is along the beam and shows in the front the analysis-chamber with the soft X-ray
emission spectrometer directing to the left. The spectrometer is rotatable around
the beam-axis. The left hand panel views the station from the side, so that all three
chambers, the analysis chamber (right), the preparation chamber (middle) and load-
lock (left) for a fast changing of samples can be seen [41].

diffraction grating of a Rowland type spectrometer achieves both the wavelength
dispersion and the focusing in a single step [49]. The grating usually consists of a
piece of glass coated with a high-Z metal like gold or platinum with a large num-
ber of parallel grooves. Light of different wavelengths, A, is diffracted differently
according to the grating equation

nA = d(sina — sin 8), (4.4)

where the grating constant d is the distance between two grooves, n = 0, £1,£2, ...
stands for the different orders of diffraction, and « and g are the angle of incident
and diffracted light, respectively. The ultimate resolution of a grating depends on
the total number of illuminated grooves and the diffraction order.

In a Rowland type spectrometer, focusing is achieved if source and detector are
placed together with the spherical grating on a circle with half the radius of the
grating [42,49]. However, this focussing condition for a spherical surface is only
strictly fulfilled for the tangential point of grating and Rowland-circle. Therefore
image distortions, i.e. so called aberrations, can decrease the resolution. The
dominating abberation for a Rowland spectrometer in grazing geometry is the
astigmatism, which results in imaging of a source point at the slit onto a curved
line at the detector. Because of spherical abberation and coma the resolution of a
Rowland grating spectrometer is also dependent on the illumination of the grating,
and in order to achieve maximal possible resolution a grating should not be illu-
minated at larger widths than a certain optimal illumination width. Geometrical
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Figure 4.5: Rowland type design of a spectrometer with a spherical diffraction
grating. The light is imaged from the slit via the grating onto the detector, which
can record a certain wavelength range simultaneously. Two shown detector positions
correspond to the foci of different wavelength intervals [41].

considerations and the diffraction limitation limit the wavelength resolution to

wd
AN = LlnR’ (4.5)
where w is the slit width, d the grating constant, n the diffraction order, and R
the grating radius.

A schematic picture of the soft X-ray emission spectrometer developed by J.
Nordgren et al. [48] in the research group, in which the present work has been
performed at Uppsala University, is depicted in FIG. 4.6. Three gratings, opti-
mized for different energy ranges, are fix-mounted together with the entrance slit
on Rowland circles of different radii. In order to have the joint fixed slit as a
common point for the three different Rowland circles, the gratings are mounted
at different angles of incidence. Two spherical gratings of 5 and one of 3 meters
radius posses different groove densities of 1200, 400 and 300 lines/mm, as well as
different grazing incidence angles (1.9, 2.6 and 5.4), respectively. Together, these
three gratings cover an energy range of 50 - 1000 eV.

The resolution of the instrument can be adapted by the entrance slit width,
which is possible to vary continuously between 0 and ca. 120 gm. This entrance
slit consists of two displaced precision knife-edges, which are rotatable around the
symmetry axis in order to change the projected slit size towards the beam spot
on the sample (see Ref. [50] for details). Since three gratings are mounted in the
same spectrometer, grating selectors are used to define the illumination of the
respective gratings. By using two separate (upper and lower) grating selectors the
illuminated area of the gratings can be changed, between an optimum illumination
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Figure 4.6: The grazing incidence grating spectrometer in Rowland circle geometry.

and larger illuminations, if a trade-off between resolution and throughput intensity
is necessary.

The used two-dimensional detector system is situated in a housing, which com-
prises a stack of five multichannel plates (MCPs) of 40 mm diameter at ca. -4000
V and a resistive anode with position-sensitive readout. The detector housing is
mounted in such a way that it can be moved with translational stepper motors
along two perpendicular spatial axes X and Y. The detector can also be rotated
in the housing around an axis parallel to the detector surface in order to place
the detector surface tangentially to the Rowland-circle. By this combination of
three degrees of freedom the detector is positioned at different focus points on the
Rowland-circle depending on the employed grating and the desired covered wave-
length window. The efficiency of the detector is increased by coating the first MCP
with a 3000 A layer of CsI. A negatively biased front retarding electrode prevents
that electrons created at the Csl surface and between the channels are not being
registered by forcing them into the channels. In the Csl layer the photons are
converted into electrons, which are multiplied in the channels of the MCPs.

After passing the whole stack of MCPs a multiplied electron cascade hits the
resistive anode and the coordinates of the photon event can be determined by
a position analyzer. The resulting two dimensional spectrum is divided in 32
slices perpendicular to the dispersion direction and 1024 channels in the dispersion
direction. In order to convert the two dimensional spectrum into an ordinary one
dimensional spectrum, the slices of single spectra have to be aligned by shifting
them in the dispersion direction, before they are summed up. Thereby, it is possible
to compensate for the astigmatism, which images the straight entrance slit of the
spectrometer as a curved line at the detector. The spatial resolution of the detector
system (100pm) does not limit the total resolution of the spectrometer considerably
for slit widths larger than about 10um.
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4.4 Sample preparations

4.4.1 Single crystals of vanadium and copper oxides

All spectroscopic investigations on vanadium and copper oxides presented in this
thesis have been performed on single crystals. Crystals of VO2 (used in paper II
and XI), Mo doped VO (paper VI), V203 (paper IT and VI) and V4O13 (paper
VIII) were grown by Dr. M. Klemm (Universitit Augsburg). These single crys-
tals were grown at suitable growth temperatures in a gradient furnace by chemical
transport reactions [51,52], which use TeCly as transport agent [53]. X-ray diffrac-
tion was used to check the purity of the synthesized crystals and to verify that
the samples consist only of one single crystal phase. For vanadium oxides that
exhibit a metal-insulator transition standard electrical resistivity and magnetic
susceptibility measurements were employed to determine the respective transition
temperatures. Typically, single crystals of a few mm? were used in the spectro-
scopic investigations.

Crystals of NaV2Os5 (paper II, VI and XV) were grown by A. Revcolevschi and
G. Dhalenne (Université de Paris) by a flux method. In this technique appropri-
ately compacted mixtures of VoOs, VoO3 and NaVOg in platinum crucibles are
melted under vacuum, and by subsequently slow cooling of these melts from 1073
K to room temperature similarly as described by Isobe and Ueda [54] plate-shaped
crystals are obtained. Fibers of Nay V307 nanotubes (paper XII) were grown in a
tubular furnace from melts with a starting composition of Naj ¢V205 by P. Mil-
let (Centre d’Elaboration de Matériaux ed d’Etudes Structurales, Toulouse) [55].
CuGeOs (paper I, ITIT and VII) and SrCuOs (paper III, VII and XIV) single crystals
of several cm length were grown by A. Revcolevschi and G. Dhalenne (Université
de Paris) from the melt by a floating zone technique [56]. The used CuO and
LayCuOy4 samples (paper 11T and VII) were commercially available single crystals.

