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Rutile-type transition-metal oxides are extremely fertile areas of study both for
fundamental and technological reasons due to the range of physical properties they
present, such as insulating TiO,, semiconducting SnO; and metallic RuO,. The
chemical bonding of such rutile-type oxides is assumed to have an essentially ionic
character despite differences in the outer electronic structures of the cations, from
empty outer shell (Ti*"), to partially filled (Ru®") to filled (Sn**), but has been
shown to become progressively more covalent, and details of their electronic struc-
ture are still under intense experimental study and theoretical consideration. To this
end, resonant x-ray absorption and emission spectroscopy (RXES) provides a sensi-
tive element-specific and symmetry-selective probe of the unoccupied and occupied
electronic bandstructure of these materials.

In this study, a combination of the natural linear dichroism of the rutile crys-
tal structure, and the symmetry-selectivity of the resonant soft x-ray absorption and
emission spectroscopies at the O K-edge were exploited to probe the O 2p partial den-
sity of states projections on the crystalline a and ¢ axes, and hence to observe varations
in the 7- and o-like metal-oxygen bonding in three chosen bulk crystal rutile-type ox-
ides: SnO,, RuO, and TiO,. The character of the O sp? 2p, orbital oriented perpen-
dicular to the plane containing the three metal cations that coordinate each oxygen
anion in the rutile structure (referred to as a M3O plane) is a matter of particular in-
terest. It can be used to corroborate the molecular-orbital scheme of bonding in rutile
oxides that has been suggested, by comparing symmetry-selectrd experimental spec-
tra with calculated projected O 2p partial densities of states and simulated RXES. It
is in this fashion that we show the symmetry-selective, polarization-dependent RXES
can be modelled completely through density functional theory methods, and is done
so here specifically through the WIEN2K code, and the bonding arrangements of the
O 2p, orbital in particular can be studied for different rutile species.

The bonding implications for the same structural motif of M5O planes in a dif-
ferent crystal structure, namely anatase TiO, are investigated via experimental and
simulated RXES based on calculated electronic structures. O K-edge RXES is also
applied to a nanostructured anatase TiO, system, and the results are interpreted
with reference to the results of the polarization-dependent study of bulk single crys-
tal anatase TiO,.

Some of the most promising host candidate materials for dilute magnetic semi-
conductors are also rutile oxides, TiO, and SnO, being prominent among them. We
report on the results of our O K-edge and Co L-edge RXES study of dilute magnetic
semiconducting Co-doped ZnO epitaxial films produced by pulsed laser deposition
from a solid target and metallo-organic chemical vapour deposition. We indentify
possible spectroscopic fingerprints of metallic Co and oxygen vacancy defects in the
films.
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Chapter 1

Introduction

The spectroscopic investigation described in this thesis arose from an original ob-
jective to study the electronic structure of dilute magnetic semiconductor materials.
Initially Co doped ZnO, and SnO, doped with Co, Fe and Mn were selected for study
in an element specific and symmetry selective fashion using soft x-ray emission, ab-
sorption and photoelectron spectroscopy at the O K and metal L edges. Among the
most promising host oxides for dilute magnetic semiconductors, it so happens that
TiO3 and SnO, form rutile-type crystal structures where each metal cation is octa-
hedrally coordinated by oxygen ligands and a trigonal planar arrangement of metal
cations forms around each ligand. Aside from their use in dilute magnetic semicon-
ductors, rutile-type oxides posses a range of electronic properties and their réle in
technological applications continues to evolve.

In each case above, it was necessary to study the undoped host oxides ZnO and
SnO, in order to contrast the influence of the dopants on the electronic structure.
Also, in relation to the field of dilute magnetic semiconducting materials there are
strong suggestions that additional states introduced to the electronic structure by
the presence of defect impurities in the dilute magnetic semiconducting hosts play
important roles in the mediation of the spin order reported in such systems. Spectro-
scopic measurements of the electronic structure of such doped oxides are also required,
and new approaches to the study of the electronic structure in rutile-like oxides are
reported in the present thesis.

It was then established that the rutile-type oxides ought to be particularly amenable
to polarization-dependent x-ray absorption and emission at the oxygen K-edge, due to
the natural linear dichroism caused by the highly anisotropic charge distribution and
ordered planes of metal-oxygen (M-O) bonds present in the system. This is caused

by the combination of o and © bonds between metal and oxygen atoms in the rutile



structure, where the ¢ bonds are formed by metal d and oxygen sp? hybridized or-
bitals that overlap along the internuclear axes and the = bonds are formed by orbtials
perpendicular to the internuclear axes. Of particular interest, and also of relevance to
the present and future functionalities of these rutile oxides, is a clear understanding
of the role played by the O 2p, orbital that is oriented perpendicular to the M3O
trigonal plane in the rutile bonding. These orbitals are expected to be largely non-
bonding in TiO, with its formal valence implying a d° occupancy. The filling and
consequent lowering in energy of the d levels should lead to a greater tendency for
these orbitals to hybridize and become occupied, as in the case of RuO,, whereas the
completely filled d levels expected in SnO, suggest a likely return to a TiO, - like
isolated character of the O 2p, orbitals. The hybridization between the O 2p, and d
orbitals is intimately linked to the variety of electronic structures presented by the
rutile transition metal oxides, and a polarization dependent soft x-ray spectroscopic
study at the O K - edge has unique strengths in characterizing the behaviour of these
orbitals.

An apparatus was available at beamline 1511-3 of the Max II synchrotron in
MAXIlab, Lund, Sweden that allowed the scattering axis to be rotated to measure
an out-of-plane scattering geometry, and combined with the more conventional in-
plane measurements that were possible there and at the other synchrotrons used, it
was possible to attempt a complete polarization-dependent study in the fashion envis-
aged. To our knowledge the effects of this natural dichroism on the x-ray absorption
and emission at the O K edge have not been reported until now.

Furthermore, the polarization-dependent features in the potential dilute magnetic
semiconducting host materials, SnO, and TiO,, requires a thorough presentation, lest
the effects of the natural dichroism be overlooked in the interpretation of spectra in
favour of impurities or other speculated sources of variation between experimental
measurements. This baseline study will be helpful in this regard.

Thus over the course of this research, the spectroscopic study of the 3d transition
metal doped dilute magnetic semiconductor systems at the O K and Co L edges took
a lesser role to the polarization-dependent investigation of the O 2p partial density of
states in the conduction and valence band of the undoped rutile oxides, where RuO,
was also studied.

The scientific discourse on dilute magnetic semiconductors has been strongly in-
fluenced by a combination of theoretically modelled mechanisms for the alignment
of dilute spins in semiconducting materials at room temperatures, and the electronic

structure calculations that have been interpreted with respect to one or other of such



proposed models. Experimental measurements of the electronic structure of these

systems is also much called for as a mechanism to probe the calculated electronic

structures and verify their consistency with the experimental materials. In this the-

sis the results of resonant x-ray spectroscopy at metal L-edges and oxygen K-edges

in Co doped ZnO (as an exemplary dilute magnetic semiconducting material), are

presented and interpreted.

The aims of the experiments described in this thesis are summarized under the

following six headings:

1,

To use a combination of symmetry selectivity and polarization dependence in
core level x-ray absorption and particularly resonant x-ray emission spectro-
scopies (RXES) at the oxygen anion K-edge to explore the electronic structure

of transition metal oxides.

To observe the natural linear dichroism found at the oxygen anion K edge in
rutile transition metal oxides and exploit this through RXES in order to gain
an effective experimental measure of the state-specific anion partial density of
states associated with the oxygen 2p component of the various metal-oxygen

o-like and m-like molecular orbitals.

To investigate whether these experimental RXES measurements can be ef-
fectively simulated by appropriate k-selective, spatially-selective and energy-
selective calculations of the RXES spectra from these compounds within a DF'T

approach.

To explore the variation in electronic structure and spectra between a number
of single crystal rutile transition metal oxides with various d shell fillings. This
is the first step towards a more comprehensive and systematic exploration of
the electronic structure of rutile transition metal oxides with regard to the

progressive filling of their d shells.

To apply these techniques to similar transition metal oxides, in particular those
with the same structural motif, i.e. TizO planes. To this end, anatase TiOs
was studied, where the local configuration is much changed not simply due to

the bond-lengths and bond-angles in the TizO plane.

To utilize the knowledge gained by the means outlined above, to study the
electronic structure of selected transition metal oxides when they are adapted

to provide important applications. The electronic structure of nanostructured



aggregates of anatase TiO,, which have shown high rates of photocatalytic
activity and were available through a collaboration were included in the study
for this reason. As described previously, the electronic structure of a dilute
transition metal doped semiconductor oxide, Co doped ZnO, was extensively
studied to locate spectral features attributable to the metal dopant and other

impurities on the electronic structure of the system.

From this point, the thesis is arranged into six chapters, set out by material studied
rather than chronological order of precedence.

Chapter 2 contains a description of the forms of x-ray spectroscopy used in these
experiments, the methods and apparatus employed in the spectroscopy and a discus-
sion of the particular characteristics of soft x-ray scattering that govern the polariza-
tion dependent study of dichroic materials.

Chapter 3 introduces the details of the rutile crystal structure, which is common to
the three examples investigated in the present study (TiO, RuO; and SnO,), as well
as the density functional theory calculations of the element, symmetry and spatially
selected density of states and simulated resonant x-ray emission spectra presented in
the thesis for these rutile materials.

Chapter 4 is the first chapter that presents and discusses results of the spectro-
scopic study, concerning the experiments that were performed on bulk single crystal
SnOs.

Chapters 5 and 6 continue the presentation of results from the undoped rutile ox-
ides with the polarization dependent studies of RuO, and TiO, respectively. Chapter
6 includes the polarization dependent study of bulk rutile and anatase TiO5 and the O
K edge absorption and emission spectroscopy performed on anatase TiO, nanosheets.

Chapter 7 is assigned to the discussion of Co doped ZnO as a dilute magnetic
semiconductor, and the results of our x-ray absorption, emission and photoelectron
spectroscopic studies of its electronic structure at the O K and Co L edges.

The final chapter contains a summary of the results of the investigations un-
dertaken and the conclusions the author has formed from them. There is also a
discussion of the work that is continuing to exploit the polarization dependent soft x-
ray spectroscopy techniques in rutile-type oxides and fluorides. Some supplementary

information is contained in an appendix.



Chapter 2

Soft X-ray Emission Techniques and
Synchrotron Radiation

Soft x-ray spectroscopy refers to a family of techniques that includes the core level
x-ray absorption spectroscopy (XAS) and x-ray emission spectroscopy (XES) and the
x-ray photoelectron spectroscopy (XPS) used in this thesis. All of these techniques
exploit the interaction of soft x-rays and bound electrons, and are used here to study
the electronic structure of selected transition metal oxide systems. This chapter de-
scribes these three forms of x-ray spectroscopy, two of which XAS, and XES, typically
use synchrotron sources. The general principles of the synchrotron and its compo-
nents are also described as well as the particular beamlines where the experiments
reported here were conducted. To begin with, the various spectroscopic techniques
used can be distinguished from each other in terms of their modus operandi and the
information that they provide.

Both XAS and XPS are techniques that create a hole in an occupied level, usually
a core level in the former, both core and valence levels in the latter. X-ray and
Auger emission spectroscopy arise from the decay of the core or valence hole excited
state. As described further below, x-ray absorption is a technique that like inverse
photoelectron spectroscopy and electron energy loss spectroscopy ultimately yields
information about the unoccupied states in the conduction band of the system. X-
ray and ultraviolet photoelectron spectroscopy and x-ray emission spectroscopy are
used to study the occupied states, including those composing the valence band.

The well-defined and separated energies of the core levels in different elements usu-
ally allows the core level spectroscopies to probe the electronic structure of materials
element by element. The elemental selectivity of the contributions to the valence lev-
els encourages the use of core level spectroscopy to identify changes in the electronic

structure of a material by doping or structural effects.



The fact that a core level electron is used in all the spectroscopies mentioned in
this chapter makes each technique a local probe of the electronic structure due to the
localized nature of the core electrons. To to a greater or lesser extent the valence
and conduction band states will have a non-localized character, but the excitation
and decay of core holes yields a projection of those unoccupied and occupied states
respectively onto a localized site. The information yielded will thus be specific to the

location of the core hole, and the nature of the spectroscopy.

2.1 X-ray Absorption Spectroscopy

The binding energy of the K- shell and L- shell electrons in these oxygen and the
transition metals relevant to the present study fall within the region of the spectrum
designated as soft x-rays. For example this region of the spectrum betweenl100 and
1000 eV contains K- shell absorption edges between carbon at ~ 284 eV and oxygen
at ~ 530 eV, and L-shell absorption edges between silicon at ~ 100 eV and copper
at ~ 930 eV. Where a tunable source of soft x-rays is available a core level electron
from such an atomic-like orbital can be used to probe the unoccupied states above
the highest occupied molecular orbital in a molecular system or the Fermi level in a
crystalline solid. The absorption of an x-ray photon of sufficient energy will promote
the core level electron into one of these unoccupied states.

The transition rate at which a core electron is excited by a photon of a particular
energy into an unoccupied state within the solid is governed essentially by Fermi’s
Golden Rule (defined in equation 2.3) and thus by the electric dipole interaction, the
radial and spatial overlap between the core electron and unoccupied state, the relative
orientation of the polarization of the incoming light and the unoccupied states and
of course on the final density of states. Thus controlling the excitation energy and
polarization and measuring the relative transition rate yields information about the
electronic structure of the interrogated system. This provides a basic description of
the process of soft x-ray absorption spectroscopy around a core level transition.

Figure 2.1 shows a sketch of this process with some additional detail regarding the
regions of the conduction band that will be used to describe some of the other selection
rules governing the transition rate which vary in the type of information they provide
on the unoccupied density of states in a system. While X-ray absorption spectroscopy
refers to the general process described, different titles have gained currency as the field
developed, such as NEXAFS which is used interchangeably with XAS throughout this
thesis. NEXAFS stands for Near Edge X-ray Absorption Fine Structure, which as



the title indicates, probes states within ~ 50eV of the absorption threshold. Another
distinguishing acronym used in XAS is XANES which also refers to near edge structure
but typically is used by the hard x-ray community.

For the K absorption edge in light elements such as oxygen, it is the unoccupied
density of states that contributes the most dominant component to the shape of the
transition rate as a function of the incident photon energy (otherwise the absorption
cross section) that is referred to in the most general sense as an X-ray Absorption
Spectrum. For L- and other absorption edges, the spectrum has a more complicated
relationship with the partial density of states in the conduction band, particularly
with the presence of crystal field multiplet effects and the spin orbit interaction on
the core level electron leading to a superposition of features on the partial density of
states.

There are comprehensive introductions to x-ray absorption spectroscopy contained
in Stohr’'s NEXAFS [12] and Kotani and de Groot’s Core Level Spectroscopies [13],

to both of which the description included in this chapter owes much.
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Figure 2.1: X-ray Absorption: A diagram showing the transition by a core level
electron to a state in the conduction band, withing the bandstructure of a crystalline
semiconductor upon absorption of an x-ray photon, hAw.

2.1.1 The absorption cross section and the golden rule

Further to the element and site specific nature of x-ray absorption spectroscopy qual-
itatively described in the previous section, the two remaining parameters that char-
acterize the absorption process require a lengthier justification.

The first of these is the dipole approximation that is employed in soft x-ray ab-
sorption spectroscopy. The result of this approximation is the dipole selection rule
for the change in orbital angular momentum quantum number, stated as Al = +1 in
a given single-electron transition. This adds a further symmetry-selective dimension
to the local and site specific nature of the soft x-ray absorption or emission process,
as a dipole transition will select an unoccupied p orbital for the excitation of an elec-

tron from an s orbital. As well as the symmetry selectivity introduced by the dipole



selection rule, the absorption cross section is also polarization dependent.

Where the valence states are formed by combinations of orbitals resulting in a non-
spherically symmetric spatial orientation, the absorption cross section for excitation
into a certain valence state is proportional to the angle between the bond axis and
the polarization vector of the incident electromagnetic radiation. Ranging from zero
at a 90° orientation to maximum absorption for a mutually parallel orientation, this
dependence will also be justified by considering the theory of x-ray absorption in more
detail.

The description of the absorption process begins by considering the effect an
electromagnetic field has on the behaviour of a bound electron. The vector potential of
the electromagnetic field may be written in terms of creation creation and annihilation

operators a!  and Qo AS
ka

1]

— ~ A i(k-
A(r) = q;o (akae e

)+ af oD (2.1)
where @ is a unit vector in the direction of the electric field of the wave. The creation
operator a;'m adds a photon of wavevector k and polarization « to the radiation field,
and the annihilation operator ay, removes one.

The excitation of a bound electron by a photon is treated theoretically by con-
sidering that the transition is induced by the vector potential of the electromagnetic
wave A operating on the momentum of the electron p via the interaction Hamiltonian
H;,:. The interaction Hamiltonian between the electromagnetic wave and the bound

electron is written as

€

Hinl =

3 <2A(f’)-pi + EA(?) : A(F)) (2.2)

2mec -
For a single absorption event, where the number of photons decreases by one, only

the p - A terms contribute to the interaction Hamiltonian, giving

where ), p; has been replaced by p.
Using this form of the interaction Hamiltonian, the transition probability between

initial state |¢;) and final state |¢)) by the absorption (annihilation) of a photon -



Fermi’s Golden Rule - can be written in the following form
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where p(E) denotes the density of final states and the delta function in the first
equation applies conservation of energy to the absorption process. The delta function
is abbreviated in the subsequent iterations for convenience. The Golden Rule in its
final form illustrates the origins of both the dipole approximation and the polarization
dependence of the absorption transition, as explained in the following paragraphs.

Firstly, the dipole approximation arises from the expansion of the relevant terms
in the Taylor expansion of exponential factor ei®) in the interaction Hamiltonian
matrix element in equation 2.3. As the wavelength of the soft x-rays is 20 — 30 times
greater than the extent of the core level electron’s orbital, eilk®) _, 1, and only the
first term of the expansion in the squared matrix element is retained. The next term
in the expansion is the electric quadrupole operator, the effects of which are not
included in the present consideration.

As the amplitude of a dipole transition is given by (¢f| q-p |¢:) = [ ¥ s(q-p)iudr?,
the integrand must be symmetric for the integral to have a non-zero result. The dipole
operator q-p is antisymmetric, so by the symmetry product rules 1y and v; must be
of opposite symmetry for the transition to have a non-zero amplitude. Therefore
transitions between orbitals of the same symmetry i.e. s — s or s — d are dipole
forbidden while s — p and p — s or d are dipole allowed. This selection rule can also
be expressed in terms of the orbital angular momentum quantum number Al = +1
for dipole transitions.

The polarization dependence of the absorption transition is introduced by the
q-p form of the interaction matrix element that obviously, as an inner product, will
oscillate with the angle between the direction of the electric field vector q and the
momentum vector of the state involved in the transition p. This quality or linear
dichroism in soft x-ray absorption spectroscopy is very useful for determining the
orientation of ordered molecules and the spatial properties of adsorbates at surfaces
[12]. For the spectroscopy of rutile oxides this property can be exploited by rotating
the direction of the electric field vector with respect to the crystalline axes to de-

termine which projected components of the density of states differ along each of the
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crystalline axes individually. In other words, any non spherical charge distribution
gives rise to a measured anisotropy in the x-ray absorption process. If the origin of
the charge anisotropy is due to bonding alone, rather than a combination of bond-
ing and a magnetic interaction we speak of “natural” linear dichroism, following the

convention described by Stohr and Siegmann in reference [14].

2.1.2 The modes of measuring an absorption spectrum
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Figure 2.2: Modes of measuring the absorption cross section as a function of incoming
photon energy

A NEXAFS spectrum essentially depicts the absorption cross section as a function of
the energy of the incident photons. The relaxation pathways within the core excited
system can be harnessed to provide various modes of measuring the absorption cross
section. Non radiative relaxation of the core hole is the most likely process for soft
x-ray excitation in a light element, and this process results in the ejection of an Auger
electron which in turn leads to a current of secondary electrons in the material. This
can be measured as the drain current of electrons from ground that replace any
electrons scattered from the illuminated sample that exit its surface. This mode is
referred to as the Total Electron Yield (TEY), and it is a convenient method for

measuring the absorption cross section in conducting samples as the magnitude of
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the secondary electron induced drain current is directly proportional to the number
of core holes created, which in turn is directly proportional to the absorption cross
section. The shallow escape depth for an electron in a solid makes the Total Electron
Yield mode sensitive to the surface region of the sample. The drain current is weaker
and more susceptible to noise when a sample is insulating.

The Partial Electron Yield (PEY) measures the electrons emitted in a narrow
kinetic energy range, selected with respect to the absorption edge in question such as
the kinetic energy of the O K LL Auger electrons in which case it may be termed the
Auger yield. The integrated number of Auger electrons reflects the number of core
holes created for a particular excitation energy. An electron detector can alternately
integrate the current of O 1s core level photoelectrons ejected for each excitation
energy, though this is not possible near or on resonance as this is below the ionization
potential. Unlike the Auger electrons the photoelectron will also change kinetic energy
with excitation energy. These methods are very surface sensitive

Radiative relaxation, with cross sections that are as little as < 0.7% of those of the
non radiative channels for the C, N and O K hole [15] provide a bulk-dominated mode
of measuring a NEXAFS spectrum. The optical photoluminescence of the relaxing
system can be recorded as a function of the energy of the incident radiation using a
photodiode to collect emitted photons. An x-ray emission detector can also be used to
record the intensity of x-rays emitted during core hole relaxation, and this is referred
to as the Partial Fluorescence Yield (PFY) mode. If the photodiode or channeltron in
photomultiplier mode were also responsive to ultraviolet and x-ray emission as well
as optical emission, then the signal recorded is termed the total fluorescence yield
(TFY).

The radiative modes are most suitable for measuring NEXAFS from insulating
samples, due to the difficulty in grounding the surface of the insulator. The observed
effects of the core hole in the final state on the electrostatics of the excited atom
can vary depending on the states in the conduction band that are populated by the
absorption. The detectors must have a clear line of sight to the sample under inves-
tigation in order to gather a useful signal, and in practice this can limit the angles
of incidence at which NEXAFS spectra can be measured in the radiative modes de-
pending on the other instruments used. In practice, it is desirable to record NEXAFS
using all of the modes described.

The variable intensity of the flux of photons across an energy range selected for a
NEXAFS experiment as well as the beam instability due to current drops and decay

demands that the absorption cross sections recorded are normalized to the incident
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photon intensity. The major sources of the variable intensity are the characteristic
undulator spectrum and the absorption of photons at certain resonances by contam-
inated beamline optics, mostly by hydrocarbons leading to sinks in intensity within
carbon and oxygen energy windows. The method employed for measuring the incident
photon intensity throughout the experiments performed for this thesis was to place a
highly transmitting Au plated mesh in the path of the beam between the undulator
and the sample, and to normalize the absorption cross section measured by each of
the relevant modes to this intensity, which itself was typically measured by TEY in
a drain current mode.

Although in the present thesis the O K - edge NEXAFS spectra are compared
directly with calculated partial densities of states, in practice the dynamic interaction
of the core hole and the valence electrons can form a core-hole exciton which depends
on the character of the states populated in the conduction band [16]. The modified
crystal potential surrounding the core hole causes a shift to lower energy of features
in the NEXAFS spectra when compared to the total density of states measured in
bremsstrahlung isochromatic spectroscopy for example. Changes in the relative am-
plitude of the features in experimental spectra compared to simulated spectra which
do not include the core hole exactly, or at all, are also caused by the core hole poten-
tial. These effects depend on the degree of screening of the core hole by the valence
electrons, which is somewhere between the static limits used to approximate soft x-ray
absorption namely the “initial state approximation” or “frozen orbital approximation”
where the effects of the core hole are neglected and the “final state rule” where the
interaction with the core-hole is specifically dealt with. As stated by von Barth and
Grossmann “The [final state] rule states that, disregarding the singular Fermi edges,
accurate x-ray emission and absorption spectra of simple metals may be obtained
from ordinary one-electron theory provided the relevant dipole matrix elements are
calculated from valence wave functions obtained in the potential of the final state of
the x-ray process, i.e. a potential reflecting the fully screened core hole in absorption

but not in emission” [16].
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2.2 X-ray Photoelectron Spectroscopy
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Figure 2.3: A simplified picture of core level x-ray photoelectron spectroscopy in
a solid, showing a core electron ionized with a remaining kinetic energy from the
incoming photon hw.

X-ray photoelectron spectroscopy is a complementary spectroscopic technique that
also functions by the creation of holes in occupied electronic energy levels. Where
it is performed with varying excitation energies selected to enhance the absorption
of certain occupied states at or near core level absorption thresholds it is referred
to as resonant photoelectron spectroscopy. The photon energy may also be varied
in order to enhance the surface sensitivity of the photoemission due to the varying
inelastic mean free path, or the response from differing atomic orbitals due to varying

photoionization cross sections.
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Figure 2.4: A more detailed schematic view of the photoemission process from
Hiifner’s textbook [1] with the binding energies of the occupied levels labeled Eg,
the energy of the exciting photon hv, the kinetic energy of the ionized electron Eg;,
and the work function of the material’s surface ®.

The core-level and valence band XPS reported in this thesis were recorded using
a monochromated conventional rotating anode source, and a hemispherical analyzer.
X-ray photoelectron spectroscopy using conventional target sources became the dom-
inant technique for measuring the electronic structure of solids in the era before the
continuously tunable synchrotron sources of x-rays. Einstein’s familiar equation for
the photoelectric effect is the starting point for considering the process of x-ray pho-

toelectron spectroscopy. This may be written as
Ekinetic = m}incident — (Ebinding + ¢)

where the energy of the incident photon Aw;yeigens i0nizes an electron from a core or
valence level and leaves it in the vacuum with a kinetic energy Fiinetic given by sub-
tracting its binding energy and the term ¢ referred to as the work-function which is a
constant energy barrier characteristic of the surface of the material. An electron spec-
trometer placed in the proximity of the excited sample collects the emitted electrons

and disperses them by their kinetic energy (and k-vector) allowing a reconstruction
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of the binding energies of the levels from which the electrons have originated. This
is a self-evidently powerful technique for measuring the energy and density of the
occupied states of a system, which is why valence band XPS was referred to as a

complementary technique to NEXAFS that probes the unoccupied states.

2.2.1 Features of X-ray Photoelectron Spectra

As the final state of the excited electron in XPS is above the ionization threshold,
and represented by a plane wave, the dipole approximation does not constrain the
transitions to those allowed by the orbital angular momentum of the final state as
is the case for bound states. Therefore, without accounting for the fine structure
of the spectra, XPS yields a non symmetry selected map of the total density of the
occupied density of states as opposed to the partial density of states in the regime
of the dipole approximation. Thus valence band XPS (or UPS) gives the density of
states in the valence band which can be compared to the results of other x-ray or
optical spectroscopies or indeed with electronic structure calculations. Angle resolved
photoelectron spectroscopy is neglected in this discussion.

In practice electrons ionized from equivalent core levels in a sample can give rise
to shifted peaks in the spectrum of measured kinetic energies, which may be termed
apparent core level shifts. This is because their origin is not necessarily caused by
actual shifts in the binding energy of the core level, but by differing degrees of core
hole screening depending on the valence of the parent atom, which is sensitive to its
chemical and physical environment through its outer shell electrons. Apparent shifts
in core level binding energies are often registered as an asymmetry in a peak once
a function fitting the photoelectron background has been subtracted from the data.
Surface preparation is important to differentiate between contamination and more
inherent effects. Such asymmetries are often associated with a low energy excitation
such as a plasmon, reducing the kinetic energy of the outgoing photoelectron. Al-
ternatively, charge transfer satellites or also different screening of the core hole can
give rise to multiple sets of peaks for the same site and are not necessarily indicative
of different chemical sites. It is also important to note that, particularly for elemen-
tal semiconductors, there is likely to be observed a surface core-level shift especially
where surface reconstructions occur.

The shape of the total density of states in the valence band is the most important
result related to the bandstructure that can be derived from unpolarized photoelectron
spectroscopy. Valence states with low binding energies typically have a low ionization

cross section for soft x-ray photons, so ultraviolet radiation from a conventional source
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which is commonly a helium lamp providing ~ 21 eV photons is most often used to
study this region. UPS at differing photon energies can be very useful, particularly in
exploiting delayed maxima in subshell photoionization cross sections for the transition
metal 3d subshells where at several tens of eV above the ionization threshold the
3d states in the valence band will be much more prominent than with He I photon
energies. Equally, resonant photoemission at the 2p —3d threshold can also give useful
information about the distribution of 3d states in the valence band of a transition
metal oxide.

Of particular interest to the current study are valence band widths and peak po-
sitions with which to compare the results of x-ray emission measurements, and the
presence of additional densities of states in the band gap of semiconductors that may
be associated with doping and impurities. Quantitative information regarding the
relative concentrations of elements is also present in an x-ray photoelectron spec-
trum, and within a certain peak it is convenient to estimate the ratio of each of the
peak’s components by area when investigating the origins of an asymmetry. As with
all spectroscopic measurements comparison with the results of electronic structure
calculations is informative.

As well as the apparent core level shifts another important secondary feature
in XPS spectra are satellite peaks caused by the scattering of the ionized electron
exciting resonant transitions among the valence electrons before reaching the free
state. These characteristic features are termed shake-up (or shake-off) peaks.

Insulating samples represent a difficulty for XPS and UPS as the sample can not
readily compensate for the charge lost through electron ionization through a drain
current from the ground. A flux of thermionically emitted electrons from a filament
can be accelerated to a given low kinetic energy and directed towards the surface
of the sample to provide this charge neutralization. The operating parameters of
the electron source in this regard need to be determined for different samples based
on the mitigation of artifacts in the photoelectron spectra caused by the sample
charging. However, the relatively low kinetic energy of the electrons ionized from the
valence band when an ultraviolet source is used disqualify the use of such a charge
neutralization technique, as the electrons from the thermionic source in the charge

neutralizer can enter the analyzer.

2.2.2 XPS experimental layout

The electrons ionized by the x-ray or ultra violet photons are collected and dispersed

by a combination of electrostatic lens and an analyzer, as depicted in figure 2.5.
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Figure 2.5: A schematic diagram of an XPS experiment showing the components of
the spectrometer

The array of components referred to as the electron lens in figure 2.5 collect the
emitted electrons and also provide a varying retardation or acceleration such that
the electrons with a specified kinetic energy enter the hemispherical analyzer with
the same terminal ’pass energy’. This is a variable property of the analyzer which
is selected in a trade-off between the energy resolution and transmission of the spec-
trometer. The hemispherical analyzer consists of two nested concentric hemispheres
with an electric field maintained between the two such that electrons entering with
the set pass energy are focused to a point on the equator of the hemisphere 180°
from the entrance. The electric field of the analyzer will cause electrons outside the
pass energy window to collide with the inner or outer hemisphere. The spectrometer
usually has an exit slit to provide further energy resolution in the measured spec-
trum, and the detector commonly consists of a high voltage “channeltron” electron
multiplier tube.

The XPS system used to record the spectra included in this thesis, unless otherwise
stated, was the Scienta ESCA300 located in the National Centre for Electron Spec-
troscopy and Surface Analysis at Daresbury Laboratory in Cheshire, United Kingdom.
The excitation source is a monochromated rotating anode target that produces Al K,

1486.7 eV x-rays. This hemispherical analyzer has a radius of 300 mm contributing
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to an overall resolution of the source and spectrometer combined of 0.3 eV ;| where
the FWHM of the monochromated Al source is 0.26 eV.

2.3 X-ray Emission Spectroscopy

The relaxation of a core hole excited state by the emission of an x-ray photon and the
simultaneous filling of the core hole forms the basis of x-ray emission spectroscopy.
The radiative decay of a core hole created by soft x-ray absorption also results in
the emission of a soft x-ray of similar energy if there is only one fluorescence channel
available. Where a variety of initial states from which the core hole can be filled
are available and a valence band electron fills the hole, then an emission spectrum
is obtained through the coupling of the core hole and the valence states through
that fluorescence channel. The dipole approximation also governs soft x-ray emission
transitions between the valence levels and the core hole. Therefore the creation of an
oxygen 1s core hole may lead to a radiative transition involving either an occupied
state with oxygen 2p character, and a transition metal 2p hole will decay by a tran-
sition involving an occupied state of either 3d or 4s character. States of 3s character
can also fill the 2p core hole in the case of a core-core transition. In fact all of the
properties stated previously for soft x-ray absorption spectroscopy are present in soft
X-ray emission spectroscopy i.e. it is “an element and symmetry selective, polarization
dependent, probe of the local partial density of states”, where the final state rule also
applies.

As shown in figure 2.6 for low Z elements at soft x-ray energies the lifetime of
the radiative relaxation is ~ 1000 times longer than the non-radiative channel, as
the fluorescence yield is as little as ~ 0.7% [15]. A core hole excited state on an
oxygen ls or metal 2p state is most likely to decay with the emission of an Auger
electron. Soft x-ray emission spectroscopy is therefore only practical at ultra-bright

synchrotron sources of x-rays, with the use of efficient detectors.
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Figure 2.6: Non radiative and radiative transition rates as a function of atomic number
Z from Attwood’s textbook [2].

Within the umbrella of x-ray emission spectroscopy, different types of spectra exist,
largely characterized by the proximity of the exciting photon energy to a 'resonance’
or an absorption threshold. X-ray absorption is the first step (or first half-step)
involved in the overall x-ray emission process. This is foreseen in figure 2.1 where the
x-ray absorption step is sketched, and the energy regions that correspond to states at
the bottom of the conduction band are given the labels used in this thesis “threshold”,
“resonant” and “above resonance” respectively.

It would be misleading to include a general energy scale that clearly defined the
various regions, which depends on the properties of the material in question, i.e.
whether it is a molecular system, a wide band Coulombic solid or a strongly correlated
electron system. However the first 5 eV above the absorption threshold can usually
be expected to fall into the “resonant” category, and the term used to describe the
process of radiative excitation and de-excitation is scattering.

At excitation energies close to the absorption threshold, the presence of the excited
core electron in a conduction band state can modify the band structure of the valence
states. With this in mind, it is to be expected that the emission spectra close to

threshold will have an element of excitation energy dependence. The situation that
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occurs for energies further above resonance can be described more justifiably as two
step process. Such a process comprises a core hole excitation with subsequent emission
by transitions between occupied valence levels and the core hole. Due to the large
dispersion of the states above resonance a wider range of crystal momenta in the
valence band can contribute to the emission, and the resulting spectrum integrates
over all possible contributing k states. The reviews of Gel’'mukhanov and Agren
[5] and Kotani and Shin [17] form the basis of the discussion of resonant soft x-ray
scattering considered in this chapter. The form of the diagrams are amended from

the cartoons used in the thesis of Thorsten Schmitt [18] .

2.3.1 Theoretical background of x-ray scattering

Theoretically, the process of x-ray emission is described by a transition probability
that uses the interaction Hamiltonian between an electromagnetic wave and an elec-
tron, introduced in equation 2.2 as its starting point [18]. The resulting description of
the scattering process follows the Kramers-Heisenberg relation, a familiar result from
the quantum theory of the interaction of light and atoms. The scattering process is
modeled as a differential cross section for scattering into a solid angle 2
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where p, is the momentum vector of electron n , and A, is the vector potential at
electron n of the electromagnetic radiation field, with p; - A; acting on the core level
electron exciting it to the valence state, and ps - Ao acting on the valence electron
that fills the core hole. E; , E,, and Ef denote the energy of the initial , intermediate
and final states i, m and f respectively [19, 13]. Aw; and 7w, denote the energy
of the absorbed and emitted photons respectively and T, denotes the lifetime of
the intermediate state. The indices ¢ and v label an initial and final state in the
conduction and valence bands respectively. As previously noted, this core hole lifetime
is defined by the sum of the transition rates for the radiative and non radiative decay
channel.
The first term in the RHS of the equation, with the A - A matrix element, does
not contribute to single photon processes and is not included in the present analy-
sis. It describes the amplitude of the Thomson scattering of incident x-rays which
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is responsible for x-ray diffraction. The second and third terms summed over all
intermediate levels m describe resonant and non-resonant single photon scattering
processes. It can be seen that the second term dominates the scattering amplitude
as fw, — (E,, — E;) , which indicates the condition of resonance. The delta function
represents the energy conservation of the scattering process.

The physical interpretation of the resonant and non-resonant scattering process
in the Kramers Heisenberg scattering cross section, which are described by the two
leftmost terms in equation 2.4 is sketched in figure 2.7. The process depicted in figure
2.7 part (i), where the core hole decays by a recombination with the excited core level
electron is referred to as participator decay, and is responsible for the elastic features
present in the emission spectra presented. Participator decay is greatly enhanced
at threshold, especially when the conduction electron is localized to the vicinity of
the intermediate core hole. The central diagram in the sketch describes the resonant
inelastic scattering process, and is labeled spectator decay in the diagram. This
refers to the fact that the transition between valence and core level takes place in
the presence of a core level electron in a proximate conduction band state, and the
relevant term in the Kramers-Heisenberg formula accounts for the dependence on the
incident photon energy hw; which represents a coupling through a variety of accessible
intermediate states. The third term, which describes the non-resonant scattering
process, indicates that the scattered intensities will be independent of the exciting
photon energy. This term describes the scattering that dominates for excitation

energies further from the absorption threshold.
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Figure 2.7: Three sketches representing relevant final states in the Kramers Heisen-
berg single-photon scattering terms in equation 2.4 in terms of a solid bandstructure
of a crystalline semiconductor
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Because of the mechanisms described by equation 2.4 and figure 2.7, the interpre-
tation of an x-ray emission spectrum must take account of the fact that these three
scattering terms give rise to a number of components that can be present alongside
each other. Thus an x-ray emission spectrum may include features due to elastic
scattering, energy dependent features due to the resonant inelastic scattering process
RIXS or also RXES, and a component that is independent of the energy of the inci-
dent photon that is referred to as non-resonant, fluorescent or normal x-ray emission
(NXES) [17]. The description of the interaction of electromagnetic radiation and
atoms in this chapter owes it form and arguments to the excellent discussions of the
topic in Sakurai’s Advanced Quantum Mechanics [20] and Corney’s Atomic and Laser

Spectroscopy [21].

2.3.2 The soft x-ray emission spectrometers

Two of the three soft x-ray spectrometers used to measure the emission spectra in
this thesis were manufactured by Gammadata, based on designs by the Nordgren
group at Uppsala University [3]. They are located at ALS Beamline 7.0.1 and Maxlab
Beamline [511-3. The second type of spectrometer was the one used at ALS Beamline
8.0.1 for measuring XAS and RXES at the O K and Co L edges of Co doped ZnO.
This section begins by describing the focusing principle common to both, namely
the Rowland circle geometry of entrance slit, spherical gratings and detector. Most
attention is given to the Nordgren-type spectrometer as it accounts for the bulk of

the measurements.

2.3.2.1 Rowland circle grazing incidence soft x-ray emission spectrome-
ters

Grazing incidence reflective optics are required to focus soft x-ray wavelengths due to
the non existent normal incidence reflectivity of materials in this spectral region. The
focusing of the x-rays is achieved with a Rowland circle geometry, shown in figure
2.8 where the spectrometer slit, grazing incidence spherical concave grating, and two-
dimensional x-ray detector are located on a circle with a diameter equal to the radius
of the spherical grating which is shown as a dashed circumference in the sketch. Along
the Rowland circle the focusing condition of the slit-grating combination is satisfied

[22]. The diffraction equation is then given by mA = d(sin a + sin j3).
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Rowland Circle

Figure 2.8: Grazing incidence rowland circle focusing geometry for a concave spherical
reflection grating.

2.3.2.2 The Nordgren-type spectrometer at ALS 7.0.1 and Maxlab 7/511—3

Figure 2.9 reproduces a detailed diagram of the Nordgren-type spectrometer. Part (A)
shows that there are three gratings present in the spectrometer with fixed orientations
all with a groove density and blaze angle for a particular energy region. Each grating
can be selected in turn by physically translating a grating selector to form an aperture
that allows illumination of a single grating only.

The three gratings are oriented such that they can be illuminated independently by
use of a grating selector composed of two horizontal baffles or flags. The combination
of each grating and the entrance slit defines its own Rowland circle. Further, the
combination of slit and grating also defines a solid angle for acceptance of emission
from the sample. Where the synchrotron light intersects the surface of the sample

ultimately defines the “sourcepoint” for the emission. Assuming the synchrotron beam
Y P g
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remains fixed, as the sample moves the sourcepoint will also change its position within
the chamber, with the execution of a translation of the surface plane of the sample by
a displacement vector within that plane. A feature of the Nordgren design is that the
optical axis of the x-ray emission spectrometer may be rotated about an axis parallel
to the rulings on the gratings and typically is also parallel to the beam direction.
The optical axis is defined by the path between the centre of the selected grating
and the centre of the entrance slit. These optical axes are indicated for each of the
three gratings in part (C) of figure 2.9. The rotation about this axis allows for the
acceptance angle to be directed towards the source point where this action is referred
to as “tuning”, or optimizing the optical axis of the spectrometer.

The construction of the spectrometer entrance slit is of the form of two off-set
knife edges, which is shown in enlarged detail in Part (C) of figure 2.9. The slit has a
variable width based on its rotation in the sense indicated by the rocking arrow. This
rotation gives a range of effective slit widths between closed and 120 pum, though the
effective slit width differs for a particular setting due to the differing optical axes.

Each point on the spherical gratings focuses x-rays of the same wavelength to a
conic section or crescent shaped profile on the planar surface of the two-dimensional
detector. This is an aberration that may be corrected or straightened by offsetting
adjacent slices of the detector with respect to each other in the dispersive detector di-
rection during the processing stage. This allows the two dimensional spectrum across
the detector to be converted to a normal one dimensional spectrum by summation
along the non-dispersing detector direction.

On occasion for a tightly focused synchrotron beam on the sample, the size of
the source point dominates over the slit size in determining the angular spread of the
emission reaching the selected grating. Where the grating is underfilled, i.e. not all
of the ruled surface is illuminated due to the source point not being fully within the
acceptance angle of the slit, then the average angle of incidence of the emission onto
the grating, «, may differ from the design value or vary with different “tunings” of
the spectrometer. This can lead to an unintended shift of the emission spectrum on a
stationary detector according to the diffraction equation mA = d(sina’ + sin ') and
calibration of the emission spectrum can become more difficult.

Part (A) of figure 2.9 shows the degrees of motion of the x-ray detector. It can
be translated by a stepper motor or by hand in the directions X and Y to follow the
Rowland circles of each of the gratings. The sense in which the detector can tilt is
also indicated on the Z axis of the coordinate system. This alters the tangentiality

of the detector to the Rowland circle. As the detector is flat and has a diameter
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of 40 mm its entire surface area cannot be in focus simultaneously. In practice it is
desirable to position the detector such that its centre coincides with the centre of the
energy range of interest, using well established emission lines to calibrate the detector
position.

Part (B) of figure 2.9 shows a detailed cross section of the detector which is
constructed from two stacks of micro-channel plate (MCP) electron multipliers in
a chevron or zig-zag arrangement behind a deflector plate that is maintained at a
negative potential of ~ 1kV with respect to the MCP array. The uppermost MCP in
each stack is coated with a 0.3 um layer of Csl to create a seed-shower of secondary
electrons when a soft x-ray photon is incident, that is then amplified by a factor
of approximately 10® as it cascades through the MCP stacks [23]. The deflector
suppresses any secondary electrons that take off vertically from the top of the Csl
layer and force them back to contribute to the electron shower associated with the
arrival of a photon. The electron shower arriving at the resistive anode encoder
(RAE) has its position addressed by measuring the difference in the resulting current
registered for a given event at each of the corners of the RAE using a position analyzer.

The energy scale of the x-ray emission spectrometer was calibrated in either one
of two ways depending on convenience. The tabulated values of the characteristic
energies for the Zn L,and Ls x-ray emission lines were recorded from a pure Zn foil
in 2" order diffraction. It was also possible to calibrate the monochromator energy
using the well characterized position of the 7* absorption peak in the rutile TiO,
O K XAS, and where sufficiently strong elastic peaks were present in the measured
emission spectra the position of these were used to calibrate the energy dispersion of
the spectrometer. The angle of the detector was verified by obtaining a value for the
distance in channels between the Zn L, 3 lines from software and angling the detector
until the expected dispersion is obtained at a tangent to the Rowland circle. The
focus position of the detector, where it intersects the Rowland circle is obtained by
moving the detector closer in or further away along the ray joining the detector and
the diffraction grating, until for a given emission line the narrowest width or best

focus is obtained.
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Figure 2.9: The Gammadata XES300/350 spectrometer (A) sample - slit - grating
selector - gratings - detector layout (B) detail of the detector: the Deflector, MCP
and Resistive Anode Encoder high voltages (C) detail of the relative orientations of
the spherical gratings with respect to the slit. Diagram by Nordgren et al. [3].

2.3.2.3 ALS beamline 8.0.1 XES Spectrometer

The spectrometer at ALS beamline 8.0.1 is shown in figure 2.10. The plane containing
the Rowland circle(s) of its spherical diffraction gratings is rotated by 90° compared
to the XES300 and lies in the horizontal plane of polarization of the x-rays.