4.4.2 Vanadium oxide battery cathodes

The objective of papers IV, V, IX and X of this thesis is to study the electronic
structure of vanadium oxide used as cathode materials in a electrochemical bat-
tery cell. For these investigations electrochemical insertion of lithium has been
performed outside vacuum into cathodes consisting of vanadium oxides. All bat-
tery cathode samples were prepared at the Department of Materials Chemistry
(Angstrom laboratory). The samples were then transported in sealed aluminum
bags to beamline 1511-3 (MAXLAB). Before carrying out the soft X-ray spec-
troscopy experiments, the sample holders with the cathodes were loaded into the
vacuum via a load-lock chamber. During loading, a glove-bag was tightly attached
to the load-lock port under argon-gas flow. Sample contact with oxygen or mois-
ture from the room atmosphere was therefore minimised, so that oxidation of the
battery cathodes was avoided. The samples were transferred from the load-lock
chamber into a measuring chamber for the soft X-ray spectroscopy experiments
with a base pressure of 1 x 1072 mbar. Two types of vanadium oxide materials
were studied: VgO13 (paper IX and X) and vanadium oxide nanotubes (paper IV
and V).
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VeOi13

Polycrystalline powder of VO13 was prepared as described by Lampe-Onnerud
and Thomas [57]. A cathode slurry (V¢Oq3 : carbon black : EPDM (ethylene
propylene diene copolymer) binder - 80 : 15 : 5 mass %) was mixed for 1 h in a
ceramic ball mill and then spread on aluminium foil using a wire bar. Cathodes
with 2 cm diameter were punched out, transferred to a glove-box (Ar atmosphere;
O2 / HyO < 5 ppm) and vacuum dried at 120 °C for 16 h. Cells with a glass-fiber
separator membrane and lithium foil as anode were assembled in the glove-box.
The electrolyte was 1 M LiBF4 in a 2 : 1 by volume mixture of ethylene carbonate
(EC) : diethyl carbonate (DEC). One cell was left uncycled to serve as reference.
Another six cells were discharged to a potential corresponding to 1, 2, 3, 4, 5
and 6 lithium ions. After equilibration, the cells were disassembled in the glove-
box. In order to remove the salts and polymers, formed by side reactions, the
cathodes were washed in dimethyl carbonate (DMC) for several hours. They were
then flushed with DMC and dried under vacuum at room temperature overnight.
The dried cathodes were cut into suitable pieces, mounted on sample holders and
vacuum-packed in double plastic bags for transport. Further details about the
V013 cathode sample preparation can be found in paper IX.

Vanadium oxide nanotubes

The vanadium oxide nanotubes were prepared as described by Krumeich et al [58].
A series of cycled cathodes was prepared by discharging batteries to different
potentials (3.0 V, 2.5 V, 2.0 V and 1.8 V). Corresponding to the different cut-off
potentials, the battery cathodes achieve different lithium content, i.e. one can
prepare samples at different lithium doping levels. A more detailed description of
the sample preparation, which is similar as the preparation of the VgO13 battery
cathodes, can be found in paper V.






Chapter 5

Results

5.1 Vanadium oxides

This section deals with the investigation of the electronic structure of vanadium
oxides [5,59] with resonant soft X-ray emission spectroscopy (SXE). Vanadium ox-
ides are found in a diversity of oxidation states with a broad variety of electronic,
magnetic and structural material properties. In particular, many of them show
metal-to-insulator transitions (MIT) [6], which are often accompanied by struc-
tural distortions of the VOg octahedra or VO5 pyramids, the basic building blocks
of their crystal structure. As common for 3d transition metal oxides, the electronic
behavior of different vanadium oxides is greatly dependent on their valence config-
uration, i.e. the oxidation state. Introducing an additional element into vanadium
oxides of certain oxidation state, either by stochastic doping or stoichiometrically,
leads to interesting changes in crystallographic and electronic structure. Electron
or hole doping therefore significantly alters the electronic structure. For instance
it is possible to change the transition temperatures for an occurring MIT continu-
ously in a linear fashion by the amount of electron doping [60,61]. A well studied
example in this connection is the electron doping of V5O3 with Cr.

The following three subsections of the thesis discuss SXE spectra excited at V
2p and O 1s resonances of vanadium oxides with distinct oxidation state, VoOs3
(paper II and VI) with a formal valence configuration of V 3d? (V3T) and VO,
(paper II) with V 3d! (V4*). The MIT of the VO, system induced by temperature
variation (paper XI) and the effect of doping in Mo, V;_,0O2 (paper VI) has been
closely examined. The mixed valence compounds VO3 (paper VIII), a -NaV2Os5
(paper II, VI and XV) and vanadium oxide nanotubes Nas V307 (paper XII) are
described in the last three subsections of this section.

5.1.1 V,0;

V503 with a formal valence configuration of V 3d? undergoes a MIT at 160 K from
a paramagnetic metal to an anti-ferromagnetic semiconductor [62,63]. The MIT is
accompanied by a structural phase transition from trigonal to monoclinic crystal
structure. Two-thirds of the distorted Og octahedra, the basic building blocks of

45



46 RESULTS

Intensity (arb. units)

Intensity (arb. units)

I I PRI EPRFITArE B B
510 515 520 525 530 535 540

e mvj\\..,——')"\—‘
B

OK

—

VL, S o
[ N B B Birwrwn rwwil
500 505 510 515 520 525 530
X-ray Emission Energy (eV)

Figure 5.1: Resonant soft X-ray emission spectra (right panel) of V203 excited at
the energies A-K indicated in the V 2p - O 1s TEY SXA spectrum (left panel) above.

V303 crystals, are occupied with a V atom in the center. The prime mechanism
for the MIT is generally accepted to be due to electron correlation effects and
V203 is regarded a classical example of a Mott-Hubbard system [59, 64, 65].

The right panel of FIG. 5.1 displays a series of resonant SXE spectra of Vo053
excited at V 2p and O 1s resonances at room temperature. All excitation energies
are indicated by arrows (A-K) in a combined V 2p / O 1s SXA spectrum in the
left panel. Changing the excitation energy results in a rich variation of spectral
features, which can be seen in three energy regions. V L, and V Lg soft X-ray
emission originate from V 3d — V 2pg,, respective V 2p;/, transitions, which
are centered around 512 eV and 519 eV in X-ray emission energy, respectively.
The third emission band is the O K, emission band situated at 524 eV, which
is dominated by O 2p — O 1s electron transitions. The approximate extent of
these three overlapping soft X-ray emission bands, is marked by bars at the energy
scale of FIG. 5.1. Resonant excitation can be employed to restrict the spectral
contributions in a defined manner, i.e. to selectively enhance certain band features
by tuning the incident X-ray energy to an absorption threshold.

FIG. 5.2 (left panel) compares V Ly-emission excited at the V 2ps,, threshold
(excitation energy A) with O K,-emission (excitation energy I). By aligning the
spectra at the expected positions of the Fermi-level we see that both spectra consist
of components that derive from O 2p partial density of states (PDOS) and V 3d
PDOS, i.e. that V 3d and O 2p electron bands are strongly hybridized. In addition
to spectral contributions that are due to the PDOS of V 3d and O 2p character
and are denoted as ordinary fluorescence, one also observes spectral signatures
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Figure 5.2: Left panel: Comparison of O K, (excitation I) and V L, (excitation
A) aligned on a binding energy scale. Both spectra of V2Og consist of O 2p and V
3d components, that are strongly hybridized. Right panel: Comparison of resonant
SXE spectra at the V 2p; /5 threshold compared to cluster model calculations.

that disperse with changing excitation energy, i.e. low energy excitations.

Spectral features with constant energy separation of ca. 1.8 eV from the elas-
tic peak, situated at the incident photon energy, arise in spectra D-H in FIG.
5.1. These energy loss features must be assigned to crystal field excitations, i.e.
dd-excitations, which are prominent spectral signatures in resonant SXE spectra
of late transition metal oxides. Band structure calculations cannot account for
such excitations and a "more localized way” must be employed to describe the
underlying processes by inelastic scattering theory using the Kramers-Heisenberg
equation.

The right panel in FIG. 5.2 compares spectra D, E and F from FIG. 5.1 on an
energy loss scale, placing the elastic peak at 0 eV, to theoretical spectra calculated
within a cluster model (see Sec. 3.4). Experiment and theory agree reasonably
regarding the energetic position of the dd-excitation at -1.8 eV energy loss between
d-orbitals of ta; and e, symmetry. However, theory predicts also a second dd-
excitation feature, which arises due to multiplet coupling, which is not observed
in the experiment. This feature is probably obscured by the ordinary fluorescence
contributions. Moreover, the cluster model calculations show a broad band of
charge transfer (CT) excitations centered around ca. 9 eV in energy loss. These
CT excitations overlap significantly with the O 2p derived PDOS features from
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the ordinary fluorescence.

The fact that the relative spectral weights of the low energy excitations are
much lower than the dominating ordinary fluorescence has been ascribed to the
metallic character of VoO3 at room temperature (paper II and VI). For a metal,
the intermediate states in RIXS should be relatively delocalized, resulting in relax-
ation processes, that lead to similar intermediate states as for normal soft X-ray
emission. Therefore RIXS as a resonant (coherent) process should be suppressed
in such cases.

However, preliminary studies on V503 samples cooled well below the MIT
temperature of 160 K (not included in this thesis) did not reveal a change in
the low energy excitation part of the spectra. This is in line with temperature
dependent photoemission studies of VO3, which only found the V 3d bandwidth
to change slightly across the MIT [59]. Furthermore, relative spectral weight was
transferred from bands of predominantly V 3d character to bands of mostly O 2p
character, i.e. the V 3d - O 2p hybridization was seen to change.

5.1.2 V02 and Momvl_mOQ

Vanadium dioxide VO, with a formal valence configuration of V 3d! undergoes a
MIT from a paramagnetic metal with tetragonal rutile structure to a nonmagnetic
semiconductor with monoclinic structure manifested in a sudden conductivity drop
of several orders of magnitude at T = 340K [66,67]. Despite decades of studies
the nature of these phases is not fully understood. Vanadium atoms are paired
to dimers in the semiconducting phase. Therefore the main mechanism of the
MIT has been ascribed to a crystallographic distortion and the resulting electron-
phonon interaction [68,69] (Peierls-transition), opening a band gap by splitting
the d-band [70]. Band structure calculations support this idea by explaining the
crystallographic transition with the formation of a charge-density wave accompa-
nied by lattice distortion and subsequent condensation of phonons [68]. However,
the energy gain from the crystallographic distortion alone might not be enough
to open up the gap and thus electron correlation effects [59,71] (Mott-transition)
may play an important role as well.

The resonant SXE spectra excited at V 2p and O 1s resonances presented
in paper II show that the electronic structure at room temperature appears to be
mostly band-like with a low degree electron correlation. This conclusion had earlier
been drawn by Kurmaev et al. [72] in a combined experimental and theoretical
study of the electronic structure of VOs.

Doping of VOq with electron donors (e.g. with W and Mo) results in a lin-
ear decrease of the MIT temperatures proportional to the dopant concentration.
Metallic monoclinic MoOg [73] is isostructural to the low temperature semicon-
ducting phase of VO;. By doping VO, with Mo the MIT temperature for the
Mo, V1_,02 compound system is decreased [60,61]. Mo, V;i_,O2 possess indus-
trial relevance, since thin films of Mo, V_,05 are used as thermochromic window
coatings [74]. By doping VO5 with x = 8% and 18% Mo the MIT temperature of
undoped VOsg, T (0% Mo) = 340K, is lowered to T 17 (8% Mo)=225 K and
Tarrr(18% Mo)=130 K, respectively.
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SXE spectra excited at V L thresholds are associated mainly with V 3d PDOS.
In paper VI, we investigated how spectral weight increases with the Mo content
x and this spectral development is related to a filling of the V 3d band due to a
corresponding increase of electron doping. Similar effects will be discussed later
on in the studies of Li-ion insertion into vanadium oxide battery cathodes (see
Sec. 5.2). The V L SXE spectra display nearly a rigid shift of the spectral weight
originating predominantly from O 2p - V 3d hybridized PDOS upon doping VO,
with Mo. This spectral behavior is interpreted as a consequence of the V 3d band-
filling and a quasi-rigid band behavior. The spectral evolution of the O K-emission
remarkably reveals that the band width for x=18% is much narrower than for x
= 0 and 8%. A possible explanation could be a change in the degree of O 2p - V
3d hybridization induced by the Mo doping.

5.1.3 MIT in VO,

Paper XI presents a combined experimental and theoretical investigation of elec-
tronic structure changes arising in VOq across the MIT, or more precisely across
the metal-to-semiconductor transition (MST). SXA recorded in the total fluores-
cence yield mode and resonant SXE excited at V 2p and O 1s resonances, were
employed to monitor the bulk electronic structure of the valence band.

The spectral evolution of the V 2p and O 1s SXA spectra across the MST is
similar as discovered in earlier investigations [75-77]. Importantly, the unoccupied
7* band (i.e. the band of ty, derived states) is lifted only 0.2-0.3 eV above the
Fermi-level in the semiconducting phase. This is a significantly smaller rise than
observed earlier from ultraviolet reflection by Shin et al. [59], who anticipated a
shift of 0.5 eV away from the Fermi-energy.

The results from SXE at V 2p and O 1s edges are in line with earlier photo-
emission investigations, i.e. the semiconducting phase showed a sharpening of the
occupied V 3d bands compared the metallic phase [78,79]. For comparison V L
and O K x-ray emission spectra have been derived from band structure calcula-
tions employing the local density approximation of the density functional theory.
Experimental and theoretical spectra are in good qualitative agreement regarding
relative spectral development across the MST.

All V L SXE spectra displayed in FIG. 5.3 have been normalized to maximum
intensity of the band situated around 510 eV in X-ray emission energy, which can
mainly be ascribed to O 2p states hybridized with V 3d states. For excitations at
the V 2p3 /o threshold, the SXE spectra A and B possess a band around 514 eV,
originating from V 3d states, that receives increased spectral weight in the metallic
phase. A corresponding band around 521 eV for the V 2p; 5 excitation energies C
and D becomes even more enhanced when heating the sample from the room tem-
perature semiconducting phase to the metallic phase at 100°C. Relative spectral
weight is shifted from bands of V 3d - O 2p character at high binding energies to
the band of nearly pure V 3d character at low binding energy, when heating the
sample to 100°C. This relative spectral development reflects the decreasing V 3d
- O 2p hybridization in the metallic phase of VOa.
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Figure 5.3: Resonant soft X-ray emission spectra of VO3 above (373 K) and below
(room temperature) the MIT temperature T=340K excited at V 2ps/» (A and B)
and V 2p; /5 (C and D) resonances.

5.1.4 VO3

V013 is a monoclinic mixed-valence compound (electron configuration: 4V4+
+ 2V°T) that undergoes a MST at 150K that is accompanied by a structural
distortion from the paramagnetic metal phase with C2/m symmetry [80,81] to
the paramagnetic semiconducting phase with C2 symmetry [81] or P21/a sym-
metry [82]. Antiferromagnetic order occurs below ca. 55K. The basic building
blocks of the crystal are distorted VOg-octahedra [80,81] which form two types of
sheets parallel to the a-b plane. One zigzag VOg chain running along the b-axis
is monovalent (V4*) and a second chain is of mixed valency (alternating V4* and
V5+) [80,81].

Ordinary photoemission spectroscopy (PES) [59] and angular resolved photo-
emission spectroscopy (ARPES) [83] have been used to study the valence band
electronic structure of VgO13. Particular attention has been paid to the MST of
VsO13. Small changes in the valence band width have been observed by PES,
however, the trends of ordinary PES and ARPES appear to be of opposite nature,
i.e. band narrowing is observed upon cooling in ordinary PES and band broad-
ening in ARPES. Both experiments, however, seem to show a gap opening at the
Fermi level, characteristic for the semiconducting state.

V013 receives strong attention as an active electrochemical component in
cathodes of model systems for novel compact rechargeable Li-batteries where Li
is inserted into the cathode material. Paper IX and X, summarized in the next
section, deal with the soft X-ray spectroscopic investigation of Li-ion insertion into
V013 containing battery cathodes.
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Figure 5.4: Crystal field and charge transfer excitations.