The position of the entrance slit is fixed, and is between 2 — 10 mm of the sample
depending on its thickness. The width of the entrance slit is adjusted by varying the
voltage applied to a piezoelectric crystal in the slit mechanism. There is a choice of
4 spherical diffraction gratings in the spectrometer, covering an energy range from
40 — 1000 eV. The grating used for the soft x-ray emission results presented in this
thesis was the 1500 lines/mm grating of 10 m radius. Similar to the XES300 the
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detector is a stack of MCPs 40 mm in diameter, with the first plate coated with a
layer of Csl. As there is no physically relevant information relating to the sample in
the vertical variation of the spectra, rows of channels in this direction are binned for

more convenient handling of the data.
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Figure 2.10: The Soft X-ray Fluorescence Spectrometer at ALS Beamline 8.0.1 [4]

2.3.3 Anisotropy of resonant x-ray scattering

The Kramers-Heisenberg equation 2.4 given earlier presents the total transition rate
for RIXS but with no discussion of the angular dependence or of the detailed energy

dependence in the context of solids. We introduce these topics the present section.
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Figure 2.11: Symmetry selectivity in x-ray emission spectra due to varying spectrom-
eter position with respect the polarization of the exciting photons. Adapted from
Gel’'mukhanov and Agren, (figure 32) [5].
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2.3.3.1 State selectivity in Resonant Scattering by scattering geometry

The diagram in figure 2.11 is from page 134 of Gel’'mukhanov and Agren, and is
intended to illustrate the state selectivity that is inherent in the x-ray scattering
process involving a polarized source of x-rays and an anisotropic bonding arrangement
within a molecule or solid subject to the excitation. It shows a view from above
of an incident photon with a polarization vector in the plane of the page. This
diagram is most appropriate when considering simple molecular orbitals formed in
homogeneous or heterogeneous (homonuclear or heteronuclear) diatomic molecules
which is the context in which the argument and this specific picture is developed.
There are two types of bond shown in the molecule depicted in figure 2.11. The p
orbitals oriented along the internuclear axis form o bonds with the orbitals oriented
perpendicular to this axis both in the plane of the page, which are black in the
diagram and perpendicular to the plane of the page, which are coloured red in the
diagram forming 7 bonds.

As mentioned in section 2.1.1 due to the inner product form of the dipole transi-
tion matrix element, the angle between the polarization vector of the electric field and
the projection of the orbital angular momentum determines the strength of the ab-
sorption, with maximum cross section when the two are parallel, and minimum when
they are perpendicular in a cos? dependence due to the squared matrix element. Thus
the incident photon shown in the upper half of figure 2.11 with its electric field vector
aligned parallel to the internuclear axis excites a core electron into a ¢* bonded un-
occupied state as shown. When the spectrometer is located in the plane of scattering
and oriented such that its axis is looking along the internuclear axis, only transitions
from states involved in m bonds will generate any intensity in the direction of the
spectrometer. In the lower half of figure 2.11 the orientation of the internuclear axis
with respect to the electric field vector of the x-rays excites an electron into the un-
occupied 7* unoccupied states in the plane of the page. When the spectrometer is
also in the plane of the page with its axis aligned along the electric field vector of the
x-rays it will detect emission from the o states along the internuclear axis as shown
and the m bonded states perpendicular to the plane of the page as shown.

Although figure 2.11 is developed in the context of in-plane scattering only, it
can be adopted for out of plane scattering geometries where the intermediate states
selected give rise to different selections in the recorded emission. For example for o*
absorption, a 90° out of plane geometry will have o as well as m emission. Thus for
the same intermediate state selected in-plane versus out-of-plane scattering differ in

their contributions to the emission.
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A more complex picture of anisotropic scattering due to chemical bond selectivity
emerges in the case of sp? hybridization and particularly in rutile transition metal
oxides which unlike graphite, have mutually orthogonal sets of sp? planes within the
crystal structure. This will be discussed further in the following chapter. For the
time being, it is useful to take the particular instance of graphite to explain the k-
selectivity of RIXS.

2.3.3.2 Anisotropy of the elastic scattering

Though currently undulators such as UE44 at the Swiss Light Source allow the polar-
ization of the x-ray beam to be selected between vertical, horizontal or circular, the
emission spectra presented in this thesis were obtained using undulators with a fixed
horizontal polarization. In this case, to observe out-of-plane scattering the emission
spectrometer must be moved either by placing it on a different port on the analysis
chamber, or by rotating the entire analysis chamber. Both approaches to the obser-
vation of out-of-plane scattering have been attempted, but the out-of-plane emission
presented here was obtained solely at MAXlab beamline 1511 which has a rotatable
analysis chamber and is described in a following section. The most prominent differ-
ence between the observed scattering of the in-plane and the out-of-plane geometry is
the enhanced presence of elastically scattered photons in the out-of-plane geometry.
This is due to the fact that the elastic scattering results from participator decay (see
figure 2.7) and the shape of the radiation field caused by this transition is similar to
the cos? § “donut” of the dipole oscillator, where the intensity is zero along the axis
of the oscillation and maximum in the plane perpendicular to this direction. Hence

the elastic scattering observed for in-plane scattering is almost entirely suppressed.

2.3.3.3 The k- selectivity of RIXS

Figure 2.12 is an adapted form of the results presented by Carlisle et al in a study
of graphite [6]. That study demonstrated that graphite is an ideal system in which
to observe the symmetry and crystal momentum selectivity of RIXS. Graphite, as a
planar sp? hybridized system also serves as an excellent example of different states
probed by altering the scattering geometry for the rutile oxides studied in this thesis.

Firstly, in panel (A) of figure 2.12 the three coloured bars from left to right high-
light the regions of the electronic structure probed by the scattering of photons with
energies tuned to excite core level transitions into states (i) (ii) and (iii) above the

Fermi energy. The scattering resulting from these excitation energies along with a
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photon energy far above threshold are shown in panel (B). The geometry of the scat-
tering is also varied, with angles of 25° and 70° between the spectrometer axis and
the surface of the graphite for each incident photon energy as sketched in the upper
left hand corner of panel (B). Panel (C) contains calculated emission spectra from
graphite for the same incident photon energies and spectrometer axis orientations se-
lected in the experimental measurement. The results demonstrate that RIXS is both

a symmetry and crystal momentum selective technique.
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Figure 2.12: Symmetry and £k - selectivity of RIXS, adapted from Carlisle’s et al study
of graphite at the C K edge [6]. Panel (A) shows depicts the calculated band structure
diagram for graphite along high symmetry directions in the Brillouin zone. Panel (B)
shows the emission spectra for incident photon energies associated with excitations
into states (i) (ii) and (iii) as well as an incident photon energy far above threshold.
The emission spectra were measured at two different spectrometer orientations with
respect to the surface of the graphite sample as the sketch in panel (B) depicts. Panel
(C) shows calculated emission spectra for the energies and orientations used in the
experiment.

It is the features labeled 2 and 3 in the emission spectra between photon energies
of 280 eV and the Fermi energy Ep that show most variation as the angle of the
outgoing emission from the planar surface of the (0001) graphite sample is varied.
For the grazing exit angle of 25°, states of 7 symmetry will be predominantly excited
into as they lie perpendicular to the planes parallel to the (0001) surface. As the
spectrometer axis is approaching alignment with the surface normal for this sample
orientation, the emission is dominated by ¢ bonded occupied states. For the same
reason, with a near normal angle of incidence of 75° the states excited into are o*
in the conduction band and the emission is from 7 bonded states. This allows a

clear distinction to be drawn spectroscopically between densities of states composed
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of o and 7 bonding, which verifies the symmetry of the bands in the calculated
electronic structure. The calculated emission spectra also show this clear suppression
and enhancement of emission from the 7 density of states, located in the vicinity of
the valence band in this planar sp? hybridized solid.

In resonant soft x-ray scattering the total momentum of system: the crystal mo-
mentum (k) and that of the photons is conserved for the excitation and decay in the

RIXS process. This may be formulated in the following equation

k?r?oton_kphoton — Akcrystal (25)

out

where the wave vectors of the absorbed and emitted photon are labeled k;, and kout
, and AKepystal denotes the change in the crystal momentum of the system before the
excitation and after the filling of the core hole with a valence band electron. For a
scattering angle of 90° at the O K-edge the necessary change in crystal momentum
will be given by

photon 7 photon
kin kout:

2 s = 2ksin 6

for a photon in and photon out of 530eV, the wavelength A = 23.39A and therefore
Jepboten — (0,042 A"
| AkProrn| = 0,059 A7

In a rutile oxide the smallest span of the Brillouin Zone in reciprocal space gives
Kmax = "/a ; a ~ 4.5 A giving
Kinax = 0.698 A7

Thus the scattering of crystal momentum amounts to ~ 8.5% of the smallest span of
the Brillouin zone, and the core hole is filled by an electron from the valence band from
a state of essentially identical crystal momentum. For most of the relatively slowly
dispersing bands in the rutile oxides the energy bandwidth of the monochromator
used would select a much greater proportion of the Brillouin zone.

The obvious effect of k conservation on the emission spectra is the dispersion of
peaks with changing incident photon energy as the electrons from the valence band
contributing to the emission are selected from states with the same crystal momentum
as the excited occupied state in the conduction band. In figure 2.12 the three on-
resonant spectra in experiment and calculation show this dispersion in their features.
The peaks in the density of states are associated with flat regions of the electronic
structure. In spectrum (i) the excitation energy excites the core level electron into
the lowest energy unoccupied state, located at the high symmetry I' point in k space

which is located at the centre of the Brillouin zone. The regions of the electronic
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structure where the density of states are located that contribute to the emission are
those that intersect with the red shaded slice through the diagram, the width of which
indicates the finite bandwidth of the incident photons. The strongest example of the
effect of k conservation on the spectra is observed between spectra (ii) and (ii7) where
peak 4 arises. This is because the excitation energy for spectrum (7iz) is sufficient to
excite the core electron into a state at the M symmetry point in the Brillouin zone,
and this in turn selects the states approximately falling within the yellow shaded slice
of the band structure diagram to contribute to the emission. The different sense of the
dispersion of different peaks in the emission spectra is also evident. Peak 2 and peak
5 move in opposite directions as the excitation energy is increased, essentially moving
towards each other in accordance with the direction of the dispersion in the electronic
band structure. Broadening is also apparent with increasing excitation energy, as the
states contributing to the emission move away from the flat regions around the high
symmetry points, giving rise to a broader density of states.

While the agreement between the dispersion of the peaks and the dispersion of
the states in the electronic structure diagram is clear, allowing peaks 2 — 6 to be
attributed to particular regions, in practice the dispersion of the electronic structure
is three dimensional and the diagram plots the dispersion along one dimensional
paths through the Brillouin zone. The dispersion of the peaks in the spectra would
therefore not be expected to be identical to the calculated band structure diagram, but
a qualitative comparison is feasible, particularly for the graphite planar sp*® bonded

system.

2.4 Synchrotrons and Beamlines

Although throughout the middle decades of the 20" century x-ray emission was car-
ried out using both conventional x-ray targets and accelerated electrons as the ex-
citation source, resonant x-ray emission and x-ray absorption are only feasible with
far brighter sources of x-rays continuously tunable in energy. Third generation syn-
chrotron sources have answered both of these requirements, and their development
led to a revival of these techniques from the late 1980s to the present day, as outlined

in the review of Kotani and Shin [24].

2.4.1 Synchrotrons, Undulators and Monochromators

Previously, the inefficiency of the x-ray emission process was discussed for lighter

elements and softer x-rays. However, the combination of ultra-bright sources of x-
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rays and optimally efficient grazing incident spectrometers mitigates this impediment
sufficiently to make such experiments feasible. A synchrotron will have at least 10'°
times higher photon flux than a compact laboratory source of x-rays [2], with the
operating range of radiation produced varying between the far infrared to the hard
x-ray region of the electromagnetic spectrum. Figure 2.13 shows a schematic dia-
gram of a synchrotron indicating the major components which consist of a storage
ring, which is the polygonal structure delineated by the bending magnets, and an
undulator inserted into one of the straight sections between bending magnets. The
beamline in the diagram is shown in a position to collect the x-rays emitted at a
bending magnet. Generally, thermally generated electrons are accelerated to rela-
tivistic velocities and injected into a storage ring where they orbit continuously. The
acceleration experienced by the electrons due to the bending magnets in the storage
ring causes them to emit radiation. As the acceleration the electrons experience in
the bending magnets is towards the centre of the ring, the familiar “donut” profiled
radiation pattern is emitted with the maximum intensity in the plane perpendicular
to the acceleration. Due to the relativistic energies of the electrons, the radiation
pattern is Lorentz contracted in the laboratory frame of reference, and the radiation
field is encountered as a narrow cone emitted tangentially to the electrons’ bending
path.

In previous generations of charged particle accelerators, synchrotron radiation was
considered parasitic, as it results in the loss of energy to the charged particles. The
accelerator replaces this energy by using radio frequency cavities, which the electrons
pass through on their circuit of the ring. Third generation dedicated synchrotron
facilities with higher brightness have been available since 1996 in the case of the ALS
and the research presented here is from beamlines at the ALS and MAXlab.

Beamlines must be constructed to collect the x-rays emitted at a bending magnet
in the storage ring and direct it towards the experiment. They may also gather the
radiation emitted by the electrons on their path through an insertion device called an
undulator which consists of a periodic magnetic structure below and above the elec-
trons’ path that causes them to undergo a sinusoidal path deflection in the laboratory
frame of reference. The intensity of the resulting radiation emitted is proportional
to the number of magnetic periods in the structure and inversely proportional to
the gap, and while the spectrum of an undulator is not monochromatic, interference
between the radiation emitted at all points along the path through the undulator
produces intense peaks at a certain fundamental energy, and odd higher harmonics.

This undulator spectrum may be shifted in energy by altering the strength of the
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magnetic field of the undulator by bringing its upper and lower halves closer together
or increasing the vertical distance between them. A suitable monochromator, i.e. a
diffraction grating and slit can select a chosen window of energy from the undula-
tor output, while the peak intensity of the chosen undulator harmonic is varied to
maximize the flux at the desired energy.

A further characteristic of the undulator is the polarization of the radiation emit-
ted. Its polarization is parallel to the direction of the sinusoidal oscillations the
electrons undergo, and may be altered by offsetting the undulator periodic magnetic
structures with respect to each other, thereby altering the electron path, to produce
horizontal, vertical, circular or helically polarized light.

The x-ray absorption and emission results presented in this thesis were obtained at
undulator beamlines 7.0.1 and 8.0.1 at the Advanced Light Source, Lawrence Berkeley
National Laboratory, Berkeley, California, and beamline 1511-3 at the MAX II storage
ring at the MAX-lab National Laboratory at Lund University in Lund, Sweden.

Bending
Magnet

Undulator

Figure 2.13: Sketch of a synchrotron storage ring and beamline, showing the bending
magnets and the straight sections where insertion devices are located. The tangential-
offshoot beamline construction is also indicated.

2.4.2 MAX-lab beamline 1511-3

Detailed specifications of the beamline 1511-3, where the entire body of work on
the rutile oxides reported in this thesis was carried out, have been reported in [19].

The most relevant beamline parameters are abridged in this section. The source at
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Beamline 511 is an undulator with 49 x 52 mm magnetic periods producing a flux
of photons linearly polarized in the horizontal plane of the synchrotron. The light
produced by the undulator is focused by a cylindrical mirror and directed onto a
plane grating monochromator by a plane mirror. The high stability of the electron
beam position in the ring allowed the monochromator to be designed without an
entrance slit. The monochromator contains one plane diffraction grating ruled with
1200 lines/mm, which provides an energy range between 100 and 1200 eV. For the
oxygen K edge absorption presented in this thesis where the energy range was centred
around 525 eV, the 3" harmonic of the undulator was used with a resolution of
between 200 meV and 400 meV.

The monochromated beam is directed to one of the three possible endstations by a
translatable mirror. 1511-3 is the beamline branch end station for bulk measurements.
[511-3 is equipped with an x-ray emission spectrometer described in section 2.3.2 and
also partial and total fluorescence yield detectors for NEXAFS. The entire analysis
chamber containing the sample on its manipulator, the emission spectrometer and all
other chamber accessories can be rotated mechanically by 90° to allow x-ray emission
to be measured for in plane and out of plane geometries. This is indicated in figure
2.14 where the entire chamber is depicted rotating around the direction of the x-ray
beam [25]. The optimum beam-spot size in the analysis chamber after refocusing
by two Kirkpatrick-Baez bent elliptical mirrors is 10 um x 30 gm in the vertical and

horizontal respectively.
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Figure 2.14: A sketch and photograph of the rotatable x-ray absorption and emission
analysis chamber at the endstation of I511-3, MAXlab, Lund, Sweden. The analysis
chamber is shown rotated to the out of plane scattering geometry.

2.4.3 ALS Beamline 7.0.1

This undulator beamline was used for the majority of x-ray emission and absorp-
tion from the dilute magnetic semiconductors and the anatase TiO, nanosheets. The
beamline parameters included in this description are quoted from reference [26] and
[18]. The undulator contains 89 x 50 mm magnetic periods. The horizontally polar-
ized light produced by the undulator passes through a beam defining aperture that
only allows the radiation in the central cone of the emission to propagate towards the
condensing mirror that focuses light onto the monochromator. The monochromator
consists of an entrance slit of variable width and fixed position that illuminates one of
three selectable spherical gratings, depending on the energy range desired. The grat-
ings are translatable under vacuum, and a combination of grating rotation and exit
slit translation select a desired energy. The 380 lines/mm grating, and the 3"¢ har-
monic of the undulator was used for the O K edge with the high energy 925lines/mm
grating and 5" harmonic of the undulator used for the metal L edges. The resolution
of the oxygen edge energies employed in the present thesis was approximately was
between 200 meV and 400 meV as at beamline 1511.

The beamline consists of a number of endstations that are selected by translating
the endstation selecting mirror depicted in figure 2.15. Figure 2.15 also aims to give

an indication of the beamline control system used to conduct the x-ray absorption and
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emission experiments for this thesis. The endstation computer collects the incident
flux intensity via the gold plated mesh, in order to normalize the NEXAFS spectra as
described in section 2.1.2. It also records the sample drain current, photodiode current
for NEXAFS spectra and the positions and intensities for events on the emission
detector. The endstation computer, in turn, controls the undulator gap, grating tilt
and monochromator exit slit position in order to give the optimum intensity at a
selected energy.

The focused spot size at the sample is ~ 50— 100 um, where the focus is adjustable

for the different endstation sample distances by the vertical refocusing mirror.
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Figure 2.15: Overview of ALS Beamline 7.0.1, Lawrence Berkeley National Labora-
tory, from undulator to sample, adapted from beamline manual.

2.4.4 ALS Beamline 8.0.1

Both O K edge and and Co L edge NEXAFS and RXES on Co doped ZnO DMS
films grown by MOCVD was carried out at Tulane University and the University of
Tennessee at Knoxville’s soft x-ray fluorescence endstation at beamline 8.0.1 [4]. The
undulator contains 89 x 5.0 cm periods covering an energy range of 70 — 1200 eV .
The details of the monochromator at beamline 8.0.1 are essentially identical to those
of beamline 7.0.1, and the similarity of the layout between these two beamlines did
not require a schematic diagram of the layout to be included for both. The medium
energy 380 lines/mm grating was used with the 3" undulator harmonic for the O K
edge and the high energy 925lines/mm grating was used with the 5 harmonic of the
undulator for the Co L edges.

The study of the band structure of graphite along high symmetry directions re-
ported by Carlisle et al. [6] and discussed in section 2.3.3.3 was also performed at this
beamline. NEXAFS is measured at this beamline in both TEY via the drain current
to the sample and PFY mode using a channeltron in photon mode. The analysis

chamber contains a soft x-ray emission spectrometer as described in section 2.3.2.3.
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Refocusing of the beam in the horizontal direction produces a spot size on the
sample in the analysis chamber of 500 ym x 100 gm spot size with a vertical oblong

cross section.

2.5 Summary / Conclusions

The present chapter has outlined and described the principal features of the three
spectroscopic techniques x-ray photoelectron, absorption and emission spectroscopy,
employed in the study, alongside the physical apparatus used. Some particular charac-
teristics of the spectra have been described, with particular attention to the geometry
of scattering from ¢ and 7 bonded orbitals. We have shown that with the appropriate
x-ray sources, instrumentation and knowledge of x-ray spectroscopic methods we can
extract enhanced information about the electronic structure of solids. The following
chapter will review rutile transition metal oxides and electronic structure calculation

methods.
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Chapter 3

Rutile Transition Metal Oxides:
Structure and Calculations

Rutile is a common polymorph or structure of transition metal oxides with the MX,
formula unit. The prototype of the structure is TiO, which has the mineralogical
name rutile. The current chapter describes the physical structure of rutile, and the
bonding relationships that form which determines the electronic structure of the sys-
tems that adopt this structure. The electronic structure of rutile systems is described
in particular in terms of the O 2p partial density of states in those materials and how
that relates to the O K-edge XAS and RXES measurements.

The electronic structures of some rutile-type oxides were calculated using the
specific formulation of Density Functional Theory contained in the WIEN2k code.
WIEN2k uses a full potential linear augmented plane wave formulation together with
local orbitals, which are described in section 3.4. In particular, the calculated elec-
tronic structure yielded a partial density of states, projected along the crystal axes
which were used to simulate the O K- edge Resonant X-ray Emission Spectra obtained

experimentally.

3.1 Details of the Rutile Structure

The rutile structure is characterized by metal cations that are octahedrally coordi-
nated by 6 anion ligands, the cations lining up into chains by edge sharing in the
waist plane of each octahedron. The chains of octahedra that form by waist edge
sharing stack in layers where the major axes of the octahedra are rotated by 90°
from one layer to another as shown in figure 3.1. In MX, solids where the metal

cation is coordinated by six ligand anions and the anions in turn are coordinated by
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3 metal cations, rutile or the P4y/mnm space group is the most commonly resulting

structural type [27].

Figure 3.1: Adjacent octahedra in a typical rutile structure from [7]

While the metal cations are coordinated octahedrally by their ligands, the ligand
anions are coordinated by 3 metal cations in flat triangular or trigonal planes. Each
oxygen in the system is included in a triangular coordination of metal cations, and that
demands a sp? hybridization of the s and p orbitals of the anion. These sp? orbitals
can then form 3 o metal-oxygen (M-O) bonds between their in-plane components
and the cation d e, orbitals whose lobes point directly towards the anion from the
corners of the plane defined by the three metal cations surrounding the oxygen (the
M30 plane). There is one remaining p orbital left over that is not hybridized and
is oriented perpendicular to the trigonal plane. This orbital forms can form weak
m M-O bonds with the d t,, orbitals of the surrounding metal cations, and is non-
bonding to a greater or lesser extent in certain examples of rutile oxides. As they
contain the principal axis of the octahedron, the M3O planes repeat throughout the
bulk crystal in families of planes at 90° to each other, but always parallel to the c axis
of the structure containing the chains of octahedra. The M-O distances vary between
the four distances around the waist of the octahedron, compared to the two M-O
distances to the corner-sharing apices of the octahedron, thus defining the principal
axis of the octahedron at right angles to the direction of the edge sharing chain (or ¢

axis).
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The foregoing description of the spatial arrangement of the bonds in the structure
in is a general feature of rutile systems. However, the details of the M-O distances and
octahedral distortions involved for different metal cations with different radii and d
shell occupancies gives rise to the variety of electronic structures encountered in rutile
transition metal oxides. From insulating and semiconducting in the case of TiOy and
SnO, to half-metallic in the case of CrO, and metallic in the case of RuO,.

The spatial separation of the M-O ¢ and 7 bonds, due to the location of the
M-O ¢ bonds in the plane at 90° to the 7 / non-bonding orbitals will give rise to an
anisotropy in the absorption of polarized electromagnetic radiation, depending on the
angle of the polarization to the M30O plane. When the polarization is parallel to the
plane, the bonds oriented along this axis may absorb the radiation, but not the bonds
perpendicular to it and vice-versa. This allows the M-O ¢* and 7* O 2p unoccupied
partial density of states created by the ¢ and 7 bonds to be probed separately in
X-ray Absorption Spectroscopy at the O K- edge by rotating the crystal axes with
respect to a plane polarized source of x-rays.

Selecting the energy of the incoming photon and the geometry of the measurement
of the outgoing photon in an X-ray Emission Spectroscopy experiment also allows the
O 2p occupied partial density of states belonging to the M-O ¢ and M-O 7 bonds to be
probed largely independently of each other, exploiting the linear dichroism described
in the previous paragraph. The emission of radiation by dipole transitions between
the O 2p part of density of states due to the ¢ and 7 M-O bonds in the M30 plane
and the O 1s core hole essentially gives rise to a o*absorption — 7 emission and 7*
absorption — o emission selectivity in a simple two-dimensional picture introduced
first in the previous chapter. This takes account of the fact that the emitted x-ray
photon is measured by a spectrometer fixed at an angle of 90° to the propagation

vector of the incident photon [5].

3.2 The Formation of the Rutile Structure

In a MX; compound formed between two elements of differing electro-negativities
such as metal dioxides, dihalides and disulphides, an ionic bonding model provides
an approximate prediction and practical explanation of the crystal structure of the
resulting solid where each metal cation is surrounded by a regular octahedral forma-
tion of anions, and each anion is surrounded by a triangular arrangement of metal
cations. The crystal structure of many transition metal dioxides are closely related

to this model structure. As rutile is a common structure for electronegative oxides
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and fluorides, its formation has previously been treated using ionic models [28, 29].
A simple ionic model, however does not give agreement with the observed parameters
of rutile solids which requires some degree of covalent bonding in the solid [30]. For
instance a degree of covalent bonding in the compound must be included to account
for the cation-anion bond distances are observed in real solids where the purely ionic
model predicts a constant cation-anion bond distance [27]. The somewhat shorter
bond distances observed than those predicted by the ionic model also indicate a de-
gree of covalent bonding in the system.

A more predictive qualitative model of the bonding and energetics of the rutile
structure was developed based on a molecular orbital approach that takes account of
the degree of covalent bonding in the system and leads to a rationale for the stability
of the rutile structure that changes with the energetics of increased d shell occupation
leading to a variety of structural modifications [7].

The mechanism that offers the most satisfactory explanation for the formation
or adoption of the rutile-like structure by transition metal dioxides, in preference
to the related orthorhombic CaCls; or the hexagonal close packed Cdly structures,
is the competition between the formation of the metal-favoured octahedra and the
oxygen-favoured trigonal planes. The rutile structure is a tetragonal modification of
the orthorhombic CaCl, structure which is composed of 2 Ca atoms at (0, 0, 0; %, %, %)
and 4 Cl atoms at (fu, £v,0) and (3 + u, 3 F v,0) giving rise to 3 unequal axes in
the crystal. Tetragonal rutile structures are formed where u = v giving rise to the
011

1+ 8" 5) and 4 oxygen anions at (fu, tu, %) and

(% == —;-:Fu. %) and hence a tetragonal crystal with 2 axes of equal length and a third

position of 2 metal cations at (0, 0,0

of unequal length. The metal cations are coordinated in octahedra formed by the
anions, identical but rotated by 90° about the c-axis of the unit cell and translated
by (3,3, 3) as shown in figure 3.1. The primitive quarter rotation and translation of

1 1 1 . . . . ) N2 .
( 0 5)15 summarized in rutile’s P4,/mnm space group designation.
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Figure 3.2: Metal-Oxygen distances dgpicat and deguatoriar ; bond angles 6 within the
M;0 trigonal plane, and ¢ in the equatorial plane of the MOg octahedron.

The apical and equatorial metal-oxygen distances are shown along with the metal-
oxygen-metal bond angle 6 in figure 3.2. The apical distance d,p;cq; is defined as the
distance between the metal cation at (1,1, 1) and the anions at (1 +u, 1 Fu, 1), the
equatorial distance degyatoriar s the distance between the cation at the centre of the
octahedron and the anions in the waist or equatorial plane of the octahedron. If all
the metal-oxygen distances were equal, dupicai = doctanedrar the volume of the crystal
would be filled with regular octahedra. The distortion of the octahedra also means
that the trigonal plane centred around the apical oxygen is not equilateral and the
bond angle 6 varies with the cation-anion distances. The parameters that describe
the distortion of the rutile octahedra are the lattice constant a, the unit cell ratio £,
and the internal coordinate u. As a result also the O-M-O angles in the equatorial

plane are not 90° which creates a rectangular rather than a square cross section.
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r ] T102 | RUOQ { SHOQ ‘

a(A) 4.593 | 4.492 | 4.740
c/a 0.644 | 0.692 | 0.673
u 0.305 | 0.306 | 0.306

dapicat(A) | 1.982 | 1.944 | 2.053
Qequatoriat (A) | 1.948 | 1.983 | 2.055
0 126.29° | 128.84° | 127.84°
¢ 81.21° | 76.78° | 78.18°
Reference [31] [32] [33]

Table 3.1: Rutile Structure Parameters for TiO,, RuOsand SnO,

Table 3.2 outlines the lattice constants a, the ¢ ratio, the internal coordinate u,

and the metal-oxygen bend distances for the series of transition metal oxides under
consideration. By definition, the transition metals or rather their oxides have unfilled
d shells and the properties of the transition metal oxides show altered properties at
their number of d electrons while retaining the same distorted octahedral structure.
CrO; even reverses the sense of the distortion in the rutile octahedron with dgpicar <
dequatorial- Differing electronic structures are to be expected if, for instance, the metal-
metal distance within the crystal structure decreases, permitting a greater degree of
metal-metal bonding, or the d occupancy permits a Peierls distortion as in VO,
upsetting the delicate balance outlined above.

TiO, with its d° configuration is a wide band gap insulator, at least in its stoichio-
metric form, and the aforementioned archetype of the rutile structure. As such, it
offers the best model to study the electronic structure of other transition metal oxides
by comparison as the filling of the d shell increases. In RuO, a (4)d* configuration
results in a metallic system. Finally SnO, has a filled 4d shell, d'° in the rutile-like

structure and is a transparent semiconductor.

3.3 The Bonding in a Rutile Structure

As mentioned previously, a molecular orbital approach provides a good qualitative
basis to interpret the electronic structure of the rutile-like oxides, and has given accu-
rate results in structural calculations [7]. The model presents a picture of the spatial
orientation of the bonding and anti-bonding states and their position in relation to
the Fermi energy as the valence band accommodates increasing numbers of electrons
across the series. This section describes the molecular orbital approach to modelling

the bonding in rutile, and how this is related to the approximate symmetry of the
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crystal structure. The most convenient point at which to begin is by definition of the
coordinate axes that will be used to describe the alignment of the lobes of the metal

and oxygen orbitals throughout this thesis.

3.3.1 The anion and cation coordinate system

To describe the distribution of charge within the rutile structure, and our results and
calculations, it is useful to describe the system from the point of view of two differing
coordinate systems for the oxygen 2p orthogonal components of the partial density
of states.

The metal atoms in rutile dioxides form a body centred tetragonal lattice and
it is convenient to follow Kunes et al [34] in defining a local coordinate system for
both the metal and oxygen ions, according to their bonding axes within the oxygen

octahedra that surround the metal atoms as shown in figure 3.3.1.

Figure 3.3: Demarcating the natural coordinate systems in a rutile geometry for (a)
the cation and (b) the anion, adapted from [7]

The octahedra that surround corner and body-centred metal anions have their
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apical axes rotated by 90° with respect to each other along the crystal ¢ axis, to
which they are mutually perpendicular.

The local coordinate system for the metal anion is defined as follows: the Z,; axis
is collinear with the metal-oxygen direction along the apical axes of the octahedra,
and the X, and Y), axes point towards the oxygen atoms located at the corners of
the equatorial plane or waist of the octahedra. In fact the direction of the metal local
x and y axes is only approximately along the metal-oxygen equatorial directions, as
the equatorial 'base’ of the octahedra are generally distorted in rutile-type compounds
by shortening or lengthening along the crystal ¢ axis, giving a rectangular shape.

The Zy axis of the apical and equatorial oxygen atom local coordinate system is
collinear with the metal Z,; axis. The oxygen local Y, axes are perpendicular to the
M30O planes that they are located in, and hence both the Zp and Yy are oriented at
45° to the crystalline a axis. The oxygen X axis is collinear with the crystalline ¢

aXIS.

3.3.2 o and 7 bonding between hybridized orbitals

In an octahedral ligand crystal field the energy degeneracy of the orbitals in the
d shell is lifted, and they split into doubly degenerate e, and triply degenerate t,
orbitals. The higher energy e, orbitals are those oriented directly towards the apical
and equatorial anions while the lower energy t,, orbitals are combinations of d orbitals
that project through the faces of the octahedra.

Since there is a tetragonal distortion of the octahedral crystal field the degeneracy
of the crystal field split d orbitals is lifted. When dgpicai = dequatoriar these orbitals are
internally degenerate in energy. In octahedra where dypicai # dequatoriar the internal

degeneracy is lifted, and the orbitals split in energy as represented in figure 3.3.2.
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Figure 3.4: Rutile octahedral distortion - energy splitting in e, and ¢y, states, rear-
ranged from [§]

The trigonal coordination of the anions creates the sp? combination of the 2s and
2p orbitals which form hybrid orbitals contained in the anion x-z plane, denoted p, .
The remaining p orbital oriented perpendicular to the plane is denoted p,. The cation
eq states overlap with the anion p, and p, orbitals while the t,, states are oriented
such that they can form a 7-type interaction with the p, anion states.

It is the cation d.» and d,2_,2 orbitals that form the e, orbitals under octahedral
crystal symmetry. The octahedral geometry of these orbitals leads them to combine
with the 4s and 4p sp® hybridized states of the metal cation at their sites to form
e sp® orbitals oriented towards the ligand anions. The sp* hybridized orbitals of the
trigonally coordinated ligand anions form M-O ¢ bonds with the cation eg sp® orbitals
all lying oriented in the trigonal plane itself. The bonding and anti bonding states
formed by these M-O o bonds are located in the molecular orbital approach depicted
in figure 3.5 as the two lowest energy shaded bonding bands, and the two highest
energy unshaded antibonding bands. Of the two bonding-antibonding pairs of bands

the outermost bonding-antibonding pair of bands, with the larger proportion of anion
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2s orbital character are formed by the M-O ¢ bond along the octahedral apical axis,
between the cation d,2 e, sp® orbitals and the anion p, and p, sp® orbitals. The inner
pair of ¢ bonding-antibonding bands is formed by the bonds along the octahedral
equatorial axis between the cation d,2_,2 e, sp? orbitals and the p, and p, anion sp?
orbitals. These M-O ¢ symmetry bands contain proportionally more anion 2p orbital

character.
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Figure 3.5: Molecular-Orbital picture of the bonding in rutile TiO, adapted from [7]

The remaining anion p, orbital that is oriented along an axis perpendicular to the
trigonal plane containing the anion, can participate in a M-O 7 bonding interaction
with the combination of the cation ¢,, states that results in the same orientation. This
refers to the d,,_,. combination within the plane containing the metal cation perpen-
dicular to the c-axis. In figure 3.5 the bands created by the bonding-antibonding pairs
of these states are the only cation-anion 7 bonding pairs represented on the diagram.
As will be seen later, the sharp peak in the density of states at the top of the valence
band in TiO, indicates that the oxygen p, orbital is also partially non-bonding, as in
TiO, the formal occupancy of these ¢y, derived d bands is zero as they are far away

in energy.
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Of the remaining t,, states the d,.,,. combination oriented parallel to the (110)
plane and the d,, orbitals oriented parallel to the (110) plane can only form weak
M-M 7 and M-M o bonds respectively with other cations a distance ¢ away. In d!
systems, such as VO, this M-M bonding becomes more important. In the molecular
orbital picture, the bands created by these metal-metal ¢ and 7 bonding-antibonding
pairs are the two innermost unshaded pairs of bands that form the bottom of the
conduction band. The bonding overlap between these orbitals should increase with
decreased metal-metal distance for instance in a more distorted rutile structure. For
instance, the distortion due to the Jahn-Teller dimer pairing of metal cations along
the edge-sharing chains of the octahedra with increased d shell occupation leading to

layers of paired octahedra.

3.4 Details of the Electronic Structure Calculations

In the present section, the theory on which the band structures, partial densities of
states and simulated RXES we present is discussed. There follows a general descrip-
tion of the calculation of electronic structures of periodic crystalline bulk materials,
and an outline of how we adapted the calculated band structure diagrams and densi-
ties of states to produce simulated spectra.

The calculations use a formulation of density functional theory, which treats all
properties of a material as functionals of its ground state charge density in order to
circumvent the complexity of the many body system of electrons and nuclei. Related
earlier density-oriented approximations such as the Thomas-Fermi model were essen-
tially heuristic approaches to calculating the properties of materials. The starting
point of density functional theory is the proof of the Kohn-Sham theorems described
in section 3.4.2, and the prescription of the form of the equations that a charge density
will need to satisfy in order to solve exactly the ground state energy of the system.
The following sections outline the steps involved in constructing density functional
theory and its implementation in the WIEN2K formulation, which is also well sum-
marized in [35].

All of the WIEN2K calculations carried out for the purposes of comparison with
or modelling of the experimental results were carried out by Cormac McGuinness in

close consultation with the author of this thesis.
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3.4.1 The Born-Oppenheimer Approximation

In a solid the many-particle Hamiltonian for a system of mutually interacting electrons

and nuclei is given by
A K2 V%; B2
H=—— L - —
2 Z ]\/{1 2 zz: me 47T€0 Z "E) ‘

1 €y s
(3.1)
8’/’!‘60 Z |7‘Z - r]| 871’60 ; ‘_> ]?

the five terms from left to right describing the kinetic energy of the nuclei, the kinetic
energy of the electrons, the potential energy due to the electron-nuclei Coulombic
interaction, the potential energy due to the electron-electron Coulombic interaction,
and the potential energy due to the Coulombic interaction between the nuclei.

The most fundamental approximation to reduce the many body Hamiltonian is
to consider the relative momenta of the electrons and nuclei. This gives rise to the
approximation where the nuclei are considered to be stationary as they move so
much more slowly than the electrons in the system, namely the Born-Oppenheimer
approximation. This reduces the many-body Hamiltonian by removing the nuclei
kinetic energy term and the term describing the Coulombic interaction between the
nuclei becomes a constant. In principle the problem is now dealing with NZ mobile
electrons subject to the potential of their interactions with each other and the external
potential of the stationary nuclei. Thus the many body Hamiltonian may be written

as
H T+V+‘ezt

This equation consists of a pair of “universal” terms that do not include the effects of
the nuclei in the system, and hence are not dependent on the particular details of the
many electron system in question. The contribution from the nuclei, that gives rise
to the particular electronic behaviour due to the type of environment the electrons
are contained in, is described by the Viut term, usually just the Coulombic field of the
nuclei.

The Born-Oppenheimer approximation pre-dates Density Functional Theory by
about 40 years and has provided the foundation for other methods for electronic
structure calculations such as the Hartree-Fock method. The Thomas-Fermi method
is a direct fore-bearer of the Density Functional Theory as it began the search for the

ground state energy of a system in terms of its charge density.
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3.4.2 The Hohenberg-Kohn Theorems

Density Functional Theory is founded on two theorems of Hohenberg and Kohn [36].
The first theorem states that there is a unique correspondence between the ground
state charge density p(?) of a many electron system and the ground state external
potential V.. The ground state external potential defines the many-body wave
function of the ground state system. All ground state observables of the system can
then be reclaimed by operating on this many body wave-function, including, of course,
the ground state charge density itself. In general, the ground state charge density
therefore contains as much information about the ground state system as the many
body wave function itself. Any observable quantity represented by the operator O

can therefore be described as a functional of the ground state charge density, p

(| O vy = O(p)

This converts the intractable many body problem into one which is formulated with
a macroscopic quantity, without sacrificing any of the information contained in the
many body wave-function.

The second founding theorem outlines the form that the ground state total energy

functional F(p) takes with respect to the ground state charge density p
E(p) = T + V [9) + (| Veat [4)

= FHK(P) +/p(?)vext(7))dr

where the universal component of the total energy functional, that is independent of
the details of the many electron system is separated into the Hohenberg Kohn uni-
versal functional term, denoted Fyi(p). This separation of universal and particular
functionals of the ground state density is similar to the grouping of terms obtained
after applying the Born-Oppenheimer approximation to the many-body Hamiltonian.

Finally, for a given external potential Vm(?)) the ground state charge density is
the one for which the total energy of the system will be minimized. This indicates
the variational principle by which an initial estimation of the ground state charge
density can be iterated until the total energy of the ground state converges in a self
consistent field, yielding a solution for the ground state charge density and hence any
ground state observable.

DFT was founded with the proof that the ground state charge density of a system
is a quantity as fundamental as the many-body wave function of the system in the

ground state. Therefore all information the external potential of the system, the
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Hartree and exchange-correlation energy is contained fully in the ground state charge
density, and Hohenberg and Kohn formulated a conceptually exact equation for the
ground state energy of a system with a given external potential as a functional of the
charge density.

To approach a solution for the density functional, a system in which electrons do
not interact with each other is imagined in order to suspend the complexity of the
mutual interaction of the electrons due to exchange and correlation. Such imaginary
or Kohn-Sham electrons interact only with an external potential and will satisfy a
Schrodinger-like equation that is much simpler as it does not contain the electron-
electron interaction. The external potential that is constructed for these non interact-
ing electrons to feel is such that their ground state charge density is identical to the
ground state charge density of the real system of the interacting electrons of interest.

This is a great simplification as it is straightforward to find an exact solution to
a Schrodinger equation in which the electrons do not interact. The non-interacting
problem extracts the largest terms from the density functional that are known exactly,
namely the kinetic energy and the coulomb-like electrostatic energy. A numerical
solution is then found for the remaining small terms which comprise the energy of
exchange and correlation that must be approximated. The physical advantage of
doing this it that the first two terms capture most of the physics of the system and
the third term is small. In order to make DFT into a practical algorithm, what
remains is to find an approximation for the exchange correlation term. This has been
done by using a local density approximation and it is the success of this approach

that has led to DFT becoming a practical theory.

3.4.3 The Kohn-Sham System

The problem outlined by the Hohenberg-Kohn theorems still contains all the com-
plexity of a charge density subject to electron-electron interactions, and the solution
of the regular Schrodinger equation in such a system would involve all of the coupled
differential equations of the mutually interacting electrons yielding an essentially still
intractable problem.

The Kohn-Sham approach is based on the fundamental equivalence of the ground
state charge density between a real-world system of interacting electrons subject to an
external potential and the fiction of non-interacting electrons subject to a potential
accounting for the external potential of the lattice as well as the potential containing
the contribution from the exchange and correlation effects in the electron cloud. The

real world electron-electron interaction is reduced to a potential field, like the external
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potential of the post Born-Oppenheimer Hamiltonian, in the fictitious world of the
non interacting electrons. The ground state charge density in both the interacting
and non-interacting systems are identical. Rather than treating the real system of
electrons and their complex interactions, the problem is reformulated in terms of a
radically simplified system of imaginary particles that allows the interaction of the
electrons to be treated as a potential, which in turn can be approximated.

These imaginary particles may be referred to as the Kohn-Sham electrons for
future reference and and the potential that they are subject to is the Kohn-Sham
potential. The Kohn-Sham potential includes three components: the potential due to
the electrostatic interaction between individual volumes of the charge density denoted
Vi r as it is essentially the Hartree-Fock potential, the potential due to the exchange-
correlation interaction between individual volumes of the charge density denoted Vx¢,
and the external potential due to the atomic nuclei, V,,;. Finally, the kinetic energy
of the Kohn-Sham electrons, Ty, is well defined. This gives the formulation of the

Kohn-Sham Hamiltonian
Hys =Ty + Var + Ve + Veat (3.2)
This Hamiltonian acts on the Kohn-Sham electron wave-function yielding its energy
]:[K'S'l/’j{s [y Eﬁx‘S"/’?{S (3.3)

and the ground state charge density of an N-electron system is given by the sum of

the N lowest energy Kohn-Sham electron wave-functions
N
o 3 s m
p(7T) = Zﬁ’}zswﬁ(s
i=1

The remaining caveats are

1. the exchange-correlation potential in the Kohn-Sham Hamiltonian is still not a
defined quantity and its approximation must be attempted. The Local Density
Approximation that is also employed in the Thomas-Fermi approach to calcu-
lating the quantum kinetic energy of an inhomogeneous electron gas serves this

purpose and is described below.

2. apractical mechanism for solving the Kohn-Sham equations must be found, once
the mathematical form of the Kohn-Sham wave-functions is defined. For the
purposes of the work described in this thesis in modeling the electronic structure
of the rutile oxides a specific type of plane wave expansion with modifications

is used for the Kohn-Sham orbitals.
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3.4.4 Solving the Kohn-Sham Equation

Beginning with an initial guess or ansatz for the ground state charge density p(—?),
the various elements of the Kohn-Sham Hamiltonian which are themselves functionals
of this charge density are constructed and assembled in the following equation, from
3.2 and 3.3

2 2 /
(2_7:1 ?2 o 4;60 / |7>p(_??),|d’r' + Vxc + VEXT) 2/)}(5(7)) = flkslb%s(;))
where the first term is the kinetic energy, the second term is the Hartree energy and
the fourth term is the external potential. The exchange correlation potential in the
Hamiltonian is the remaining unknown and it is approximated by using the Local
Density Approximation.

In the local density approximation the large non-homogeneous charge density is
divided into infinitesimal volumes within which the charge density can be approxi-
mated as homogeneous. The contribution coming from this infinitesimal volume to
the overall exchange-correlation energy will be given by its volume times the exchange-
correlation energy density of the homogeneous electron gas at that density.

The simplification arises because the total ground state energy of a homogeneous
electron gas can be calculated numerically for an interacting electron gas, for in-
stance by using quantum Monte Carlo methods. Given that the total ground state
energy of a homogeneous electron gas, and the kinetic and electrostatic energies can
be calculated for various densities, the exchange-correlation energy density of a ho-
mogeneous electron gas can therefore also be obtained by subtraction. The overall
exchange-correlation energy of the non-homogeneous gas is the integral of the contri-
butions from all the infinitesimal volumes. Evaluating this numerical solution for the
exchange correlation energy at many different densities gives the exchange correlation
energy as a function of the charge density.