In paper VIII, the electronic structure of VgO13 single crystals is investigated
by means of SXA and SXE spectroscopy. This paper gives a combined experimen-
tal and theoretical analysis of the electronic structure of VgO;3 focusing on the
role and interplay of band-like and localized excitations close to the ground state.
SXA and SXE spectroscopy at the V L-edges is employed to monitor changes in
the electronic structure across the MST of VgOi3.

In the left panel of FIG. 5.5 we plotted resonant SXE spectra A-I excited
at V L thresholds against an energy loss scale relative to the elastic peaks, in
order to facilitate an easier identification of so called excitonic features. FIG.
5.4 schematically characterizes the types of low-energy local excitations, that are
responsible for these characteristic excitonic features. The prominent structure at
an energy loss of approximately -1.6 eV is assigned to a local dd-excitation within
the crystal field split 3d multiplet (to4 — ¢4) (see the left hand side of FIG. 5.4).
Obviously, the VOg cluster model calculation presented in the right panel of FIG.
5.5 gives a good account for this dd-excitation peak.

A broad band of charge transfer (CT) excitations O 2p — V 3d (see the right
hand side of FIG. 5.4) is situated around an energy loss of -7 eV in FIG. 5.5
(left panel). However, the detailed spectral shape variation of the theoretical
CT-band (see FIG. 5.5, right panel) is not observed in the experimental spectra.
Partially, this is probably due to significant ordinary fluorescence contributions
originating from the V 3d PDOS of nearly pure and V 3d - O 2p hybridized
character, similarly as in VO and V503, which can be accounted for by DFT
band structure calculations. Moreover, a more sophisticated modelling of the low-
energy excitations would also require the use of multi-site clusters [24] which is
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Figure 5.5: Experimental and calculated RIXS spectra of VOi3 excited at V L-
edge energies.

yet computationally too time consuming.

In the study of the MST of VgO13, small changes are observed in the V L,-SXE
spectra recorded at 295 K and 120 K, that reflect the valence band structure. These
trends are corroborated by temperature dependent band structure calculations. It
is discovered that the MST of VgO;3 is accompanied by changes in the valence
band structure in a similar fashion as observed in PES [59,83], i.e. a small shift
of the main V3d-band towards the Fermi energy in the semiconducting phase.
This study demonstrates that SXE can give valuable complementary spectroscopic
information on the subject of MST in vanadates and the use of brighter X-ray
sources would be favorable for a more extensive investigation of the MST with
SXE spectroscopy.

5.1.5 «o'-NaV,0;

o' -NaV,05 possesses orthorhombic crystal structure at room temperature and is
centro-symmetric (Pmmn) with only one distinct V ion in a mixed valence state
(average valency VT4%) [84]. The spins are carried by V-O-V rungs of molecular
orbitals, the basic building blocks of the electronic structure. At 34 K, insulating
o'-NaV,05 undergoes a low-temperature phase transition, which has been debated
to be of charge ordering or spin-Peierls-like type [85,86]. The room temperature
insulating state of a'-NaV,05 has been theoretically investigated extensively by
band structure calculations within the framework of the local density approxi-
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Figure 5.6: Experimental V2p-RIXS spectra of a -NaV,0s (dotted lines) and the
corresponding theoretical cluster model calculations (solid lines).

mation (LDA) [87-90] and by LDA band structure calculations including on-site
Coulomb correlation energy U (LDA + U) [88-91]. By including electron corre-
lations accounted for by the Hubbard U the insulating character of o' -NaV,0s5 is
explained. This visualizes the strongly correlated nature of its electronic structure.
As a key feature, the V 3d,, band is split by the correlation effects into an upper
and lower Hubbard band opening a gap around the Fermi level [89].

There is some confusion about, wether this correlation gap can be observed by
RIXS at V 2p resonances [92]. Major parts of the papers II, VI and VII deal with a
combined experimental and theoretical RIXS investigation of o' -NaV,0s. Paper
XV comments on the origin of the low-energy excitation part of the V L-RIXS
spectra and gives clear evidence, why probably the correlation induced band gap
in a'-NaV,05 is impossible to study with V L-RIXS.

In FIG. 5.6 experimental RIXS spectra (dotted lines) excited at the V 2p
resonances (a)-(h) are plotted against an energy loss scale relative to the elastic
peaks and are compared to performed cluster model calculations (solid lines). This
visualizes, similarly as for the investigation of VgO13 described in the previous sub-
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section, that cluster model calculations give a good account for the dd-excitation
peak, marked by dashed lines at a constant energy loss of -1.6 eV in the experimen-
tal spectra. The similarity between the resonating behavior and energy positions
of this peak in (metallic) V4O13 and in (insulating) o' -NaV,05 strongly suggests
that it has the same origin in both compounds, namely a local dd-excitation, i.e.
a crystal field excitation on a d!-ion.

A recent study by Zhang et al. [92] revealed the same energy loss feature in o'-
NaV50s5 at a similar value of 1.56 £ 0.05 eV. They attributed this salient spectral
feature to a dd-excitation from the lower occupied Hubbard band V 3d;, to the
upper unoccupied Hubbard band V 3dj;,. However, LSDA+U band structure
calculations [89] revealed a much smaller d-d transition gap of 0.6 eV. In paper
XV it is pointed out that RIXS involves core levels, and therefore only the matrix
elements of local transitions have significant strength. The correlation-induced
gap that is responsible for the insulating behavior of o' -NaV,05 can, on the other
hand, only be probed by inter-rung transitions. However, transitions between these
states are believed to give weak spectral signatures in V L-edge RIXS, because
the 2p core hole has very small overlap with d-orbitals on neighboring rungs.
Therefore, it seems at least very difficult to separate spectral contributions from
transitions across the correlation gap from the dominating dd-excitation in RIXS
investigations with the present spectral sensitivities.

FIG. 5.7 shows a resonant O K-emission spectrum excited at 531.7eV, i.e. at
the V 3d-hybridized low-energy shoulder of the oxygen Ols-absorption (see inset).
A RIXS peak, resonating in a narrow excitation energy interval, with an energy
loss of about 1.2 eV for the bonding-antibonding gap on a rung d,,-d}, (not for the
correlation gap) is consistent with optical spectroscopy [87,93,94]. Hybridization
of the O 2p-orbitals with V 3d-orbitals is, therefore, probably the key that can
reveal nominally non-local transitions of electrons involving more than one V-site.
However, on-rung transitions are believed to be much stronger than inter-rung
transitions and it seems also difficult to probe the correlation gap with O K-edge
RIXS.

The spectral behavior of CT excitations and ordinary fluorescence contribu-
tions in the V 2p-RIXS spectra is quite similar as the one observed for VgOis.
The good agreement of the excitonic contributions in the experimental V 2p RIXS
spectra with the cluster model calculations in paper VI corroborates the assump-
tion of the highly correlated nature of o'-NaV,05. Furthermore, the ratio of
excitonic to ordinary fluorescence contributions gives a phenomenological measure
of the localization in the intermediate core-hole state. From the dominance of the
excitonic RIXS contributions in spectrum (a)-(c) can be concluded that the states
in the threshold region are strongly localized and indicative for a highly correlated
material.