Having expanded all the terms in the Kohn-Sham Hamiltonian, a method for
solving the quasi-particle Schrodinger equation for the individual wave functions must
be specified. In principle this requires choosing a basis set or the general form of the
wave-functions that will add to form the solutions and the number of members of
this basis set that are to be used to define the solution. Then the coefficients of each
member of the basis set may be solved by matrix diagonalization to yield the set
number of coefficients. The speed or cost of the computation and accuracy of the
result is critically determined by the form of the basis set chosen and the number of

members of the basis set employed. The closer the form of the chosen basis set to

95



the form of the quasi-particle wave-function, the fewer members required to give a

relatively unbiased result. The quasi particle wave function solution is written as

P
Yis = Z C%swf
=1
where P, p denote the number of basis set functions to be used to construct the
solution, and the label for each member respectively; ¥ denotes the pth member of

the basis set and c’,’\ g its coefficient.

3.4.5 WIEN2K and the Full Potential Linearized Augmented
Plane Wave Basis Set

The general features of a WIEN2K calculation are summarized in this section. Com-
prehensive introductions are available such as that of Cottenier [37].

As mentioned previously the components of the basis set employed by the WIEN2K
code are referred to as Full-potential Linear Augmented Plane waves. “Augmented”
refers to the fact that the single particle wave functions are separated between those
regions close to the atomic nuclei and an interstitial region between the nucleus-
proximity region. In practice this results in a spherical volume defined around the
nuclei where the quasi particle wave-functions are expanded as atomic-like orbitals in
form, and the quasi particle wave-function in the interstitial region is expanded by a
plane wave like basis set. “Linear” refers to the fact that the energy dependence of
the atomic-like radial functions is linearized subject to a chosen linearization energy
where an energy derivative of the radial wave-function is included to improve the
accuracy of its application to radial functions of differing orbital symmetry.

The size of the volume defining the atomic-like region from the interstitial region
is a variable that must be decided upon judiciously to yield an accurate ground state
charge density. A further modification of the nuclear region basis set includes local
orbitals to simulate the effects of tightly bound atomic levels that are localized around
the nuclei and do not permeate the interstitial region. This local orbital amendment
is applied to the valence orbitals involved in bonding. The Full-Potential treatment
of the basis set refers to the fact that whereas the potential in a muffin-tin approx-
imation is considered to be spherically symmetric around the atomic nuclei, a more
general approach expands both the potential and charge density in spherical harmon-
ics inside the nuclear sphere, and as a Fourier sum in the interstitial region. While the
muffin-tin approximation is sufficient for describing close-packed systems such as face

centred cubic crystals, the full-potential expansion can be used in covalently bonded
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systems, and other lower-dimensional solids. A complete description of the Wien2k
implementation of the LDA-FLAPW technique in DFT can be found elsewhere in
the literature [38].

3.4.6 Simulating X-ray spectroscopic measurements

The calculated unoccupied bandstructure, more specifically the unoccupied oxygen 2p
partial density of states is often compared directly to the oxygen K-edge XAS spectra
although proper account should be taken of the “final state rule” [16] and the existence
of excitonic behaviour. Nonetheless such a comparison is useful in the first instance,
and the oxygen 2p partial density of states projected along orthogonal axes can be
compared directly to the measured O K-edge XAS with the linearly polarized light
aligned along these axes. A more meaningful comparison would simulate the XAS
by taking into account the 1s — 2p transition matrix elements, the core-hole lifetime
broadening, the excited state lifetime broadening and the instrumental resolution.
The PDOS projected ||a and ||c will be compared to the XAS obtained with E||a and
Ellc .

The calculated occupied bandstructure is converted into simulated resonant x-
ray emission spectra for comparison with the experimental resonant x-ray emission

spectra as follows:

1. For a given experimental excitation energy, an excitation bandwidth is defined
within the unoccupied bandstructure which serves to determine the possible
k-points that will contribute to the subsequent emission. Recall that the mo-
mentum transferred to the crystal by absorption or emission of a soft x-ray
photon, even in a 90° scattering geometry, is relatively small compared to the
crystal momentum spanned by the dispersion of states along any of the princi-
pal high symmetry directions in the reciprocal space Brillouin zone. Thus the
k-points selected in the unoccupied band structure in the absorption process
determine the k-points from within the occupied states directly below them

which contribute to the resonant soft x-ray emission.

2. In addition the linear polarization of the incoming light, and the projection of
this light onto the real-space crystal axes effectively determines the weighting
that will arise from any individual k-point selected in the unoccupied states.
That is, the proportion of the polarization selected orbital character of the band
will determine a weighting for the energy-selected k-point. Thus, k-points in
the occupied band structure that contribute to the emission are both selected
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and are weigthed in this process. See the discussion of the Kramers-Heisenberg

relation for the scattering cross section and the origin of RIXS in chapter 2.

Further to this, we must consider the orientation of the x-ray emission spectrometer
with respect to the crystal axes. The dipole emission arising from the filling of a 1s
core hole that propagates in a specific direction (i.e. towards the spectrometer) must
be the real space projection of the 2p PDOS in the plane perpendicular to the direction
of propagation. The normal x-ray emission recorded in this geometry would reflect
an equal contribution from all possible bands within the occupied bandstructure,
and as the spectrometer is not polarization selective this will reflect the sum of two
orthogonal projections or components of the 2p PDOS (but not the total 2p DOS
which is spherically averaged).

However, in the resonant case described above, not all k-points are selected to
contribute to the emission nor are they equally weigthed. Thus for a given emission
geometry (of which there are four distinct geometries in the case of a tetragonal crystal
such as rutile) that determines the two axes on which the 2p PDOS is projected, the
weights assigned to the selected k-points are then used to weight these two orthogonal
projections and these weigthed partial densities of states are then used in simulating
the resonant x-ray emission spectrum.

In principle this is different for each (i) excitation energy, (ii) orientation of the
incoming linear polarization with respect to the crystal axes, (iii) orientation of the
outgoing emitted photons, or axis of the x-ray emission spectrometer with respect to
the crystal axes. Combining these gives a polarization dependent, symmetry selective
and state selective probe of the occupied 2p PDOS. All of this is contained within the
formalism if the Kramers-Heisenberg formula for resonant x-ray scattering [39, 24] as
discussed in chapter 2, but on occasion it is overlooked that the measurement process
involves the real space projection of two orthogonal components of the 2p PDOS
contributing to the measured emission spectrum.

The final step in simulating the resonant x-ray emission spectrum is calculating the
transition matrix elements between the 2p states and the 1s hole, accounting for core
hole lifetime broadening, valence hole lifetime broadening and instrumental broaden-
ing. The variation in the weights of the spectral components, arising from specific
metal-oxygen molecular orbitals, should correspond between the simulated spectra

and the energy dependent changes observed in the experimental measurements.
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3.5 Summary

The adoption of the rutile structure strikes a balance between the ionic transfer
of electrons to the ligand ions in MX, compounds and covalent bonding ¢ and 7
interactions between the metal and ligand orbitals, giving rise to the natural linear
dichroism. The spatial arrangement of the M-O ¢ and 7 states, combined with the
other selection rules of the x-ray scattering process allow the weigthed occupied O
2p partial density of states projections along individual crystal axes to be probed
independently, in a k-selective, symmetry and geometry dependent manner.

The WIEN2K formulation of DFT yields a realistic treatment of the electronic
structure in covalently bonded systems. It provides a projected partial density of
states from which RXES spectra can be simulated, allowing further interpretation of

the experimental results.
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Chapter 4

Resonant x-ray emission and

absorption spectroscopy of rutile
SHOQ

4.1 Introduction

Stannic oxide or cassiterite both refer to the rutile polymorph of SnO,, which it
adopts at ambient temperatures and pressures. As with most materials, the rate of
development in applications for SnO, has overtaken the establishment of a detailed
understanding of its electronic structure. The present study addresses part of that
deficit by making in-depth measurements which are compared to appropriate elec-
tronic structure calculations of the valence and conduction band densities of states.
This is the first time that an account of the natural linear dichroism in the O K -edge
x-ray absorption and in the subsequent x-ray scattering of bulk single crystal SnO,
due to its rutile structure has been given. Section 4.2 briefly discusses some impor-
tant applications of SnO,. Section 4.3 describes the experimental measurements that
were performed. Section 4.4 presents the results of the calculated electronic struc-
ture, partial densities of states and simulated spectra, and section 4.6 discusses the
results and calculations in the context of other experimental results and calculations

available in the literature.

4.2 Applications of SnO, and motivations for study

Several of the bulk and surface properties of SnO, make it very suitable for a variety
of electronic and chemical uses, and have led to its wide study. Three of the foremost

examples of SnO, in such materials applications are
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1. as one of a number of transparent conducting oxides (TCOs) that also includes
Sn-doped In,Oj (indium tin oxide or ITO) and ZnO

2. as a catalyst material for gaseous reactions and as a medium for gas sensing

which is its most widespread application

3. as a dielectric material in electronics that also encompasses its use as a host

oxide for dilute magnetic semiconducting applications.

Each of these applications is founded on the electronic properties of SnO,. Batzill
and Diebold’s review examines the development of SnO, materials up to the present
decade [40]. The first two topics are briefly discussed in the present section, while the

third topic is discussed more extensively towards the end of chapter 6.

4.2.1 Transparent Conducting Oxides

The first application listed above, transparent conducting oxides combine the ability
to transmit light at optical wavelengths and conduct charge through its lattice [40].
The transparency of the material is defined by a transmission window where the
short wavelength /high energy limit corresponds to the optical band gap. Above this
energy absorption due to interband excitations is energetically possible. The long
wavelength /low energy limit is defined by the energy of plasma excitations of the
bound electrons within the system.

In an intrinsic TCO such as undoped SnO,, defect states give rise to a donated
population of electrons in the conduction band. If in turn the conduction states form
a broad band with relatively high electron mobility then the factors are present for
transparent conductivity [41]. Good metallic conductors tend also to be good reflec-
tors at visible wavelengths, and TCOs are an unusual species of electronic conductor.
They find uses as coatings in applications where visible light is to be transmitted,
and infra-red wavelengths reflected to decrease heat loss through window glazing for
instance. They also find application as transparent contacts to the active layers of
optoelectronic elements such as solar-powered photovoltaic cells, or as transparent
electrodes incorporated into display arrays.

Of particular importance to the TCO application is the alteration of the conduc-
tion properties of pure SnO, when defects are present that alter its stoichiometry.
This is the case with oxygen vacancies and tin interstitials which are found to have
an energy of formation low enough to expect an abundant concentration in the SnO,

lattice (see e.g. [42]). Though pure SnO, is an insulator with a wide band-gap of
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3.62 eV [43], the defects states caused by oxygen vacancies make a concentration of

charge carriers available creating a higher conductivity.

4.2.2 Gas sensing and dielectric applications

In the case of redox catalytic reactions and gas sensing, the changes in the electronic
structure brought about by the adsorption of gas molecules at SnO, surfaces provides
the mechanism of action for both of these applications [40]. The results of the XPS
study carried as part of the current study will contribute to the explanation of the
differences between the bulk and surface electronic structure of SnO,, though this has

been explained previously [44, 9, 45].

4.2.3 Motivation

To refine the performance of SnO, as a dielectric medium, and to understand its
role as a host oxide for charge-donating magnetic impurities (see e.g. [46]), detailed
knowledge of the electronic structure is required (see e.g. [47]). When the electronic
structure is probed by linearly-polarized x-ray spectroscopy, it is necessary to identify
the changes in the valence and conduction band density of states in SnO, that are
caused by the natural linear dichroic scattering of the rutile system from those addi-
tional features that may be associated with impurities and surface non stoichiometry.

Therefore the character and location of the states in the valence and conduction
bands, associated with the various bonding and antibonding overlaps between or-
bitals, are questions of immediate relevance to explaining the behaviour of SnO, in
both of the foregoing application groupings. The constituent states in the valence and
conduction bands are estimated by considering the results of the spectroscopies with
reference to the scattering geometry. The calculated electronic structure justifies the
designations of the spectral features.

A further motivation is to study the electronic structure of SnO, as part of a
broader study of the structurally similar rutile-type oxides, as mentioned previously,
from TiO, a d° oxide, through RuO, a d* oxide and to SnO, a d'° oxide [29)].

The rest of this chapter details the experiments carried out on an oriented single
crystal of SnO, [48]. The details of its production are described in section 4.3.2.
These include valence band and core level XPS of SnO5 and the synchrotron radiation
based measurements of the O K- edge x-ray absorption and O K- edge resonant
x-ray emission spectra. These latter measurements employed linearly-polarized x-

ray beams and the specific orientation of the crystal with respect to the beam is
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discussed. The interpretation of these measurements is supported, in particular,
by electronic structure calculations which also simulate the resonant x-ray emission

spectra obtained here.

4.3 Experimental Measurements

The present section provides details of the oriented crystal sample used during the
study, and the polarization-dependent spectroscopic measurements that were carried
out, as well as the x-ray photoelectron spectroscopy. The details of the sample mount-
ing, to access the geometries necessary in the polarization-dependent study are also

provided.

4.3.1 Non polarization-dependent results in the study

As we present results of x-ray photoelectron spectroscopy in the present chapter it is
important to distinguish clearly between the polarization-dependent XAS and XES
and the XPS results, to which the natural linear dichroism is essentially irrelevant.
To begin with, the rotating anode, or any laboratory source of x-rays for that matter,
is unpolarized.

Secondly, where hr >0 1s binding energy, then the photoelectron is excited into
the photoionization continuum and no dichroism will be observed to exist, the 1s core
electronic wavefunction being spherically symmetric.

For valence band XPS (VB XPS), with hr > VB states binding energy, again the
photoelectron is promoted to the photoionization continuum and for ionization of O
2p states there should be essentially no distinction even if one had a linearly-polarized
source of x-rays.

Only for ultraviolet photoelectron spectroscopy (UPS) where hv >VB states bind-
ing energy will the vector product (Z : 7) of the electromagnetic potential and the
non-spherical distribution of 2p electrons and other symmetry elements arising from
band structure will come into play, entering the domain of angle resolved photoelec-
tron spectroscopy (ARPES). However, where the source is not polarized, the then

this is averaged over all possible angles.

4.3.2 Sample Preparation

The undoped bulk single crystal SnO5 used in the study was provided by the Egdell

group of the Inorganic Chemistry Laboratory in Oxford. The crystal was grown by

63



dissociative sublimation of polycrystalline SnO, powder to produce a partial pressure
of SnO within a furnace. This SnO vapour was then carried to the growth area of
the furnace by a flow of an inert carrier gas (N3). In the Al;O3 growth crucible the
SnO reoxidized to form a pillar-shaped single crystal of SnO, with a square cross
section. Details of the growth method have been detailed elsewhere in the literature
[48]. It or a similar crystal have been used in a number of studies over the years
[44, 9, 49, 45, 50]. The size of the crystal is ~ 12 mm x 4 mm x 3 mm.

The largest surface is the (110) plane of the crystal. XRD was performed as de-
scribed elsewhere in the present thesis to confirm the rutile ¢ axis lay in the large
surface plane, parallel to the long edge of the crystal with the two a axes both pro-
truding from the surface at 45°.

Prior to being mounted in vacuum for x-ray spectroscopy, the SnO, crystal was
hand polished with a diamond slurry to remove a surface layer that was deposited
during the sputtering of an adjacent sample during previous experiments. It was
then cleaned and degreased in the usual manner by ultrasonication in acetone, fol-
lowed by isopropyl alcohol and then blow dried in Ny. The crystal is almost entirely
transparent, with a slight gray shading.

To recapitulate the structural details of SnO,: it is a rutile type compound of the
P4, /mnm space group with a tetragonal unit cell [29]. The coordination of the Sn
is in an octahedral SnOg which edge shares in a direction parallel to the ¢ axis. The
local planar coordination of oxygen atoms is in SnzO planes and in the rutile unit cell
these planes are all vertical containing the ¢ axis. The unit cell is defined by three
mutually perpendicular crystal axes of which two are of equal length, the a axes, and
a third unequal ¢ axis. The axes have length a = 4.7397 A, ¢ = 3.1877 A and the

internal parameter u = 0.3058.

4.3.3 Sample mounting for polarization-dependent study

The SnO, single crystal was mounted on a sample plate with the (110) face parallel
to the plane of the plate. This was transferred through the load lock system at [511-3
and mounted on a 6-axis manipulator (z, y, z polar # about z, azimuthal rotation
about the sample normal (£90°) and a tilt of about —10° — 45°).

The long axis of the crystal was oriented in the horizontal plane. The XAS
spectrum obtained at normal incidence of the photon beam onto the (110) surface of
the SnO, crystal has the linearly-polarized light in the horizontal plane parallel to the
[001] direction which is collinear with the c-axis. This is designated E||c . To obtain

a spectrum corresponding to E||a, the crystal is rotated by 90° about the normal to
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the plane, and then a polar rotation of 8 by 45°. The photon beam is then incident
at 45° to the (110) surface, proceeding along [010] (or [100]) directions. The electric
field vector of the linearly-polarized light is thus along [100] (or [100]), the a-axis and
thus El|a, the ¢- axis being oriented vertically.

In some instances an exact scattering geometry would require the photon exit
angle to be at zero degrees from the surface with the beam normally incident onto
the sample, where the emission spectrometer is at 90° to the beam direction. To
allow photons from the illuminated area of the sample surface to reach the emission
spectrometer, a “grazing-exit” geometry is necessary with an exit angle to the surface
of about 15° — 20°. The incident angle onto the surface is then about 75° — 70°
respectively. Thus for the in-plane E||c RXES measurement geometry an additional
polar rotation of about 15° away from the exact normal incidence geometry used to
obtain the O K- edge E||c XAS is required. The XAS is repeated in this approximate

E||c geometry to guide the choice of resonant excitation energies.

4.3.4 Valence Band and Core level XPS of SnO,

The XPS studies were carried out at the UK National Centre for Electron Spec-
troscopy and Surfaces (NCESS) at Daresbury Laboratory, UK. using a monochro-
mated Al K, rotating anode source. A detailed description of the apparatus and
sample preparation for this experiment is given elsewhere in this thesis. It is the
total density of states in the valence band that is probed in the spectra rather than
the element specific orbital resolved partial density of states accessible in XES. The
energy scale of the spectrometer is calibrated by imposing a solid shift with respect

to a reference value of the adventitious carbon 1s binding energy.

4.3.5 O K-edge XAS of SnO,

The O K edge x-ray absorption experiments reported in this chapter were carried
out at soft x-ray undulator beamline [511-3 at MAX II synchrotron at MAXlab in
Lund, Sweden. A detailed description of the experimental setup is located elsewhere
in this thesis (see chapter 2). The resolution of the beamline monochromator was set
to ~ 0.1 eV for the XAS spectra. The spectra were recorded in both TEY and PFY
mode, using the sample drain current and a MCP respectively. The energy scale of
the monochromator was calibrated with respect to the first 7* peak in the O K-edge
of TiO, [51].
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4.3.6 O K-edge XES of SnO,

Taking into account the dipole, space and symmetry selection rules described in else-
where, the RXES spectra give a direct measure of the occupied oxygen 2p PDOS of
specific bonding orbitals that form the valence band of SnO,, and also the hybridized
contribution of the metal cation orbitals to these states. It is only in single-crystal
rutile type oxides that the symmetry selectivity of the scattering can be completely
decoupled from the photon energy dependence, as described in section 4.5. The RXES
measurements were also made at MAXlab beamline 1511-3, using a Nordgren-type
grazing-incidence spherical grating spectrometer. The monochromator resolution was
set to ~ 0.5eV , which combined with the spectrometer resolution of 0.4 eV yields an
overall approximate resolution of ~ 0.7 eV in the O K edge spectra.

To access the four separate scattering geometries the spectra were recorded for
both in-plane and out-of-plane spectrometer orientations. The energy window of the
emission detector was calibrated with reference to a Zn L, s emission line in second
order, and further with reference to the elastic peaks in the spectra where they were

available for some of the scattering geometries.

4.4 Experimental Results

The results of the x-ray spectroscopy are included partly in the present section, where
the individual features of the spectra are described. The rest of the results are located
in section 4.5, where they are presented alongside the O and Sn partial density of

states and the simulated RXES spectra.

4.4.1 Valence Band XPS

The VB XPS spectrum is shown alongside a non-resonant XES spectrum in figure
4.1, and it consists of three main peaks, and discussed at length in earlier XPS studies
of SnO, surfaces |9, 44, 45, 52]. The first peak at a binding energy of 5 eV has been
attributed to O 2p 7 bonding or non-bonding states, while the two peaks at 7.5 eV
and 11 eV binding energy have likewise been assigned to O 2p - Sn 5p ¢ and O 2p
- Sn 5s hybridized states respectively. McGuinness et al. were the first to directly
compare the VB XPS spectra of SnO, with the non-resonant XES spectrum of, in the
earlier case of McGuinness et al., an emission spectrum from SnO, powder [10]. The

non-resonant XES spectrum from this work shown in the lower panel of figure 4.1 has
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been obtained at MAXlab in the E||c , XES ||c geometry from the single crystal as
described.

At the top of the VB density of states there is a ledge of occupied states tailing off
into the bandgap. This density of states within the band gap has been noted before in
polycrystalline doped SnO, samples and was associated with the surface composition
of the sample. Its origin was attributed to a Sn 5s-5p hybrid state formed under the
influence of the electric field gradient between the 50% of surface Sn atoms that have
been reduced to Sn (II) and the Sn (IV) in the bulk [9].

4.4.2 O K-edge XAS of SnO,

The spectra recorded for the two orthogonal orientations of the SnO, single crystal
with respect to the linearly-polarized photon beam, in brief the two polarizations, are
shown in figure 4.2 and exhibit the large degree of linear natural dichroism present
in rutile SnO,. The O K-edge XAS spectrum of SnO, has been reported previously
by McGuinness et al. [10] for powdered SnO, , by Figuereido et al. [53] for a sample
of natural cassiterite among others. None to date have observed the natural linear
dichroism reported here. The O K-edge XAS from the SnO, powder represents the
averaged polarization over all possible orientations of a crystal.

The O K-edge spectra shown in figure 4.2 are normalized to unit area. The O
2p - Sn 5sp*c* states in the conduction band at 533.9 eV are strongly selected when
the polarization vector of the x-rays is oriented parallel to the crystalline ¢ axis. The
declining weights of the conduction band peaks with increasing energy in the El|c
orientation is reversed when the polarization is switched to be parallel to one of the
a axes, ELc. Then the highest energy peak at ~ 541 eV is dominant. Where the
only possible excitation in the El|¢ polarization is into o* anti-bonded states, the E||a
polarization permits both ¢* and 7* to be excited. This shifts the majority of the
spectral weight in the E||a orientation to the peaks higher in the conduction band as
the 7* states become accessible. In both orientations the onset of absorption into the

O 2p-Sn 5s hybridized states in the conduction band occurs at the same energy.