5.1.6 NayV3;0; nanotubes

The crystal structure of trigonal NasV3O7 (space group P31c) is built up by VOs
square pyramids connected at the edges and corners to form nanotubes with an
inner diameter of 5 A [55]. Na™ ions, situated inside and around the nanotubes,
result in vanadium ions of the formal oxidation state V4*. Nine square pyramids



5.1. VANADIUM OXIDES 55

Resonant O K-emission 0 [;a;\tl);%?(t)l:n

of NaV,0s

TEY [arb. units]

530 535 540 545 550
photon energy [eV]

Intensity [arb. units]

| | | | | | E . E [ :
520 522 524 526 528 530 532 534
photon energy [eV]

Figure 5.7: O K - RIXS of o -NaV,05. Inset: Total electron yield (TEY) SXA
spectrum across the O K-edge.

constitute rings forming the nanotubes by stacking the rings along the c-axis and
two neighboring rings build a unit cell. All vanadium atoms are situated in the
center of the pyramids at three inequivalent vanadium sites V1, Vo and V3. Oxygen
atoms occur at seven inequivalent sites, where O1, Os and Og are the apices of the
vanadium square pyramids, which point out from the nanotubes and correspond
to the Vi, V5 and Vj sites, respectively. The remaining oxygen sites O4, Os, Og
and Oy are situated at the basal positions of the VO3 pyramids [55].

In paper XII, we present a combined theoretical and experimental study of
the electronic structure of NasV3O7 nanotubes. SXA and resonant SXE spectra
have been recorded across the V 2p- and the O 1s-resonances. The occurrence
of both, localized excitations (i.e. crystal field and charge transfer excitations)
and band-like features, in the resonant V L-SXE spectra reveal a dual nature of
the electronic structure of NasV30O7. Localized low-energy excitations are due to
the local character of the valence band electronic structure and can be simulated
by a cluster model calculation. DFT band structure calculations account for the
partially non-local character, which gives rise to band-like spectral features.

Both kinds of spectrum in NasV30O7 are more similar to the spectra of the
mixed valence compounds VgOi3 described in paper VIII (possessing formally
4V4 and 2V°T sites) and NaV,O5 described in paper VI (possessing sites with
fractional oxidation state V4°%), and quite different from the V4*-material VO,
[59]. The V L-SXE spectra of VO3 do not show large contributions of local char-
acter (see paper II and XI). Therefore, we conclude that the oxidation state of
Nay V307 probably departs from a purely monovalent V4 system and shows also
a partial V®T-character.

In FIG. 5.8(a), we present calculated oxygen site-projected O K-SXE spectra
displayed in the order suggested by the corresponding O 1s SXA spectra. As ex-
pected, the spectral shape and energetic position of the apical spectra O;, Os and
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Figure 5.8: (a): Theoretical oxygen site-projected O K-SXE spectra of Na;V3Or
derived from a DFT band structure calculation. (b): Experimental O K-SXE spectra
excited at the O 1s resonances a - f.

Qg is significantly different from the basal spectra O4, Os, Og and O7. For the ex-
citations ”¢” - 7f” in the experimental O K-SXE spectra in FIG. 5.8(b), two peaks
are observed, a broad low energy peak centered at 523 eV and a more structured
high energy peak with a center of gravity around 526 eV. The threshold excited O
K-emission spectra ”a” and ”b” show a relatively sharp emission band around 525
eV. A direct comparison between theoretical and experimental O K-SXE spectra
in FIG. 5.8 (a) and (b) evidences that spectra "a” and ”b” predominantly rep-
resent occupied O 2p PDOS of the apical oxygen sites, whereas for the higher
excitation energies ”"c” - " basal oxygen sites have dominant contributions.

5.2 Lithium insertion into vanadium oxide cath-
odes

Li-ion batteries [95] are presently satisfying the continuously growing demand for
efficient compact power sources for modern portable electronic equipment. A
lithium-ion battery comprises a lithium containing transition metal oxide (TMO)
cathode, a Li-ion conducting polymer or organic solvent as electrolyte, a Li-salt,
and often a graphite anode [95]. During the charging of a Li-ion battery using a Li-
TMO cathode [95] (e.g. LiCoOs3), lithium ions are extracted from the cathode and
inserted into the anode (graphite). The reverse reaction takes place on discharge.
If the cathode material does not contain lithium as- synthesized, a lithium foil is
generally used as anode [95]. FIG. 5.9 depicts a schematic representation of the
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Figure 5.9: Schematic drawing of a Li-transition metal oxide battery [96].

discharge process in a Li-battery using Li foil as anode and a TMO without Li as
cathode.

5.2.1 V40,3 battery cathodes

An interesting cathode material with very high capacity (ca. 310 mAh/g), which
has gained widespread attention, is VgO13 [3,4]. The electrochemical lithiation
process of VgOi3 is characterized by a stepwise transition between phases of
Li,VgO13 withx =0, 2/3, 1, ... , 6 resulting in a ”staircase” shape of the electrode
potential as a function of lithium content (see paper IX for details). In such a curve
plateaus correspond to two-phase regions and vertical potential drops to single-
phases of discrete stoichiometry [97]. The crystal structure of VgOs3, depicted in
FIG. 5.10, comprises distorted VOg octahedra with shared edges and corners [80].
VOg octahedra form a single and a double layer, connected via shared corners.

Electrochemically lithiated Li; V6O13 (x =0, 1, ... , 6) has been investigated by
studying battery cathodes of VO13 discharged to a given voltage using a Li-metal
anode. The Li, VgO13 samples so-prepared were studied ex-situ by SXA and SXE
spectroscopies at room temperature. SXA and SXE spectroscopies were used to
investigate the occupied and unoccupied electronic states of both vanadium and
oxygen close to the Fermi level. Paper IX reports on oxidation state changes
during the lithiation process investigated by SXA. Li-insertion is accompanied by
electron transfer to vanadium sites. Paper X elaborates how the valence band of
V013 is modified in a nearly rigid band like manner and compares SXE spectra
exited at the V Lz-edge with DFT electronic band structure calculations. The
interpretation of all spectral features in the SXE and SXA follows the study of
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Figure 5.10: The crystal structure of VgO13 comprising VOg octahedra as building
blocks. Black and white spheres represent oxygen and vanadium atoms, respectively.

single crystalline VO3 presented in paper VIII.

FIG. 5.11(a) shows SXA spectra of Li, VO3 cathodes with Li-contents x =
0, 1, ... , 6. The spectrum for the non-lithiated reference cathode (x=0) closely
resembles the SXA spectra of single-crystal VO13 samples (see paper VIII). V
L-absorption spectra for VOy (V4*) and V203 (V31) have been inserted into the
graph to fit into the spectral evolution of the Li, VgO;3 spectral series. From this
one can conclude that lithiation of V5O13 produces mostly V4*-ions (VO3) at
2<x<3 and mostly V3*-ions (V503) at 4<x<5. Furthermore, the spectra for x=6
can be interpreted as containing even some V2*-ions as occurring in VO.

From an electrical conductivity study of chemically lithiated nonstoichiometric
V013, Chaklanabish and Maiti [98] concluded that the reduction of V4*+ to V3+
preceeds that of V®* to V4 as the Li content increases. By contrast, our present
study of the electrochemical Li insertion into stoichiometric VO3 supports the
findings of Stallworth et al. [99] that the reduction process goes from V®+ to V4+
(between x=0 and x=2) and then to V3.

O K-SXA spectra for the Li; VO3 series are shown in FIG. 5.11(b). The first
peak (dashed line at about 529.5eV) is associated with empty O 2p-orbitals that
are strongly hybridized with V 3d-orbitals. Decreasing intensity of this peak with
increasing x is an indication that the inserted Li atoms donate electrons, which
almost completely fill the empty V 3d - O 2p hybridized states at x=6. These O
K-SXA spectra are as well compared with those from the vanadate model systems
V305, VgO13 ,VOso, and V503. At low Li-content, the O K-SXA resembles more
the case of V0Os5, which contains only V>*-ions; only for x=2 do we see peak ratios
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Figure 5.11: (a) Dotted curves: V L-absorption spectra of Li;VgO13 battery cath-
odes in total electron yield mode. Solid lines: V L-absorption spectra of VO3,
VOg, and V203 (from bottom to top). (b) Dotted curves: O K-absorption spectra
of Li; VO13 battery cathodes recorded in total electron yield mode. Solid lines: O
K-absorption spectra of V205, VgO13, VO2, and V203 (from bottom to top).

which resemble those for VgOi3. For higher Li-content, the situation is similar
again to the result from V L-SXA. An explanation for the difference between
the results for V L- and O K-SXA may lie in the difference in the absorption
coefficients, which is larger for O K-absorption, meaning that it can be more
sensitive to material closer to the surface and possibly influenced by contamination.

FIG. 5.12 shows a comparison between (a) V L -SXE spectra and (b) results
of DFT band structure calculations. Both, experiment and theory show that the
bands are filled at the Fermi-level in a rather rigid manner, i.e. the top of the
valence band gains weight and the bottom of the valence band is shifted down
in energy. Furthermore, the experimental result shows a strong decrease in the
spectral weight of the V3d-O2p hybridized states as a result of a decrease of the
overlap between the V 3d and the O 2p-orbitals for increasing Li-content. X-ray
diffraction measurements for Li, VOi3 (for Li-contents up to x=3) [97,100-102]
show a linear dependence on the effective charge at the V-sites. This is consistent
with our present results, which display a linear dependence of the integrated peak
intensities of the band associated with nearly pure V 3d states (see FIG. 5.12(c)),
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Figure 5.12: Comparison of the V L, SXE spectra (a) with spectra derived from V
3d PDOS calculations (b). Integrated peak intensities of the nearly pure V3d peak
C and peak B deriving from V3d-O2p hybridized states are shown for both, SXE
experiment and PDOS calculations, in (c).

extending over the entire lithiation range.

5.2.2 Cathodes of vanadium oxide nanotubes

Paper IV and V study Na-containing vanadium oxide (Na-VOx) nanotubes used
as cathodes for rechargeable Li-batteries. This nanotubular material consists of
scroll-like layers of vanadium oxide separated by structure-directing agents, in
this case Na™ ions [58], and has recently demonstrated to be a well-functioning
cathode material for rechargeable Li-batteries [103,104]. Li-insertion into the Na-
VOx nanotubes has been studied by SXA (paper IV and V), SXE (paper V) and
XPS (paper IV) in order to investigate the effects of the lithiation on the electronic
structure.

A series of cycled cathodes were prepared by discharging the batteries to dif-
ferent potentials (3.0 V, 2.5 V, 2.0 V and 1.8 V) resulting in different content of
lithium. Similarly as in the case of Li, V4Os3, the gradual changes in the spectra
are attributed to electron transfer into unoccupied V 3d states as Li-ions are in-
serted into the material. As lithium ions are inserted into the Na-VOx nanotubes,
the V 2p peak weight shifts towards lower energies. This effect can be seen in both
the SXA and XPS results (paper IV). Both, SXA and SXE (paper V) measure-
ments at V 2p-edges point to a partial reduction to V3t at potentials below 2.0
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V. The excitation energy dependence of the V L-SXE spectra indicates a charge
separation in the material into coexisting d2, d' and d° vanadium sites at high
degree of lithiation.

5.3 Insulating Cuprates

The last section of the summarized results of this thesis presents a SXA and
resonant SXE spectroscopy study on the electronic structure of insulating copper
oxides. Whereas vanadium oxides, discussed in the previous two sections, show
moderate degree of electron correlation together with a mostly band-like character,
copper oxides are regarded as strongly correlated systems. The bonding between
copper and oxygen atoms gives rise to strong hybridization effects and therefore
even the itinerant oxygen 2p-bands reflect the correlation effects of the strongly
correlated Cu 3d electrons [105]. Many theories of the electronic structure of
high-T, superconducting cuprates assume that coupling between the Cu 3d and
O 2p orbitals plays an important role for the transition to the superconducting
state [105].

Most cuprates are constituted of Cu?*-ions, i.e the copper atom has trans-
ferred two electrons to oxygen orbitals, and therefore the copper d-orbitals are
generally occupied with nine 3d-electrons, where one 3d-orbital is singly occu-
pied and the other four are fully occupied. Insulating cuprates are the parent
”undoped” compounds of high-T. superconducting cuprates and are ideal model
system for spectroscopic studies of the Cu-O octahedra, the basic building blocks
of the crystal structure of most copper oxides. This section demonstrates how
complementary information of the electronic structure in a variety of insulating
cuprates can be gained employing resonant SXE spectroscopy excited a O 1s, Cu
2p, Cu 3s and Cu 3p absorption-edges. The focus of these investigations lies at
the O 1s and Cu 3p-edges.

5.3.1 Resonant SXE spectroscopy at O 1s resonances

CuGeOg3

CuGeOs is an orthorhombic antiferromagnetic insulator (with an optical absorp-
tion band gap of 3.7 eV) with the lattice parameters a = 4.81 A, b =847 A,
¢ =2.94 A at room temperature . The one-dimensional edge-sharing CuOy chains
of CuGeOg3 are coupled along its crystallographic c-axis, in contrast to high T.
cuprates that have vertex-sharing chains.

Paper I addresses the valence band electronic structure of this unusual inorganic
spin-Peierls material (Tgp = 14 K) [106] investigated by resonant SXE at O 1s
resonances. It is shown, that O 1s-SXE reflects oxygen-specific valence states
with both bandlike as well as localized (excitonic) character. The localized states
are observed as RIXS features that resonate only at the pre-edge peak of the O
1s-SXA spectrum, associated with the upper Hubbard band consisting of O 2p
- Cu 3d hybridized states of largely localized character [105,107]. Main band
ordinary fluorescence features derived from the symmetry-projected 2p-DOS at
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Figure 5.13: CuGeO3 O K-SXE spectra excited at various energies (e||a geometry)
plotted against an energy loss scale. The raw spectra are shown as circles and the
superimposed solid lines are corresponding three-point binomially smoothed spectra.

different oxygen sites arise from the delocalized oxygen valence band states. In-
plane excited SXE spectra evidence the occurrence of a so called Zhang-Rice singlet
[108] displayed as a high-energy shoulder of the O K-emission band.

FIG. 5.13 displays SXE spectra resonantly excited at various energies close
to the two first O 1s absorption maxima. The spectra are plotted against an
energy loss scale so that RIXS features appear at constant loss energies (solid
vertical lines) and ordinary fluorescence disperses apparently to larger energy losses
(dashed lines) with increasing excitation energy. We associate the peak with the
lowest energy loss (about 1.85 e¢V) with dd-excitations, resonating when tuning
across the pre-edge peak (531.7 eV), slightly lower than the dd-excitations found
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in Cu 2p-RIXS (2.02 eV).

The transitions for Cu p-edge RIXS are predominantly d° — cd'® — d°" (dd-
excitations) and d° — cd!® — d'°L (CT-excitations), where ¢ stands for a Cu
p-core hole and L for a ligand hole. Generally, the ground state Cu 3d-hole has
22 — y%-symmetry and the excitation energy of this hole to orbitals of different
symmetry (denoted as dg*) is measured as the energy loss of the dd-excitation.
For Cu?*-systems the oxygen 1s-absorption prepeak is associated with transitions
to the upper Hubbard band and has been explained [107] by mixing of ligand-hole
states (d'°L) into its ground state. The ligand hole is filled in the absorption
process leaving a d'° intermediate state in the RIXS process which subsequently
decays into a mixture of d'9L- and d°"-states, the same final states as in Cu p-edge
RIXS. Moreover, a shoulder at an energy loss of about 9 eV, tentatively marked
with a vertical line at 9.0 eV in Fig. 5.13, originates probably from CT excitations,
but overlaps strongly with ordinary fluorescence.