4.4.3 O K-edge XES of SnO,

From the example included in figure 4.1 it is clear that the XES spectra at the O

K-edge are composed of three main features, corresponding to those observed in the
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Figure 4.1: Valence band XPS compared to the results from bulk single crystal rutile
SnO, by Egdell et al. [9], and O K-edge non-resonant XES from bulk rutile SnO,
E||c, XES along ¢, compared to the results by McGuinness et al. from a powdered
SnO, sample [10].
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Figure 4.2: Rutile SnOy O K-edge XAS with El||a and E||c , and O K-edge of un-
oriented powdered SnO, from McGuinness et al. [10].
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VB XPS spectra. As XES provides an element-specific orbital-selected measure of
the valence band partial density of states, in this case the O 2p character of the
regions of the valence band identified in the XPS spectrum is uncovered, through our
excitation-dependent measurements.

The highest energy emission peak is rather sharp and is due to the O 2p w-like
non-bonding states at the top of the valence band that are relatively non-interacting
and non-dispersing. The subsequent shoulder and third feature represent the O 2p
hybridized orbitals which make ¢ bonds with the Sn 5p and 5s orbitals respectively.
The weakness of the third feature in the XES spectrum indicates the relatively low
degree of hybridization between the O 2p and Sn 5s states at the bottom of the
valence band.

No evidence of the additional density of states that extends into the bandgap that
was observed in the VB XPS spectra was seen in the XES, which argues against an
oxygen character, as has already been explained in section 4.4.1. However, it should
also be noted that the XAS is a bulk measure of the density of sates and since the
photon attenuation below the O K-edge absorption onset is ~ 200 nm the average
depth of the emission can be calculated to be ~ 25nm in a 45° in - 45° out geometry.

Figure 4.3 gives an overview of the RXES spectra that were recorded in the present
study. The excitation energies are indicated in the first panel with the associated
states in the valence band. Elastic peaks are visible in the out of plane geometries.
The relative intensity of the feature at 523.5 eV varies most between different ori-
entations. The origins of this variation are clear when comparison is made to the
calculated densities of states and difference spectra are computed to isolate the O 2p

partial density of states projected on the crystalline ¢ axis.

4.5 FElectronic Structure Calculations

Density functional theory in the WIEN2k formulation has been used to calculate the
electronic band structure of bulk SnOs.

As with any electronic structure calculation, not only is the total density of states
available but so are the various partial densities of states, as well as the individual
projections of these partial densities of states along either (approximately) particular
Sn-O bonding axes or along the real-space crystalline axes.

A number of previous electronic structure calculations of SnO, have been sum-

marized by McGuinness et al. [54]. These range from Robertson [55], Sherwood [56],
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Figure 4.3: O K-edge XAS and RXES from bulk single crystal SnO,. The four unique
combinations of absorption and emission alignments of electric field vector, crystal
axis and emission spectrometer are listed in the legend for RXES excitation energy
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Figure 4.4: Band structure diagram and O 2p band character plots and PDOS pro-
jected on the natural basis set of axes of the LDA+US'® calculation for SnO,

Medvedeva et al. [57] and Munnix et al. [58]. More recently these should include
Godin [43], Reimann [59], Godinho [42], Liu [60], Hamad [61], Mi [62], and Persson
[63] [64] among others.

The majority of these are LDA calculations, usually with the augmented plane
wave framework. The most useful from the point of view of comparison with experi-
ment are those of Persson [65, 66| albeit with an emphasis in these papers on optical
excitation. When any calculation of electronic structure has satisfactorily converged,
one of the first outputs to consider is the band structure diagram showing dispersion
of bands along high symmetry directions in the reduced Brillouin zone. A particular
partial component of the DOS, the contribution of that to a particular band is dis-
played by the weight of the line representing that band, as shown in figures 4.4 and
4.5.

4.5.1 Application of the self interaction correction (LDA+U®C)

The details of the WIEN2k formulation of DFT using full-potential augmented lin-
earized plane waves are laid out in chapter 2. Within this framework the electronic
structure, and the total and partial density of states of SnO, was calculated using
both a standard WIEN2K density functional theory calculation with experimental lat-
tice constants and optimised u, and a non-standard modification of the local density
approximation (LDA). The two approaches were attempted as in some circumstances
standard DFT fails to calculate the correct bandgaps. The non-standard calcula-
tion was performed using a LDA-+USC type potential which effectively incorporates

a spatial delocalization of the p states in the system while localizing the d states via
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Figure 4.5: Band structure diagram and O 2p band character plots and PDOS pro-
jected on the rotated basis set of axes corresponding to the crystalline a and ¢ axes
of the LDA+USC calculation for SnO,

a Coulombic self-interaction-like correction (SIC) optimized to reproduce the correct
optical band gap for SnO,. Details of the SIC approach are to be found in the reports
of Persson et al. [66, 67, 65] using approaches outlined earlier [68, 64].

From this result the total density of states, and the partial density of states re-
solved by ion and quantum number [ are obtained. Furthermore, the projections of
the density of states onto a natural system of orthogonal axes for Sn and O, and a
rotated basis set in which this natural set is transformed onto the crystalline axes is
deduced from the electronic structure plot. The RXES spectra are in turn simulated
from these projected densities of states, incorporating a combination of the crystal
momentum conservation and space selectivity of the scattering geometry.

RXES spectra were simulated for a number of excitation energies by producing
linear combinations of the crystal momentum weighted partial density of states pro-
jected onto the real space crystalline axes (rotated basis set), depending on the relative

orientation of the x-ray spectrometer, single crystal and linear polarization.

4.5.2 Comparison of SIC and standard calculation

The principal difference between two methods, the LDA and the LDA+USC (the
results of both calculations are shown in figure 4.6) is the more accurate (adjusted)
bandgap energy of ~ 3.5 eV. The LDA approach gives a bandgap of < 2.0 eV .

Further, there is an improved representation of the bottom of the conduction band
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Figure 4.6: A comparison between the standard LDA and LDA+USC calculated O
2p PDOS and Sn s, p, and d PDOS for SnO,

by narrowing the dispersion of the Sn 5s states. Optical excitations are better modeled
where, in particular, the dispersion or effective heavy hole mass in the non-bonding
orbital is more accurately represented [65]. The LDA+USC calculation results in a
narrower valence band than the standard calculation, with an overall width of 7 eV
compared to 8eV. The conduction band density of states are shifted to higher energies
and the relative weights are somewhat redistributed, thought the overall width of the
O 2p component of the conduction band is very similar for both calculations. The
O 2p PDOS at the top of the valence band shows a striking difference between the
LDA+USC and standard calculation. This is evident in both the rotated basis set
projected and the o, m-resolved PDOS in figure 4.6. The PDOS projected onto the
crystalline ¢ axis has its centre of gravity shifted closer to the Fermi energy in the
LDA+USIC calculation. This is because the O 2p o states hybridized with the Sn 4d
PDOS is shifted higher in the valence band for the non-standard calculation.

Figure 4.7 overlays the calculated O and Sn partial density of states (PDOS) for
SnO; calculated via the LDA +USC scheme. The top panel shows the combined O 2p
PDOS and the Sn 5s, 5p and 4d PDOS. The main 4d peak is not shown, but appears
at a binding energy of ~ —22 eV with respect to the Fermi level in good agreement
with shallow core level XPS [54, 52].
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Figure 4.7: Combined LDA +USIC calculation of the O 2p and Sn s, p and d PDOS
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The middie panel shows the Sn PDOS with a more magnified vertical scale than
the top panel and the Sn 5p states split in the three components along the z, y and
z axes defined within the calculation. This orthogonal zyz basis has its z axis along
the Sn-O apical direction for both the Sn and O atom. This corresponds to the [110]
direction in the rutile unit cell which defines the central axis of the SnOg octahedron
passing through the central Sn and apical O atoms. The 2z direction also lies within
the SnzO plane, as does the x axis, which is parallel to the crystallographic ¢ axis.
The y axis is oriented perpendicular to the SnzO plane.

The bottom panel shows the three orthogonal projections of the oxygen 2p PDOS.
The states projected on the z and z axes are within the SnzO plane and are derived
from the sp? hybridized Sn-O ¢ bonds which lie within the Sn3O plane. The y axis
projected density of states reflects the Sn-O =-like bonds which are perpendicular
to the SnzO plane. The vertical scale of the conduction band density of states is

expanded by a factor of five to allow for more ready comparison.

4.5.3 O 2p PDOS projected onto a rotated basis set

In figure 4.8 the lower panel shows the O 2p PDOS of SnO, which are divided between
those states which are sp? derived Sn-O obonds within the SnzO plane (p, + p.) or
Sn-O 7 -like bonds that are perpendicular to the SnzO plane (p,). This designation
of the zyz axes is the natural coordinate frame from which to consider O bonding.
A useful alternative way of viewing the O 2p PDOS is to consider the PDOS
as projected onto the three orthogonal crystal axes within the tetragonal rutile unit
cell. This coordinate system is referred to as the rotated basis set. Only two crystal
projections are shown as the rotated basis set mixes the p, and p, components of
the natural basis set and projects them along the {100} and {010} crystallographic
axes, which are equivalent to each other, this being denoted the projection along the
rutile a axis. The projection along the rutile ¢ axis is identically equal to the earlier

pr component in figure 4.7.

4.5.4 Conduction band: O K-edge XAS vs. O 2p PDOS in
rotated basis set

Figure 4.9 compares the O K-edge XAS of SnO, and the O 2p PDOS. The upper
panel shows the XAS obtained with a 0.1eV resolution at MAX-lab beamline 1511-3 in
March 2006. The spectra were obtained in TFY mode with the crystal oriented such
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that the linearly-polarized x-rays were either exactly parallel to the rutile c-axis or to
the rutile a-axis. For the (110) face of the single crystal in question this corresponds
to the c-axis in the horizontal plane and with normal angle of incidence, or the c-axis
in the vertical plane of the laboratory frame of reference and an angle of incidence of
45°,

The lowest panel shows the unoccupied O 2p PDOS as either sp? derived Sn-O o
bonds in the SnzO plane (the (p, + p,) projection), or as 7-like bonds perpendicular
to the SnzO plane (the p, projection). The middle panel shows the O 2p PDOS
projected along the rutile a - and ¢ - axes respectively and can be usefully compared
to both the natural basis in the lower part which show the origin of the features and
the XAS spectra obtained with linearly-polarized light in the upper panel.

The unoccupied PDOS shown here is unbroadened. Broadening to match the
experiment would take into account the Gaussian instrumental resolution (0.1eV) and
the Lorentzian core-hole lifetime broadening (0.3 V) as well as excitonic effects and
final state rules which are not taken into account in this straightforward comparison
with the calculated O 2p PDOS.

4.5.5 Simulated RXES spectra

The simulation of the RXES spectra at the O K-edge using the calculated rotated-
basis O 2p PDOS will been described in detail for the example of the RuO, calcu-
lations. RXES were calculated for the ten different excitation energies indicated by
the arrows in the calculated unoccupied 2p PDOS given in Rydberg energies in fig-
ure 4.10. In addition a non-resonant XES spectrum for the emission geometries is

calculated.

The following figures 4.11 to 4.14 present a sample of the calculated RXES spectra
compared to the corresponding experimental spectra for excitation energies 1) at the
threshold of absorption, 2) at the first peak in the absorption spectrum formed by
the Sn-O o bonds in the Sn3zO plane, 3) at the third peak in the absorption spectrum
~ 4 eV above threshold, 4) at the fourth peak in the absorption spectrum which is
~ 6 eV above threshold and 5) a non-resonant excitation energy ~ 20 eV above the
onset of absorption. These excitations are labeled A, B, C and D in figure 4.3 . Their
energies are 533.2 eV, 534.0 eV, 537.4 €V and 539.4 eV respectively.
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Figure 4.11: Rutile SnO,: simulated and measured RXES for a threshold excitation
of 533.2eV corresponding to excitation A in figure 4.3, and the third marker in figure
4.10
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Figure 4.12: Rutile SnO,: simulated and measured RXES for a threshold excitation
of 534.0eV corresponding to excitation B in figure 4.3, and the fourth marker in figure
4.10
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Figure 4.13: Rutile SnO,: simulated and measured RXES for a threshold excitation

of 537.4 eV corresponding to excitation C in figure 4.3, and the seventh marker in
figure 4.10
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Figure 4.14: Rutile SnO,: simulated and measured RXES for a threshold excitation
of 539.4eV corresponding to excitation D in figure 4.3, and the eighth marker in figure
4.10

When the experimental spectra in the different orientations are scaled to the
same relative intensities as the calculated emission spectra, their correspondence with
the calculated spectra is clearly apparent. The decrease in the signal to noise ratio
with decreasing photon energy and the offset in the alignment of the crystal axes
and the polarization vector necessitated by the experimental setup represent sources
of disparity in the comparison. However the relative intensities and widths of the
features in the emission spectra show remarkable agreement.

In particular, the width of the main peak and the relative intensity of the lower
energy shoulder and tail compared to the main peak follows the trend predicted by
the calculations. In the E||c, XES along ¢ geometry for instance, the main peak in
the spectrum at the highest photon energy that corresponds to the O 2p 7 bonded
states is at its most intense. The low energy shoulder of this main peak represents
a greater fraction of the spectral weight in the spectra recorded with the XES along

one of the a axes.
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4.5.6 Difference spectra for non-resonant energies and the first
peak

The qualitative agreement between the simulated and experimental spectra is empha-
sised even more strongly by producing difference spectra using both the non-resonant
and resonant experimental spectra for the same excitation geometry with the emission
spectrometer aligned along an a-and c-axis. Where resonant spectra with a single axis
projection, either along a or ¢ are trivial to produce from the calculations, experimen-
tally the actual non-resonant XES reflect the sum of two orthogonal polarizations,
i.e. the projected partial densities of states in the plane defined by the two axes
orthogonal to the direction of emission.

The calculated non-resonant spectra (NXES) projected along single axes are shown
in figures 4.15 and 4.16. While the same single axes projections are not directly ac-
cessible experimentally, they can be extracted from the experimental spectra by ap-
propriate normalization, and subtraction after applying multiplicative factors derived
from the spectral weight ratio for the calculated projections along the ¢ and a axes
respectively. The results of this spectral subtraction correspond well with the spectra
predicted by the single axis projected calculations for the non-resonant excitation
energies for both El|la and E||c orientations. This result is the strongest evidence
we can provide of the reasonableness of the LDA+U®C calculation, and the crystal

axis-projected density of states.

The same subtractions carried out for the excitation energy corresponding to the
first peak in the absorption spectrum showed a similar qualitative agreement. The
resonant energy difference spectra also indicate that for the same selected k-points
there is a significant difference between the XES spectrum projected along the ¢
axis for E||a and E||c. This can be contrasted where a differing set of intermediate
k-points are selected, i.e. with E||c in XAS versus E||a in XAS, as for instance in
figures 4.17 and 4.18, where the spectra shown in the respective figures differ only by
the intermediate state selected by the absorption and hence a differing weighting of

k-points contributing to emission.
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Figure 4.15: Difference Spectrum between E||a XES [|c, and E||a XES [|a for resonant
energy B in figure 4.3, fourth excitation energy in figure 4.10
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Figure 4.16: Difference Spectrum between E||c XES ||a, and E||c XES ||c for resonant
energy B in figure 4.3, fourth excitation energy in figure 4.10
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Figure 4.17: Difference Spectrum between E||a XES ||¢, and E||a XES ||a for resonant
energy E in figure 4.3, tenth excitation energy in figure 4.10
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4.6 Discussion

In the molecular orbital scheme for a rutile-type transition metal oxide, the filling of
the valence band states in the M5Oy energy level diagram results in the top of the
valence band being composed of states derived from Sn-O ¢ bonds, overlapping with
a band derived from Sn-O 7n-type bonds [7]. The bottom of the conduction band is
formed by Sn 5s states followed by unfilled Sn-O ¢* antibonding states. The partial
filling of the o band gives rise to the presence of states of both ¢ and 7 symmetry at

the top of the valence band in SnO,.

4.6.1 O K-edge XAS

Figure 4.9 contains the O K-edge XAS presented alongside the O 2p PDOS projected
onto the rotated crystallographic basis set and the symmetry-resolved O 2p PDOS. In
the O K-edge absorption spectrum the peaks at 534eV and 540eV are visible in both
orientations, but with inverted intensity ratios. The peak in the absorption spectrum
in both orientations, located at 534eV is clearly attributed to ¢* antibonding states by
reference to the calculated symmetry-resolved density of states centred at 7eV above
the Fermi level. In both experimental geometries, E||a and El||c the ¢* states in the
SnzO trigonal plane are accessible. The E||c orientation has a stronger cross section
for absorption into these sp? hybridized states than for the E||a orientation. This is
due to the ~ 100% greater projection of sp? p, states onto the the crystallographic c
axis. This is understandable as within the trigonal plane two of the three sp® orbitals
have projections along the ¢ axis, while the third is orthogonal. It is this orthogonal
sp? orbital in the p, orientation that accounts for the o* projection onto the a axis
at the bottom of the conduction band.

The presence of a faint high energy shoulder in the first peak of the absorption
spectrum in the El|c orientation at about 534.5 eV is reproduced in the calculated
PDOS projected onto the ¢ axis. The two peaks in the absorption spectrum for the
E||a orientation at 536 eV and 538 eV are also attributed to the sp? hybridized o*
states in the SnzO trigonal plane. Likewise, the broad peak at 537.5 eV in the E||c
spectrum is attributed to sp? hybridized o* states in the SnzO plane. The calculated
PDOS indicate that in this 5 eV portion of the spectrum between the two peaks
common to both orientations at 9 and 18 eV above the valence band maximum, there
is a separation in energy between the sp? hybridized density of states projected onto
the a and ¢ axes. The o* states with a projection onto the ¢ axis congregate in the

lower half of the energy range ending in the sharp, intense spike in the PDOS at
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12 eV above the valence band maximum. The states above this energy have a greater
projection onto the crystallographic a axis. While this splitting is not as clear-cut in
the experimental spectrum, the locations in energy of the spectral weight this region
follows the trend predicted in the calculation. The figure containing the calculated
PDOS, resolved for the three axes of the natural basis set, identifies the states with
the predominant projected density of states along the ¢ axis as O 2p, states, and
those with a predominant projection along the a axis are due to the bonds oriented
along the p, axis.

The relative intensities of the experimental peaks are reversed between the two
orientations, with the largest density of states projected along the ¢ axis located at the
very bottom of the conduction band, and decreasing with increasing photon energy.
The density of states projected along the ¢ axis are entirely composed of o* states,
while the states projected along the a axis are a combination of ¢* and 7* states.
Thus, the intensity of the absorption increases from threshold with increasing photon
energy in the E||a orientation, culminating in the most intense 7* - composed peak
at 540 eV. This peak coincides with a sharp density of states with ¢* symmetry,
which is visible in the E||c orientation. Overall, the calculations predict that the Sn
5s orbitals make the largest contribution to the conduction band compared to the p
and d orbitals which is largely supported by the intensity of the first hybridized peak
in the O K-edge XAS.

4.6.2 VB XPS and RXES at the O K-edge: theory and ex-
periment

The density of states observed in the valence band XPS extending into the bandgap is
not present in the calculated density of states, which leaves unaltered their previous
attribution to states created by a surface configuration in SnO, producing a Sn 5s
- 5p hybridization in the Sn ions of lower coordination on the surface. The peak
located at a binding energy of —11 eV is relatively stronger than the peak observed
previously in undoped SnO, where the valence band was measured using an equivalent
instrument and monochromated source [9]. This difference may be explained by the
combination of the suppression of Sn 5s intensity at the bottom of the valence band
in a substitutionially doped system, and the difference in the valence band density
of states observed between a polycrystalline and single crystal sample. In another
study, a density of states above the valence band maximum is observed after argon
ion bombardment of the (110) surface, and is associated with the an oxygen deficient,

non-stoichiometric surface [44].
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The relative positions of Sn s p and d derived densities of states within the valence
band in the present calculations correspond with some previously calculated electronic
structures of SnOs in the literature. In another calculation where the axially projected
O 2p PDOS was calculated, the results reflected closer agreement with the standard
DFT calculation without the SIC, in the sense that there was an offset between the
peaks at the top of the valence band associated with the in plane and out of plane O
sp? orbitals. However, that is not readily observed in our experimental spectra.

As mentioned in section 4.4.3 the RXES spectra shown in figure 4.3 have a feature
at 523.5eV that is suppressed in the XES along ¢ geometries (blue traces), which rep-
resent a PDOS projection onto the a axis. Thus from the experimental results alone
this region of the valence band can be associated with a density of states projected
on the rutile ¢ axis. This association is borne out by the calculations, where the O 2p
o states in the natural p, direction are located at this position in the valence band.
The position of this peak in the E||cXES along a spectra tends to move to lower
energies away from the main peak at 526 eV as states with greater Sn p character
in the conduction band are populated with increasing excitation energy. This drift
is reproduced in the simulated RXES spectra. The dispersion of the states in the
valence band is very apparent when by comparing the spectrum taken at the thresh-
old excitation energy to the higher energy excitations. The main peak at 526 eV is
broader on threshold as the density of states contributing to the emission become

very close in energy and merge somewhat.

4.6.3 Difference Spectra

The difference spectra produced for resonant and non-resonant energies allowed the
comparison between the O K-edge XES projected onto the a and ¢ axes and the
simulated projected XES spectra. The calculated O 2p PDOS is also clearly compa-
rable to the experimentally derived individual axes projections. The comparison is
somewhat more revealing at the resonant energy, corresponding to the peak in the
conduction band at 533.9eV, most probably due to the smaller subset of non-equally
weighted k-points in the RXES spectrum as opposed to the emission from all k-points
in the Brillouin zone selected and weighted equally by a non-resonant excitation.
The relative intensity of the features in the difference spectra closely resemble
the ratios predicted by the calculated spectra, with the exception of the non-resonant
energy spectrum for E||c, where the suppressed intensity towards the top of the valence
band in the XES spectrum projected along the ¢ axis is not observed to the same

extent experimentally, possibly due either to the significant geometrical offset, or to
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the increased spectral density near the valence band maximum edge arising as one

approaches ~ 20 eV above threshold due to double valence hole emission.

4.7 Conclusions

In this chapter the detailed treatment which the valence band of SnO, has received via
XPS and O K-edge XES and DFT electronic structure calculations under the auspices
of this thesis has been outlined and discussed. As is the case with the following
chapters on TiO2 and RuOs, this is the first report of polarization-dependent RXES
at the O K-edge in SnO,, showing the clear effects of the natural linear dichroism
created by the rutile crystal structure.

The valence band XPS of single crystal rutile SnO2 obtained and presented in
this thesis shows a density of states trailing into the band-gap, which, with reference
to a previous study of Egdell et al. [69] we attribute to a surface reconstruction
related additional density of states. In the analysis of our valence band XPS of doped
samples the presence of a surface-related additional density of states extending into
the band-gap must be borne in mind.

The polarization dependent XAS at the O K-edge clearly demonstrated the pre-
dicted effects on the PDOS in the conduction band of the natural linear dichroism
in rutile. RXES at the O K-edge also showed quite clear effects, with due account
taken of the energy resolution achieved, of the natural linear dichroism on the PDOS
in the valence band of SnO,.