The strong energy dependent spectral shape of the main band is partly due
to weight shifts of SXE from inequivalent oxygen sites. The crystal structure of
CuGeOs; reveals [109] that there are two inequivalent oxygen sites: in-plane oxygen
and apical oxygen. For excitation energies around the first absorption maximum,
only O K-SXE from the in-plane oxygen is emitted since it is below the threshold
for apical oxygen emission. At high-energy excitation O K-SXE from both sites
are superposed with different weights and energy offsets. Polarization dependence
of the O K-SXE spectra is also analyzed in paper I in great detail and reflects the
difference in spectral weight from O 2p, ,- and 2p,-orbitals.

A shoulder on the low-energy-loss flank develops at higher excitation energies
and has no correspondence in the O 2p-DOS. We interpret this as a signature for
a Zhang-Rice singlet (ZRS), i.e. double hole states of a mixture of d°L, d®, and
d'L?, where the excited electron leaves the atom. Such a spectral feature should,
therefore, only occur when tuning to excitation energies that promote the electron
into a delocalized oxygen orbital. The ZRS shows the same polarization depen-
dence as the in-plane oxygen part of the bandlike states. Recently, theoretical
model calculations using the Anderson impurity approach [110,111] showed in de-
tail how ZRS excitations of different character could contribute to the O 1s-RIXS
signal in resonantly excited O K-emission.

Comparison of O 1s-RIXS in CuGeOj3, CuO, La;Cu0O,4, and SrCuO,

Parts of paper III and VII compare O 1s-RIXS spectra of CuGeOs to the re-
lated cuprates CuO, LasCuQy, and SrCuOs. FIG. 5.14 (left panel) displays O
1s-SXE spectra resonantly excited at the upper Hubbard band prepeak of these
cuprates. The sharp feature found between the elastic peak and the main band
in each spectrum (marked with vertical bars) displays Raman-like behavior, i.e.
it disperses linearly with excitation energy. Ab initio calculations by C. de Graaf
and R. Broer [112] predicted the values for dd-excitations to d-orbitals of differ-
ent symmetry for a number of cuprate compounds. The right panel of FIG. 5.14
displays a comparison between the dd-excitation energy values from the current
O 1s-RIXS data and the ab-initio values from reference [112].
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Figure 5.14: Left panel : O 1s-RIXS for various compounds excited at the pre-
peak on an energy transfer scale. Right panel: Peak values of the first energy loss
structure. Circles show the data taken by O 1s-RIXS, open squares show theoretical
predictions of dd-excitations from literature [112] (note that theoretical values of the
Sr-cuprate were calculated for the similar SroCuQOs.

Theory agrees best with the present experimental results for CuGeOgs. For
CuO, LapCuOy, and SrCuO2 we observe significantly higher loss energies than the
values for dd-excitations calculated by de Graaf and Broer. Therefore the question
arises of whether other transitions, such as ZRS transitions, might contribute to
the observed O1s-RIXS peaks of CuO, LasCuQOy4, and SrCuOs. On the other
hand, also recent Cu 3p-RIXS experiments (see next subsection) show similar dd-
excitation energies as the ones from O 1s-RIXS. Very recent Cu 2p RIXS studies by
Ghiringhelli et al. [113] reported a dd-excitation peak around -1.5 eV for LasCuOy,
which agrees qualitatively well with the calculations by de Graaf and Broer. The
same authors compared their results for the dd-excitation in CuO of -1.7 eV with
simple crystal field model calculations, which revealed -1.38 eV (for b, symmetry),
-1.73 €V (a14) and -1.99 eV (e4) [113]. Thus, the observed differences between
results for the dd-excitations determined with RIXS at different absorption edges
might be explainable by a dependence of the transition sensitivity to different final
state symmetries depending on the experimental method used.

Polarization dependent O 1s-RIXS of SrCuQO,

In paper XIV polarized resonant soft X-ray emission spectroscopy at O 1s-resonances
could be used to probe the oxygen related valence band electronic structure of the
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quasi one-dimensional cuprate material StCuQO,. Employing the excitation energy
dependence of the SXE spectra allows for the identification of spectral signatures
of localized and delocalized character. Effects of electron localization are reflected
by dd-excitations occurring when the excitation energy is tuned to the upper
Hubbard band, which consists of Cu 3d - O2p hybridized states of excitonic-like
character. Bandlike O 2 p-states give rise to a main band of ordinary fluores-
cence, which is dominating when the intermediate core excited state is of rather
delocalized character. Excitation energy and polarization dependence gives site-
and symmetry projected PDOS information. Furthermore, strong indications for
Zhang-Rice singlet states are found for excitation energies higher than electron
transitions to the upper Hubbard band, i.e for intermediate core excited states of
rather delocalized character.

5.3.2 Resonant inelastic soft X-ray scattering at Cu 3p and
Cu 3s resonances

In paper III and VII we present Cu 3p- and Cu 3s-RIXS spectra of CuGeOgs. The
Cu 3s-experiments were performed at the circularly polarized beamline 4.2R at El-
letra, Trieste. Cu 3p-RIXS measurements have been performed at beamline 10.0.1
at the Advanced Light Source of the Lawrence Berkeley National Laboratory,
USA. FIG. 5.15 illustrates the main advantage of performing RIXS experiments
at very shallow core levels, namely that the achievable instrumental resolution is
substantially improved. The Cu 2p-RIXS spectrum shows dd- and charge transfer-
excitations, while the Cu 3p-RIXS spectrum only shows the dd-excitation. This
example shows that the absolute resolution in a RIXS experiment is roughly ten
times better at the Cu 3p-resonance than at the Cu 2p-resonance, while the rela-
tive resolution is comparable at about 1/1000. This is an essential improvement in
view of the small energy separations of for instance Cu dd-excitations to different
orbital symmetries (in the order of 0.1 eV).

The Cu 3s-RIXS investigation in paper III and VII shows low-energy loss struc-
tures at around 1.7 €V, i.e. at similar energy values as the dd-excitations in the
Cu 3p-RIXS study. If they are due to dd-excitations, these RIXS features are
extraordinary and must be indirectly induced. For p-edge RIXS at 3d-transition
metal L- and M-edges dipole selection rules allow a direct transition to and from
the 3d-states. For s-edge RIXS a Cu 3s-excited electron must fill a p-like empty
state. This means that this intermediate state must have a sizeable coupling or
hybridization with d-like states.

The complexity of the RIXS spectra near the Cu 3s-threshold (see paper III
and VII) at higher energy losses finds its explanation in the coincidental overlap
with Ge 3p-RIXS. The high-energy structures are effective valence band to conduc-
tion band transitions of Ge-derived states. Their relatively large intensity in the
RIXS spectrum is somewhat surprising for being transitions between delocalized
states. This effect can be used to obtain a high-resolution convolution between
the occupied and unoccupied density of states.