The RXES spectra simulated from the calculated density of states showed detailed
agreement with the experimentally observed XES projected along the crystalline a and
c axes took the form predicted by the spectra . This agreement is a firm illustration
of the power of polarization dependent RXES, particularly in as offering a further
insight into bonding.

In the extended analysis of the experimental results, a weighted subtraction was
found to yield a good reconstruction of the XES originating from states oriented along
the crystalline @ and ¢ axes individually for a given excitation-geometry selection
of intermediate states, via their agreement with the subtractions derived from the

simulated spectra.
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Chapter 5

Polarization dependent resonant
x-ray absorption and emission
spectroscopy study of rutile RuO»

5.1 Introduction

This chapter treats the resonant x-ray emission spectroscopic study of RuO, in the
following five sections. Section 5.2 explains the structural properties of RuO, and
how these relate to the resulting electronic structure of the bulk crystal, as well as
outlining some of the applications for which RuO, is well suited. Section 5.3 de-
scribes the details of an electronic structure calculation, and outlines the parameters
selected within the Full Potential Linearized Augmented Plane Wave (FLAPW) Den-
sity Functional Theory (DFT) framework. This section also considers the attributes
of previous electronic structure calculations performed for RuO,. Section 5.4 reviews
the experimental setup and how the polarization selectivity of the material is ex-
ploited using linearly polarized X-rays. This section also includes the details of how
RuO; single crystals can be synthesized. The fifth section outlines and discusses the
results of both the calculations and the x-ray spectroscopic experiment, before the

final section gives some conclusions regarding RuQs.

5.2 The structural properties of RuO,

At ambient conditions rutile is the most stable phase of RuO; where the ruthenium
assumes a tetravalent state, as its single 5s electron and three of its seven 4d electrons
form bonds with the oxygen anions. As RuQs; is an electrical conductor there is clearly

not a completely ionic bond between the oxygen and ruthenium atoms, and bearing

94



this in mind some mixture of covalent and ionic bonding is to be expected. But the
valence designations arising within the limits of the ionic model may still be used to
consider the ruthenium of RuO; as a d* cation, with an almost half filled 4d shell.
The Ru cation is octahedrally coordinated by the surrounding six oxygen anions and
so there is the usual lifting of the degeneracy of the atomic d orbitals giving rise
to the lower t,, states and the higher e, states. As it is a d* cation, and the spin
orbit splitting of the 4d shell is small, there is little (if any) difference between the
spin channels. As a result the d* occupation results in a partially filled t5, band and
hence the metallic conductivity of RuO,. In general the d shell occupation is one of
the quantities that combine to determine the geometric and electronic structure of
transition metal oxides.

Also in the ionic limit the oxygen 2p orbitals are completely filled and thus will
be compressed in energy while the Fermi level will be composed of the ruthenium
4d t,, states as noted above. The behaviour of transition metal oxides that undergo
metal to insulator transitions as their temperature decreases is understandable in
terms of the density of states at the Fermi level. Where the Fermi level occurs
at a spike in the density of states the system is unstable. It seeks to minimize
the density of states at the Fermi level by acquiring an alternative geometry as the
thermal energy that maintains the system in the unstable configuration decreases
with the temperature [70]. There are a rich array of transition metal oxides that
exhibit a metal to insulating transition over a given temperature range via structural
transitions. This group includes VO, VO,, V5,03, NbOy, and TizOs. Or in the case
of CrO, it can reduce its energy becoming a half metallic ferromagnet with a density
of states at the Fermi level in one spin channel only [71]. It has been calculated that
RuO; is energetically on the verge of such a magnetic instability itself due to the high

density of states at its Fermi level [72].

5.2.1 Structural studies of RuO,

Early crystallographic data from RuO, indicated that it shared the same crystal
structure as TiO, and SnO, which has since been accurately confirmed [32]. Within
the oxygen coordination octahedron, however, the waist Ru-O distances are found
to be greater than the apical distances by about 2% where the TiO, octahedron is
distorted in the opposite fashion, with the apical distances larger than the waist Ti-O
distances. This reversal of the sense of the octahedral distortion should affect the
bonding arrangements of RuO, compared to other rutile oxides such as TiO,. For

instance this tetragonal distortion of the RuO, octahedron lifts the degeneracy of the
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tay levels and splits them in an opposite sense to the tetragonal distortion splitting in
TiO,. That a distortion in the octahedra would lift the degeneracy of the ty, levels
in a way that depends on the sense of the distortion is to be expected when the
increased and decreased proximity of the Ru 4d t,, orbitals to the negative oxygen
ions is considered. There is also a contraction of the O-O distances along the shared
edges of the octahedra, accompanied by an expansion of the O-O distances parallel
to the crystalline ¢ axis. This rectangular distortion in the waist of the octahedron
is attributable to the electrostatic repulsion between the oxygen anions not involved
in edge sharing. The variation in the degree of this particular distortion appears to
be caused by the variation in electron density on the oxygen groups due the different
filling of the d orbital on the metal cation [28].

The differing bond lengths indicated by the octahedral distortion combined with
the increased d shell filling results in a trend towards a greater degree of co-valence in
the bonding throughout the valence band, not only in RuO, but as a general trend in
rutile oxides [28]. This is a direct consequence of the greater degree of overlap between
the metal and oxygen orbitals that is obtained by increasing d shell filling. As shells
fill they are drawn lower in energy. The more filled the shell, the more stable it is,
which is to say that its energy is lowered in the process. But why does this necessarily
lead to a greater degree of overlap? this is suggestive of an increase in the physical
overlap of the orbitals, the geometry must change, 7.e. the octahedron must shrink
as the bands fill. Baur notes that “In developing a model to fully explain the precise
structural trends in the rutile type dioxides, it appears that at least four effects need
to be considered, namely electrostatic interactions [non-bonded O-O repulsions|, cell
volume, d-orbital occupancy, and metal-metal interactions’[28]. The same must be
said of the trend in the larger family of transition metal oxide properties across the
series. The structure of RuO, both physical and electronic lies along these trends
and serves as a contrast to TiOy, the d° starting point just as SnO, represents the

d*® endpoint.

5.2.2 Applications of RuO,

Of the approximately 12 tonnes of ruthenium produced globally annually, roughly
50% is destined for applications in the electronics industry as electrical contacts and
chip resistors, and 40% for the chemical industry, primarily for use in dimensionally
stable anodes for chlorine production in electrochemical cells [73]. RuO, is the most
environmentally stable of the transition metal dioxides with a high enthalpy of forma-

tion and resistance to corrosion, whose electrical conductive properties have led to its
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use as an electrical contact material. This is in addition to other uses such as an elec-
trode conductor material in integrated circuits, as well as its use as a selective catalyst
in the oxidation process of methane in the synthesis of gases [74]. RuO, has been
used as a catalyst in the oxidation of methane [75]. A major technical application of
RuO; is in the chlor-alkali industry as a catalyst in the evolution of Cly [74]. RuO,
has also been used successfully as a corrosion-resistant low overpotential electrode for
the evolution of chlorine and oxygen gas and as a catalyst in the photodissociation
of HoO [76]. RuO, has long been used as a practical infrared bolometer, further to
its intended use as a precision resistor material. Another potential use for RuOs, is in
field emission applications [77, 78] since their successful synthesis in nanorod struc-
tures [79]. Another potential application of ruthenium based metal oxides that has
been investigated is their use as rechargeable battery cathode materials. A previous
spectroscopic study has compared layered Li,RuOj3 and rutile RuO; in terms of their

electrochemical performance [80].

5.3 Electronic structure calculations of RuQO,

This section provides a detailed outline of how the electronic structure of RuO, was
calculated and how oxygen K-edge emission spectra were obtained from the results.
The first section reviews some previous electronic structure calculations of rutile RuO,
and assesses their relative success. The final section details the local coordinate system

adopted for the purpose of the calculation.

5.3.1 Introduction

The first computation of an electronic structure for RuOswas reported by Mattheiss
[81] in which a linear combination of atomic orbitals (LCAO) interpolation method
was used to fit the results of a non-relativistic augmented plane wave calculation,
which resulted in a good representation of the RuO, bands but did not result in the
correct splitting between the O 2p and Ru 4d states in the valence band, which was
subsequently borne out by UPS data [82]. In most of the theoretical studies of RuO,
that followed, the crystal potential was approximated in some fashion [83, 84, 85|
which is a possible source of error in calculated binding energies and bandwidths [86].

The calculations of de Almeida et al [86] and Benyahia et al [87] used a full poten-
tial linearized augmented plane waves (FP-LAPW) and found strong correspondence
between the resulting valence charge density contour plots and those of Sorantin and
Schwarz [7]. Subsequently the full potential studies of Demazeau [72] and Hamad [61]
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established that the generalized gradient approximation to the exchange and corre-
lation potential was the most suitable treatment of the 4d electrons in RuQO,. The
results of Almeida’s [86] full-potential calculation shows improved agreement with
valence band widths as measured in XPS [70] compared to some non-full-potential

calculations [88].

5.3.2 Details of the present RuO, Calculations

The present calculation takes as its starting point that of de Almeida [86], and was
performed within the framework of DFT, using WIEN2k as described in chapter 3.
The exchange and correlation potential was approximated using the generalized gra-
dient approximation (GGA) of Perdew and Wang [89]. The lattice parameters used
were those of Bolzan [29]. The muffin tin radii of the atomic spheres used were 1.85au
for Ru and 1.75 au for O. The calculation was performed using R,,; K,n.. = 9.0 which
yields ~ 1500 plane waves to describe the valence and semi-core states. The charge
density and potentials were expanded up to [ = 10 inside the atomic spheres. An
energy difference of AE < 1072 eV was used as the convergence criterion between
successive iterations. The charge difference A(Q) between successive iterations in the
self consistent convergence cycle was 0.001e. There were 2900 £ points contained in

the reduced Brillouin Zone.

5.3.3 Results of the calculations

We present here a variety of bandstructure diagrams for rutile RuO, arising from the
electronic structure calculations. These are all of the form of band-character plots
where the proportion of a particular band or portion of a band that has a particular
site and orbital character is given by the size of the circle located at that k-point. For
the differing axes X, Yo and Zp discussed previously, this gives us a useful insight
into the bonding and character of the PDOS and of the experimental spectra.

The electronic structure band diagrams shown in figure 5.1 depict the dispersion of
the crystal momentum states within the first Brillouin zone. The three band structure
diagrams show the states of predominant O 2p character, with the various marker
sizes in diagrams a-c denoting the projection of the crystal momentum states along
the oxygen local coordinate system axes X, Y and Z respectively. The integrated
density of states projected along these respective axes, which is calculated from the
three preceding electronic structure diagrams is contained in panel (d) of figure 5.1.

The band structure diagrams shown are band-character plots with the weights of the
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lines barying according to the proportion of the selected character of the (a, O 2p,
(b) 2p, (c) 2p, and (d) shows the integrated PDOS of these components.
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Figure 5.1: Electronic structure diagrams following a natural basis set projection,
and the resulting axis-projected density of states.
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Figure 5.2: Electronic structure diagrams, highlighting the band-character of each
component and following a rotated basis set projection along the crystalline a and ¢
axes, and the resulting axis projected density of states.

Panel (a) and (b) of Fig. 5.2 again depict the bandstructure within the first
Brillouin zone of RuO,, where again the size of the markers used in the band-character
diagrams identifies the degree to which the crystal states have a projection along the
crystalline a and ¢ axes. The integrated projected PDOS are shown in panel (c).
It is ultimately the O 2p PDOS ||a and ||c that the polarization dependent x-ray
spectroscopy can probe.

The density of states in the valence band is formed from states created by o and

7 molecular orbital bonding character between the O and Ru ions. The valence band
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with predominant O 2p character begins at —8.5 eV and extends up to —1.8 eV with
respect to the Fermi level. The remaining narrow part of the valence band that
reaches to the Fermi level is composed of Ru 4d ty, that can participate in 7 bonds
with O 2p states. This Ru 4d t,, band contains some non-dispersing sections, for
instance between A-Z-R, which will create a spike in the density of states just below
the Fermi level. The gap between the top of the O 2p band and the bottom of the
Ru 4d band is open all throughout the Brillouin Zone and has its minimum value at
the I' point where it is about 0.25 eV wide.

The 2/3 filled Ru t,, states continue across the Fermi level into the conduction
band, where the crystal field splitting between the e, and t,, states and its effect on
the electronic structure is clearly evident. Between points A and Z in the Brillouin
Zone the states created by a o-like antibonding combination of e, Ru 4d and O 2p
orbitals extend between 2 eV and 5 eV above the Fermi energy. The band formed by
the 7-like bonding combination of the six Ru ¢y, orbitals (of which four are occupied)
and the O 2p orbitals starts just below this.

The gap between the e, and t,, states extends throughout the Brillouin Zone for
the most part. There are some dispersing states that overlap around the I' point,
but their dispersion indicates that they will give rise to a very small density of states
between the split d levels, compared to the flatter bands inside the e, manifold. In
general the more compressed the electronic structure is, the higher the degree of
covalency between ions. In this context the overlap between the e, and t,, states
in the conduction band seems small. Typically DFT underestimates the bandgap

around the Fermi level, but in this instance correctly predicts the metallic nature of
RUOQ.
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Figure 5.3: Calculated O 2p PDOS in the valence and conduction band of rutile
RuO,. The lower panel shows the PDOS projected along the axes of the oxygen
natural coordinate system as defined in chapter 3. The upper panel shows the o-like
and 7-like projections of the PDOS.

Figure 5.3 combines panels (d) and (c¢) from figures 5.1 and 5.2 respectively, and
shows the calculated the O 2p PDOS in the valence and conduction band, indicating
the projections of the PDOS both by bonding character (¢ or m) or the natural
coordinate axis defined for the oxygen ion (zyz). The calculated O 2p PDOS in the
conduction band is compared to the polarization dependent O K-edge XAS in figure
5.7.
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5.4 Experimental Measurements

A brief review of previous experimental measurements of RuQO, is given here followed
by a discussion of our single crystal sample and the specific details of the measure-

ments that we have completed.

5.4.1 Previous experimental studies of the electronic structure
of RUOQ

While the identification of the different sources of the density of states in the valence
band based on polarization dependent x-ray absorption and emission has not been
presented before, previous experimental studies of the band structure of RuO; have
measured their magneto-resistance [90], magneto-thermal oscillation [91], magnetic
susceptibility [92], electrical transport [93, 94|, specific heat [95] , ultraviolet and
x-ray photoelectron spectroscopy [96, 97, 98, 99|, optical reflectivity [100, 86|, and
electron energy loss spectroscopy [70].

A mechanism for metallic conduction in rutile oxides was proposed by Rogers et
al [101]. That study attempted a systematic correlation of the crystal chemistries of
the transition metal dioxides with rutile-related structures based on the formation of
an empty to partially and fully filled metal-oxygen 7* band. The scheme as outlined
demands careful study of the valence band of the rutile dioxides. Riga et al. performed
XPS on the valence band of different d shell fillings in TiO,, RuO, and IrO, [97], in
order to investigate the qualitative molecular orbital model proposed by Rogers. In
the Riga study the evolving asymmetry noted in the core level peaks was attributed
to the differing number of conduction electrons in the outer shells and consequent
effect on the screening of the core hole.

Goel et al. [100] reported reflectivity measurements of RuO, and IrO, for E||c
and Flc, and derived real and imaginary parts of the complex dielectric constant
and refractive index for RuO, and IrO, from the reflectivity measurements, which in
turn were compared by de Almeida et al [86] with the results of their calculations
and found to agree well.

Cox et al.’s studies of ternary ruthenium oxides used UPS and XPS and High
Resolution Electron Energy Loss Spectroscopy (HREELS) performed on pyrochlore
ruthenium(IV) oxides PboRuyO7_,, BisRuy,O7 and YoRuyO7; the perovskites STRuOj3
and CaRuOg; and the ruthenate Biy_,Gd,Ruy,O; , z :0 — 2[70]. In the case of the

listed oxides, the transition to non-metallic behaviour in the sequence of materials is
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associated with correlation-induced electron localization. The decrease in the screen-
ing of the Ru 3d hole by conduction electrons, and the decreasing density of states
at the Fermi energy tracks the progress towards non-metallic behaviour. In the case
of the ruthenate Bi,_,Gd,Ru,07, = is increased in increments from 0 to 2 , span-
ning from metallic to semiconducting behaviour associated with the t‘ég 4d electron
configuration becoming increasingly more localized.

In order to distinguish between the p and d partial density of states in the va-
lence band, Daniels previously used resonant photoemission spectroscopy where a
synchrotron source was employed to obtain several different photon energies between
70 — 130 eV [82]. The same study investigated mixed RuO,-IrO; crystals to enable
the identification of spectral features by monitoring their energy shift as a function
of chemical composition. According to the calculations of Mattheiss [81] the metal d
states contribute to the density of states predominantly just below the Fermi level,
with a weaker contribution at deeper energies between 4eV and 8eV below the Fermi
level. The photoemission experiments of Daniels et al [82] agree with Mattheiss’s
large p — d separation, with which our calculations modeled after de Almeida [86] do

not concur.

5.4.2 Synthesis of single crystal RuO,; samples

The RuO, single crystal samples studied here were supplied by Russel G Egdell.
They were produced by a method similar to that described by Huang et al [102]
involving chemical vapour transport in an open flow gradient quartz tube furnace.
The precursor selected for optimal single crystal growth and growth rate was a mixture
of polycrystalline RuO, and pure Ru metal powder. XRD was used to determine the
orientation of the surface plane, and the position of the crystalline a and ¢ axes. The
largest natural face of the single crystal as grown was (110), with the ¢ axis [001]
oriented parallel to the shorter edges of the face. The a axes were contained in a
plane perpendicular to the (110) face, and were both oriented at 45° to the surface.

The surface of the crystal is a (110) surface. Thus the c-axis lies in the surface
plane of the crystal with the two equivalent a-axes at 90° to the c-axis but at 45° to

the plane of the surface. XRD was used to clearly reveal the (001) direction.

5.4.3 Orientation for X-ray Spectroscopic Measurements

The orientation of the crystal with respect to the linearly polarized light of the syn-
chrotron is described. At both ALS BL8.0 and 7511 — 3 the linear polarization is
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fixed within the horizontal plane of the orbit of the synchrotron. In addition the
orientation of the XES spectrometer - wholly in the horizontal plane at ALS BLS8.0
but rotatable about the beam direction in 7511 — 3 is also specified. When the inter-
mediate selection criteria is specified as E||c, then in a horizontal in-plane scattering
geometry the light is normally incident onto the surface of the sample with the c-axis
direction in the horizontal. In such a 90° scattering geometry in the horizontal plane
(in-plane), then the emission propagates out along the c-axis. Of course for the actual
measurement the grazing exit photons actually propagate out at ~ 10 — 15° from the
surface as the sample must be rotated at least this much for a sizable emission signal
to be recorded.

However for an intermediate selection criterion of Ellc but in a vertical (out-
of-plane) scattering geometry the incoming light is not along the [110] direction as
before, but is kept so that it is along a [100] direction (or a axis) in order that
the exiting emission is also along an a-axis. In this case the c-axis is horizontal and
parallel to the linearly polarized light, but the surface is inclined at 45°to the incoming
beam direction, and at 45° to the exiting emission, or spectrometer axis. Such is the
situation at 1511 — 3 where the sample manipulator rotates together with the XES
spectrometer as described in detail in chapter 2, and a simple polar rotation of the
sample manipulator allows for this. This is denoted E||c, X ES||a, (out-of-plane) and
¢, XES]||e, (in-plane).

the previous measurement geometry denoted E

5.5 Results and Discussion

5.5.1 General points

In the RXES spectra the excitation energies chosen are generally very close to the
absorption threshold, and in this case also the Fermi level. The elastically scattered
peak, subject to lifetime and instrumental broadening, that is visible primarily in the
out of plane geometry overlaps with the features at the top of the valence band. The
overlapping of the elastic peak with the features at the top of the valence band is not
to be mistaken for a shift of the Fermi level.

Unless otherwise stated the emission spectra are subject to a resolution of AF =
0.7eV due to the bandwidth of the monochromator, and a further AE = 0.7¢V due to
the instrumental resolution of the X-ray Emission Spectrometer as determined by the
entrance slit effective width. In the figures showing a stacked collection of resonant
spectra recorded in the same geometry, the very threshold spectrum is repeated with

a dotted trace to enable convenient comparison to allow the energy dependence to be
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clearly identified. It would be instructive to compare the non-resonant or “normal”
x-ray emission spectra (NXES) and the calculated O 2p PDOS with the valence band
UPS from RuO, measured by Cox et al. [96]. It is only feasible to make a qualitative
comparison between the energy dependence of the emission spectra in each orientation
rather than cleaving to an exact comparison between any single pair of calculated and

measured spectra as the emission spectra are relative and not absolute in scale.

5.5.2 X-ray Absorption

The absence of multiplet effects at the O K —absorption edge make a qualitative
comparison between the x-ray absorption spectra and the O 2p PDOS possible. The
axis-projected density of states is probed by alternating between orienting the a and

c axes of the crystal parallel to the electric field vector of the x-rays.
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Figure 5.4: XAS at the O K edge for both Elja and E||c orientations with respect
to the RuO, crystal axes. Also shown in the lower and middle panel respectively are
the calculated natural coordinate axes projection of the O 2p PDOS, and the O 2p
o-like and 7-like PDOS

For the E||a orientation, the O 2p partial density of states projected onto the a
axis contains components from both the 7* antibonding states formed by 7 overlap
between the 2p, orbitals perpendicular to the M3O plane and the Ru 4d t,, orbitals,
as well as the o* antibonding states formed by the Ru 4d e, orbitals. The projected
density of states on each of the a axes is equivalent.

For the F||c orientation, the ¢ axis of the crystal contains no projection of the 7
bonded states perpendicular to the RuOj3 trigonal plane. In this geometry the peak
associated with the population of these states is absent. Neither is the projection of
o states onto the ¢ axis identical to the a axis. There is also an absence of O 2p p,

states projecting onto the ¢ axis.
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These spectra can be directly compared to that observed from the half-metallic
rutile CrO, [103] which shows a very similar natural linear dichroism at the O K-edge.
This is not unexpected as the Ru d* configuration gives rise to 2/3 filled ¢, levels. In
CrO, the d*configuration give a 2/3 filled majority spin t5, levels which are spin-orbit
split from the minority spin t,, levels by several eV.

The 7* 4d ty, derived peak is isolated at 530.1 eV, some ~ 3 eV above threshold
in the E||a geometry. The maximum at 532.0 eV in the O K-edge XAS for theE||c
geometry corresponds to the Ru 4d e, - O 2p o* derived orbitals. The states at higher
energies are Ru 5p-5s derived states. The noticeable shoulder between 528 eV and
530 eV is most likely due to core-hole effects in the XAS and it is not reflected in
the ground state O 2p PDOS projected along the c-axis. Alternatively, perhaps when
considering Daniels et al.’s results [82] a more complex LDA + U calculation for RuO,

is warranted with a greater on-site localization of the 4d orbitals.