Paper XIII reports polarization and energy dependent high-resolution RIXS
experiments at the Cu 3p absorption resonances of CuGeQOgs, SrCuQOs, CuO and
LasCuOy4. For CuGeOg, we observe three close-lying excitations that agree well
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Figure 5.15: RIXS spectra of CuGeOs at different core resonances: Cu 2p-RIXS
(solid line) and Cu 3p-RIXS (dashed line). The peaks centered between -1 eV and
-2 eV are due to dd-excitations. Charge transfer excitations are found at -4 eV to -8
eV in the Cu 2p-RIXS spectra.

with energy values of dd-excitations found in infrared absorption spectroscopy. For
CuO and LayCuQ4 we observe two barely resolved structures, the energies of which
are somewhat higher than previously published values using other spectroscopies.
For SrCuQO,, we observe three well-resolved excitations at 1.9eV, 2.2eV, and 2.8eV.
These Raman shifts are extraordinarily large compared to the values of the other
cuprates. Nevertheless an ab initio calculation that we present shows very good
agreement to the experimentally determined values. We attribute this feature to
the unique one-dimensional and compact structure of the cuprate SrCuQOs.
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Summary in Swedish

Resonant Mjukrontgenspektroskopi av Vanadin-
oxider och Relaterade Foreningar

Ett material &r sammansatt av atomer av samma eller olika slag. Dessa binds
ihop av atomernas yttersta elektroner (valenselektroner) som fordelas pa ett energi
fordelaktigt satt som kan beskrivas av kvantmekaniken. Egenskaperna hos mate-
rialet beror till storsta delen av hur elektronerna &r fordelade mellan atomerna i
materialet, d.v.s. materialets ”elektronstruktur”. I ménga overgangsmetalloxider
ar elektronerna av blandad karaktéir betriffande lokalisering och delokalisering.
Energinivaerna i lokaliserade material liknar atoméra energitillstand och har hu-
vudsakligen bidrag i nérheten av de specifika atomerna. Delokaliserade material
bildar genom &verlapp-ning av manga atoméra tillstand ett gemensamt band av
kvasi-kontinuerliga energier. Om véxelverkan mellan olika elektroner inom mate-
rialet ar relativt stor, kan man inte beskriva dem oberoende av varandra och man
sdger da att systemet ar starkt korrelerat. Speciellt material med 4f och 3d elek-
troner som yttre valenselektroner anses vara starkt korrelerade. Korrelationens
inverkan pa elektronstrukturen leder till manga intressanta fysikaliska materiale-
genskaper, som ar mycket aktuella i dagens forskning.

Vanadinoxider tillhér en betydande klass av 3d 6vergangsmetalloxider, som
har studerats mycket p.g.a. méjliga teknologiska applikationer. Olika vanadinox-
ider visar stora variationer i elektroniska, magnetiska och strukturella egenskaper
och forstaelsen av dessa fysiska egenskaper ar direkt relaterat till de teknologiska
tillampningarna. Material baserade pa vanadinoxider kan till exempel anvandas
inom katalys och optoelektronik. Manga vanadinoxider visar en 6vergang fran met-
all till isolator eller halvledare vid en viss temperatur. Denna 6vergangstemperatur
kan modifieras genom att substituera vanadinatomer med andra atomslag, s.k.
dopning. Nyligen har det visats att vanadinbaserade material dven ar lovande
som katoder for uppladdningsbara litiumbatterier, som idag anvénds i t.ex. mo-
biltelefoner, digitalkameror samt barbara datorer. VgOg3, till exempel, mojliggor
med sin 6ppna kristallstruktur, som bygger pa VOg enheter, en vildigt hég ener-
gitdathet samt god mobilitet av litiumjonerna under i- och ur-laddning.

Koppar-baserade material (i synnerhet kuprater) dr intressanta bland annat
for att de kan bli supraledande vid ”relativt hoga” temperaturer. Dessa kuprater
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med ett néstan fyllt 3d-skal visar stark korrelation. I denna avhandling studeras
spektroskopiska egenskaper hos nagra isolerande kuprater vilka &r modellsystem
for forstaelsen av supraledningsféormagan.

Elektronstrukturen hos olika material kan med fordel studeras med en rad
olika spektroskopiska metoder. I denna avhandling har mjukrontgenspektroskopi
anvands for att karakterisera elektronstrukturen i vanadin och kupratmaterial.
Mjukrontgenspektroskopi skiljer sig fran 6vriga spektroskopiska metoder genom
att man bla. kan studera excitationer av inre elektroner en bit in i materialet.
Mjukréntgen-absorption och -emission anvands for att undersoka besatta samt
icke-besatta valenselektron-tillstand. I mjukrontgenabsorption undersoks icke-
besatta tillstand genom att excitera en elektron fran en inre niva till lediga tillstand
i valensbandet med en rontgenfoton. Vid de-excitation kan samma eller en annan
valenselektron fylla denna innerskalsvakans varvid en rontgenfoton emitteras un-
der uppréatthallandet av energibalansen. Denna foton registreras i mjukrontgen-
spektroskopi med en spektrometer, dér fotonens energi eller vaglingd bestdms.
Spektrometern som anvinds i detta arbete ar en sa kallad gitterspektrometer, som
bestar av en ingangsspalt, tre sfériska gitter (optimerade f6r olika energiomraden)
och en tvadimensionell detektor. Designprincipen bygger pa Rowland-geometri,
déar samtliga ingaende optiska element anordnas ldngs en cirkel. Gitterna ar ofta
tillverkade av glas belagt med ett tungt grunddmne sa som guld eller platina med
manga parallella ritsar (skaror).

I mjukréntgenomradet dr en de-excitation dir en foton sénds ut ca 100-1000
ger svagare an den dominerande processen dar en elektron sénds ut (en Auger-
elektron) for att uppratthalla energibalansen. Darfor kraver denna spektroskopime-
tod avancerade ljusstarka excitationskéallor. Rontgenstralning av mycket hog in-
tensitet kan fas med moderna s.k. synkrotronljuskéllor dar stralningen produceras
genom att elektroner med relativistiska hastigheter férlorar energi i ett magnetfalt.
Alla experiment som &r presenterade i denna avhandling &r genomférda vid Na-
tionella laboratorier vid MAX-lab (beldget vid Lund Universitet) i Lund samt vid
ALS (Advanced Light Source) som ligger i Berkeley i nirheten av San Francisco
(Kalifornien) i USA.

Vid en synkrotronljusanlaggning anvands dven anordningar av optiska element,
sa som gitter, speglar och spalter, for att vélja ut specifika fotonenergier samt for
fokusering av stralningen till provet, som ska studeras. Genom att avstdmma den
inkommande stralningens energi till specifika resonanser i absorptionsspektret kan
man fa selektiv rontgenemission och darmed urskilja olika kemiska tillstand for
atomerna i ett material. For korrelerade material beh6ver man oftast beskriva
absorptions-emission-processen som enstegs process, dvs. som resonant inelastisk
rontgenspridning (forkortas RIXS pa engelska). Genom dessa spridingsexperi-
ment kan valensexcitationer studeras, sa som laddningsoverforingar samt lokala
overgangar mellan d-elektrontillstand av olika symmetri.

Vanadinoxider med olika oxidationstal har studerats med mjukrontgenspektros-
kopi vid syre 1s och vanadin 2p-absorptionskanten for att karakterisera deras elek-
tronstuktur. I samtliga material finns stark hybridisering mellan syre- och vanadin-
orbitalerna, som reflekteras i spektrumens utseende. Aven lokala Gverganger mel-
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lan vanadin 3d-tillstand har observerats, som &r relaterade till olika grad av
lokalisering for dessa vanadin- material. For VOs och VgOq3 kunde effekten av
fasovergangen fran metall till halvledare analyseras genom utvecklingen av olika
band i vanadinspektret. Experimenten har jamforts med berdkningarna baserade
pa olika teortiska modeller. En klustermodell har anvénds for att beskriva och
simulera den observerade inelastiska rontgenspridningen. Bidrag fran delokaliser-
ade elektroner Overenstdmmer med berdkningar fran en bandmodell. Elektron-
strukturstudier av Nas V307 nanotuber visar likheter med VgO13 och NaV,Os,
som har en blandad valens med oxidationstal mellan fyra och fem. I litiumbatterier
bestaende av VgOi3 och vanadin-nanotuber kunde laddningstransporten karak-
teriseras genom jamforelser med andra modellsystem. Olika isolerande kuprater
har karakteriserats med mjukrontgenspridningen vid koppar 3p-kanten och syre 1s-
kanten. Mycket béattre energiupplosning har uppnatts med méatningar vid koppar
3p-kanten jamfort med tidigare uppmatta resultat vid koppar 2p-kanten.
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