5.5.3 NXES spectra

Figure 5.5 contains the O K-edge non-resonant NXES from all four possible excitation
and spectrometer orientations. In the El|a, XES along a geometry the polarization
of the incident beam is parallel to an a axis of the crystal. This geometry permits
absorption into both the 7* and ¢* unoccupied density of states, as the electric field
vector E is parallel to projected components of both the o7 and the o}, , bonded states
in the M30 plane and the 7* states perpendicular to the plane. The XES spectrometer
is aligned along the other a axis giving rise to emission from the projected density of
states in the vertical plane containing the a and ¢ axes. In the resulting spectrum, the
o PDOS at the bottom of the valence band are more prominent indicating that the
projection of O o, states along the a and ¢ axes is at a maximum in this geometry.
The 7 bonded density of states is very much diminished by comparison.

Likewise, the scattering geometry allows a projection of both 7 and ¢ bonded
states in the valence band to contribute to the emission, but the projection of the o
bonded states dominates over the 7 bonded states.

At the top of the valence band, the projected density of states arising from =
bonding between O 2p - Ru 4d t,, states contributes to the emission spectrum. The
comparative weakness of this contribution is evident in the failure to resolve a distinct
peak for this density of states in the emission spectrum in this geometry. Both the
dominance of the ¢ bonded density of states at the bottom of the valence band and

the relatively weak contribution of the ¢y, states at the top are well reproduced in the
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calculated spectra as shown by comparing the experimental results in figure 5.5 with

the simulated non-resonant O K-edge XES in figure 5.6.
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Figure 5.5: O K -edge NXES (i) E||a, XES along a and XES along ¢ (ii) E||c, XES
along a and XES along c.
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Figure 5.6: Simulated O K-edge NXES (i) E||a, XES along a and XES along ¢ (ii)
E||c, XES along a and XES along ¢

In the E||c, XES along ¢ geometry the polarization of the incident beam is parallel
to the ¢ axis of the crystal. The o bonded states in the M3O plane have a projected
density of states parallel to this axis, namely the o, . states. The density of states
formed by ¢ bonding along the apical axis of the octahedra are orthogonal to this
axis and have no projected density of states along it. The density of states formed by
m bonded O 2p, orbitals are also orthogonal and do not have a projection along the ¢
axis. In this, the second of the ’in plane’ spectra, the balance of the spectral weight
is shifted towards the top of the valence band, due to the dominance of the emission
from the 7 bonded density of states projected onto the two a axes. The proportion
of the spectrum originating from emission from the bottom of the valence band is
greatly reduced, though it is possible to detect emission from the projection of the
o, states in this orientation. The two narrow peaks in the O 2p occupied density
of states corresponding to the projection of the narrow 7 bonded states at the top
of the valence band and the o bonded states 1 eV lower in energy are resolved in
the emission spectrum. The sharp peak at the Fermi level created by the projection
of the Ru 4d ty;0 bonded states is at its most prominent in this orientation. The
dominance of projected 7 states over o states in the emission, and the maximized

contribution from the projected Ru 4d to,m bonded states just below the Fermi level
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are both reproduced in the calculated Normal X-ray Emission Spectrum as seen in
figure 5.6.

In the FElja, XES along ¢, geometry the intermediate states into which excitation
is possible are the same as those for spectrum 1. The orientation of the spectrometer
along the c-axis in this geometry allows the a axes projected density of states to pre-
dominate the emission spectrum. This is the same situation encountered in spectrum
2 and involves the same 7w bonded states at the top of the valence band. While the
experimental resolution was not sufficient to resolve the sharp peak created by the
a—axis projected m bonded Ru 4d t,, density of states, the increased spectral weight
in this position is present, the narrow pinnacle of the projected O 2p, density of states
is visible in this spectrum.

The E||c, XES along a spectrum is strongly similar to the E||a, XES along a a
similarity that is mirrored in the calculated spectra. The spectral weight proportions
in the emission spectra shows the predominant contribution from ¢ bonded states at
the bottom of the valence band, evident in the filling in of the shoulder present towards
the bottom of the valence band in spectra 2 and 3. As is the case for spectrum 1 the
contribution from the states at the top of the valence band, formed by the projection

7 bonded O 2p, and Ru 4d t,, orbitals is suppressed in this geometry.

5.5.3.1 Polarization dependent Resonant X-ray Emission Spectra from
RUOQ

Figure 5.7 shows the excitation energies selected for the resonant x-ray emission exper-
iment. The two dashed black arrows indicate energies that were selected for excitation
in both E|la and E||c orientations, but were not selected in all spectrometer orienta-
tions. The blue arrows indicate excitation energies that were selected for excitation
in the E||la orientation, involving features that were absent from the Ella orienta-
tion, whose specific features selected for excitation are indicated with red arrows.
Finally the solid black arrows indicate the excitation energies that are common to

both orientations.
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Figure 5.7: O K edge XAS spectra depicting the energies selected for resonant exci-
tation

In figures 5.8, 5.9, 5.10 and 5.11 the experimental resonant emission spectra are
displayed in the left hand panels with the calculated spectra in the right hand pan-
els for comparison. The progression of the resonant spectra from the lowest to the
highest within each panel follows the increasing excitation energy for each geome-
try. The experimental excitation energies selected are labeled in figure 5.7, and the
RXES is simulated for excitation energies corresponding to the matching feature in
the conduction band O 2p PDOS, rather than at the same exact energy as the ex-
perimental excitation. Also to aid comparison, the spectrum recorded at the lowest
excitation energy is overlaid with each subsequent spectrum for both the experimental

and calculated spectra.
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Figure 5.8: Resonant X-ray Emission Spectra with F||a and XES along a. This is an
in-plane scattering geometry. The excitation energies are as labelled in figure 5.7
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Figure 5.9: Resonant X-ray Emission Spectra with F||c and XES along ¢. This is an
out-of-plane scattering geometry. The excitation energies are as labelled in figure 5.7
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Figure 5.10: Resonant X-ray Emission Spectra with E|ja and XES along ¢. This is
an out-of-plane scattering geometry. The excitation energies are as labelled in figure
5.7
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Figure 5.11: Resonant X-ray Emission Spectra with E|lc and XES along a. This is
an out-of-plane scattering geometry. The excitation energies are as labelled in figure
5.7

In the out-of-plane experimental RXES, the elastic peaks are indicated with arrows
where they are within the energy window presented. The differences in the shape of
the elastic feature recorded for the two different orientations is discussed in section
B.5.3.3.

For excitation energies within ~ 8eV of the threshold of absorption the O 1s elec-
tron is excited into ¢y, and e, hybridized states that are more localized than the states
formed by hybridization between the O 3p and Ru 5s orbitals. As has been described
in chapter 2, this near-threshold energy region is the domain of RIXS/RXES where
the presence of the O 1s photoelectron in a localized state in the conduction band
causes the marked energy dependence of the resonant x-ray spectra. The change in
shape of the calculated spectra displays this very clearly, with states at the top of the
O 2p band contributing an additional feature to the spectra, while contributions from
the states located in the centre of of the band rise and fall with increasing excitation
energy. The measured spectra also show some of the increased weight towards the
top of the O 2p band for the near threshold excitations. The variation in the emis-

sion from states towards the centre of the band is recorded as shifting proportions of
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spectral weight on the low energy slope of the spectra. The spectra from excitation
energies further above threshold show little or no variation with excitation energy
at the top of the O 2p band in both the calculations and the experimental results.
The variation between spectra arises from states towards the centre of the band. The
ratio of the intensity of the elastic peaks and main peaks of the emission spectra de-
creases with increasing excitation energy. The cross section for elastic decay is larger
for more localized states lower in the conduction band. The recombination peak
(participator decay) dominates the spectra for excitation energies close to threshold
in the out-of-plane scattering spectra only where in additional specular reflection is
enhanced.

As described in detail in chapter 3 the simulated RXES spectra are broadened by
three factors. A Gaussian broadening to reflect the instrumental resolution of the XES
instrument (0.7 eV), a Lorentzian core-hole lifetime broadening to reflect the O 1s
core hole (~ 0.3eV) and a parameter that reflects the decreased valence hole lifetime,
where the additional Lorentzian broadening increases from zero at the Fermi level to
the bottom of the valence band. The parameter describing the valence hole lifetime
broadening is the same as that chosen in the case of the SnO, and TiO, spectra but
is perhaps not appropriate to the metallic RuO,. The intense feature at ~ 7eV in the
simulated RXES is not present in the experimental spectra, though there is clearly a
feature at this energy. This could indicate that the valence hole broadening applied

is not sufficient to account for that which is present in the experiment.
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5.5.3.2 RuO,; NXES difference spectra
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Figure 5.12: A subtraction of the E||a, XES||a from the El|c, XES||c NXES ex-
perimental spectrum in the left hand panel, with the subtraction of the equivalent
non-resonant simulated spectra in the right hand panel.
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Figure 5.13: A subtraction of the NXES spectrum from the most threshold RXES
excitation energy spectrum, labelled (a) in figure 5.7 for the E||c, XES||c scattering
geometry in the left hand panel, with a subtraction of the simulated RXES for the

equivalent energies in the right hand panel.
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Figure 5.14: A subtraction of the NXES from the most threshold RSXE spectrum,
excitation energy (a) in figure 5.7 for the E||a, XES||a scattering geometry in the left

hand panel, with a subtraction of the equivalent simulated RXES in the right hand
panel.

It was predicted by the molecular orbital bonding model that the density of states
at the top of the valence band is composed of 7- bonded Ru 4d t5,-O 2p, orbitals,
which were non-bonding in the case of TiO,, but bonding in this instance. Difference
spectra were constructed by performing subtractions with certain pairs of the exper-
imental and simulated RXES, after a suitable multiplicative factor had been applied.
The selection of a multiplicative factor is a rather arbitrary decision, with the main
selection criterion on our case being that the spectrum to be subtracted overlaps with
the other spectrum to the greatest degree possible, such that all common density of
states contributing to the emission in both orientations will be canceled out.

This was an application of the approach summarized in figures 5 and 6 of Eber-
hardt and Eisebitt [104], wheir their argument is that a k-selective RIXS spectrum
can be obtained as opposed to the fraction of the RIXS spectrum that is k-unselective
or equivalent to the non-resonant XES spectrum. This approach is intended to as-
sess how much of our RXES spectra are k-selective. However, with the additional
state selectivity (o* versus 7*) and its variation from threshold to non-renonant,

those difference spectra may be more helpful in ascertaining the particular contribu-
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tion of 7 or o states from in-plane (or out-of-plane) scattering. It must be borne in
mind that while the subtractions performed present the differences between spectra
in “high relief”, the subtractions shown in figures 5.12, 5.13 and 5.14 employ an ad
hoc method in terms of the scaling applied to the spectra which are the arguments
in the subtraction. The scaling was adjusted such that the negative remainders were
minimized after the subtraction, and the result was squared, to remove the presence
of a “negative” spectral weight difference in the result.

Figure 5.12 shows the RXES spectral weight remaining when normal emission
spectra from different spectrometer orientations are subtracted from each other. In
the left hand panel, the excitation geometry is E||a and the right hand panel contains
the NXES measured in the E||c excitation geometry. The light gray-coloured trace in
both panels depicts the remainder when the spectrum resulting from emission along
the ¢ axis is subtracted from emission along the a axis. This locates in energy the
spectral contribution arising from the O 2p, PDOS, which is solely projected in the
plane defined by the two a axes. From the description of the M3O trigonal planes this
density of states has previously been assigned to 7-like bonding by the O p, orbitals.
The black traces in both panels depict the intensity that remains when the NXES
spectrum measured with XES||a is subtracted from the NXES resulting from XES||c.
This locates in energy the spectral contribution from the O 2p PDOS projected in the
plane defined by one of the a axes and the ¢ axis. The resulting spectral intensity has
a far wider extent in energy than that obtained for the former subtraction covering
most of the valence band.

Figures 5.13 and 5.14 show the difference spectra produced when the NXES spec-
trum is scaled to fit within the trace of the RXES spectrum produced by the lowest
threshold absorption energy selected for both the E||a, XES ||a and the E||c, XES||c
scattering geometries respectively. As discussed by Eisebitt and Eberhardt [104] the
NXES spectra are taken to represent the non-k-selected PDOS, due to the effective
continuum of momenta readily accessible by the excited electron far above threshold
in the conduction band. As described in chapter 2, the near-resonance RXES contains
a combination of k-selected and non-k-selected components, and we attempt to iden-
tify the spectral features corresponding to the k-selected contribution by performing
the subtraction described. Returning to figures 5.1, and 5.2 we suggest that at the
threshold of absorption in the El||a orientation, the k-selected component extracted
from the RXES would be expected to have maxima corresponding to the occupied
O 2p PDOS close to the Z point (the density of states is further selected to those
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projected in the plane perpendicular to the a axis due to the XES||a emission geome-
try). Likewise for the near threshold absorption in the E||c orientation, the k-selected
component of the RXES should have maxima corresponding to the O 2p densities of
states at the I' point, with the XES||c selecting the states at this point that have a

projection in the plane defined by the two a axes.

5.5.3.3 The structure of the elastic peaks

Due to the dipole selection rule there are strong elastic peaks visible primarily in the
out of plane scattering geometry. The form of these elastic peaks is also evidently
polarization-dependent for reasons explained by the different densities of states pro-
jected on the crystalline a and ¢ axes. The elastic peaks recorded in the Elja, XES
along ¢ geometry are asymmetric with a shoulder protruding from the low energy
side. This asymmetry increases with excitation energy. The elastic peaks recorded in
the E||c, XES along a geometry are relatively more symmetric by comparison, for all
excitation energies chosen.

This phenomenon is due to the minimum in the density of states projected along
the ¢ axis just above the Fermi level. Emission taking place following the excitation
of a valence electron into the unoccupied density of states is only available for the
density of states projected along the a axes. The states projected along the ¢ axis
make a large contribution to the emission spectra in the El|c, XES along a geometry.
On the contrary, the large density of states projected along the a axes just above the
Fermi level give rise to d — d* transitions across the Fermi level from the valence band,
that contribute inelastic structure to the elastic peak. These should correspond to
reflectivity measurements such as those of Goel et al. [100] where very high reflectivity
from 0.5 eV to 1.5 eV is recorded as being more prominent along the c-axis due to

metal-metal bonding and #a,-t5, excitations.

5.6 Conclusions

The natural linear dichroism in rutile RuO, , the only metallic oxide studied in
this thesis, was observed for both the conduction and valence band via polarization
dependent XAS and XES at the O K edge respectively. As far as we are aware,
no similar polarization-dependent XAS and RXES study of RuO, has been reported
previously. We show clear evidence of the Ru 4d to, 7* PDOS in the O K-edge XAS
in the E||a geometry, and the contrasting prominence of the Ru 4d e, o* PDOS for
the El||c geometry.
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The experimental O K-edge RXES spectra show a strong energy dependence for
excitationi energies within ~ 8 eV of the threshold of absorption. The most contrast
between the experimental spectra recorded in the various scattering geometries corre-
sponded to the region at the top of the O 2p valence band PDOS in the valence band
formed by m- bonding between the Ru 4d t5, and O 2p, orbital which was non-bonding
in TiOs,.

The effects of the anisotropic PDOS spatial projections were most evident via the
structure observed within the elastic peaks of the experimental RXES spectra. The
minimum in the density of states projected on the ¢ axis just above the Fermi level,
and the large density of states projected along the a axes within the same energy
region gives rise to a set of elastic peaks visible in the El|la, XES along ¢ with a
distinctly asymmetric profile. This is due to the to d — d* transitions across the
Fermi level corresponding to the large a axis projected density of states contributing
inelastic structure to the elastic peaks.

The difference spectra produced showed the location in energy of the spectral
weight due to the O 2p, density of states perpendicular to the M5O planes. Although
the approach was not as conclusive as that applied in the case of SnO, , the good
agreement between the difference spectra in the E||c, XES along ¢ geometry and the
difference spectra for the corresponding simulated spectra indicates that the main
parts of the o versus m dependence is described correctly, certainly with respect to
the NXES. Both the experimental RXES and difference spectra were well simulated
by the calculated PDOS.
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Chapter 6

Resonant x-ray emission and
absorption spectroscopy of rutile and
anatase T10-

6.1 Introduction

Rutile is a synonym for a particular crystal structure of TiO, which is also used as a
label for the structure adopted by several other transition metal oxides and fluorides
with a MA, formula unit. Rutile was originally the name given to a common ore of
titanium on account of its red hue.

In all there are seven such polymorphs of TiO,. The crystal structures TiO,
adopts for ambient conditions are the tetragonal rutile and anatase phases, and the
rhombohedral brookite [105]. The name anatase refers to the longer vertical axes
noted in naturally occurring minerals with this structure compared to rutile.

It is to be expected that the different polymorphs of TiOy possess different elec-
tronic structures, surface configurations and optical properties [106]. And indeed,
significant differences have been found between anatase and rutile in their electrical,
magnetic and optical properties [107] and chemical properties, which are summarized
elsewhere [108, 109, 107]. For instance anatase and rutile have different reported
band gap values with rutile having a band gap close to 3.0 eV and anatase closer to
3.2eV [108] in well-crystallized bulk single crystals. The brookite form of TiO; is not
regarded as technologically useful, and it has not been widely studied. Both rutile
and anatase in their stoichiometric forms are insulators, but readily generate concen-
trations of oxygen vacancies in their lattices by the reduction of their surfaces when
heated to temperatures < 1000°C. In this state, they become n-type semiconductors.

The combination of high-resolution spectroscopy, x-ray diffraction and accurate
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electronic structure calculations, such as we are attempting here, has in the past led
to corrections and reinterpretations of the bonding arrangements entered into by the
ions in solids, and will only be summarized here as it applies to TiO, [30, 7].

TiO, is a material with many potential uses. As is the case with other transition
metal oxides, surface processes, essentially the catalysis of redox reactions, constitute
a large portion of their applications [108]. The search for a solar powered source of
hydrogen has featured TiO, as one of its most important constituent materials [110].
This is particularly true of anatase TiO, [111].

In materials science the special properties of surfaces are of fundamental impor-
tance, and such alterations as the engineering of bandgaps promises to extend the
usefulness of materials. While bandgap engineering by doping is well known, there are
many opportunities to explore bandgap engineering by defect engineering and struc-
turing. Alterations in the bandgap by applying the effects of quantum confinement
is an active area of research [112]. Knowledge of the electronic structure of TiO,
is important in it own right, and also as a means to understanding the electronic
structure of a host of titanate systems such as SrTiO3 and BaTiO3.

This study takes as its starting point a molecular orbital picture of bonding in the
rutile structure. From this model the polarization dependence of the x-ray absorption
is used to resolve an axis-projected density of states in the conduction and valence
band, using resonant x-ray emission, and varying the x-ray scattering geometry with
respect to the linearly polarized x-rays.

This chapter presents the results of the study of the electronic structure of un-
doped TiO,. A full polarization-dependent scattering study was completed on rutile
TiOs to study the axes-projected O 2p PDOS. The valence and conduction band of
nanostructured anatase TiO, was studied via XAS and XES at both the Ti L, 3 and
O K edge. XAS and XES was also performed on bulk single crystal anatase TiO,
to investigate the possible effects of the nanostructures on the electronic structure.
The electronic structure of rutile TiOy was calculated using the Wien2K formulation
of DFT, yielding a calculated band structure, an ion and orbital-angular-momentum
resolved PDOS in the valence and conduction bands and simulated polarization-
dependent RXES. The electronic structure of anatase TiO, was also calculated to aid
the interpretation of the valence and conduction band PDOS probed by XES and
XES.

The chapter begins with a summary of the diverse role TiO, plays in technology,
the emphasis primarily being on applications that the present study of the electronic

structure may have some potential bearing on. It was considered most suitable to

124



place a section outlining the structural parameters of rutile and anatase immediately
preceding a brief description of a molecular-orbital interpretation of the bonding
arrangements in the structures, leading into the presentation of the calculated band-
structure character plots, O 2p PDOS and rutile-anatase bandstructure comparison.

The subsequent sections describe the experimental details, and present the results
of our polarization-dependent resonant emission and absorption study of the bulk
crystals and the RXES simulated from the calculations presented in section 6.4. The
O K-edge XAS and RXES from nano-anatase TiOs is also discussed.

6.2 Applications of rutile and anatase TiO,

Selected applications of TiO,, that particularly pertain to its electronic structure,
reactivity and optical properties are arranged in this section under the appropriate
technological fields that they belong to. Some of the most topical applications of TiO,
include it’s use as a a photocatalyst, a photovoltaic material, a photolytic medium for
the evolution of hydrogen, and as an electronic material: a dielectric in logic devices
or spintronic media, or as an electrochromic material and more recent memristive
technologies.

To classify the family of applications of TiOs that are related to new directions
in energy production, it can both be used to generate electricity from sunlight in a
photovoltaic, or to generate hydrogen in a photolytic cell.

Due to its wide band-gap TiO, is suitable for use in photoinduced chemical re-
actions where irradiation of the TiO, with light creates an excited electron-hole pair
that can be spatially separated before recombination. The absorption of light and
creation of an electron - hole pair that migrate to the surface and interact with ad-
sorbed species is the basis of the use of TiO, for photolytic production of hydrogen
from water without external bias, photovoltaic generation of electricity from sunlight
and the photocatalytic decomposition of organic molecules.

Many of the applications of TiOs rely on the properties of its surfaces rather than
its bulk single crystal form, such as its role as a catalyst [113].

Finally, and foremost TiO, is widely used as a pigment, and as a constituent of
sunscreen. As much as 98 % of the annual world production of TiO,, exceeding 4

million tonnes, is used to make white pigments.
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6.2.1 Photolysis and Photovoltaics

The first report of the photolytic evolution of hydrogen from water by photoexcited
rutile TiOy by Fujishima and Honda [114], was the initial stimulus to many of the
subsequent studies of the properties of the surfaces of TiO,. The investigation of TiO,
as a photolytic source of hydrogen has continued to the present day. The focus of
much of the research is in achieving suitable band positions by doping the TiO, [115]
or by synthesizing nanostructures. To this end a blue shift in the absorption edge of
0.2 eV for dimensions in the range of 5 — 10 nm has been observed in nanostructured
anatase TiO, [112]. Though the anatase polymorph has been shown to be the most
efficient for photocatalysis, it is more difficult to synthesize single crystals [107].
Photovoltaic cells based on TiO, electrodes continue to be developed and refined
in efficiency [116, 117]. To convert visible light to an electric current they rely on a
dye-sensitization technique. In this approach an organic dye is adsorbed on the TiO,
surface, and the absorption of light within the dye molecules promotes an electron to
the LUMO, which then falls into the empty conduction band of the TiO5 and can be
collected by an external circuit. The dye must be regenerated after the absorption of
the photon from the surrounding electrolyte in the cell. A review by Chen and Mao

[111] and from Vaysierres [110] details these applications.

6.2.2 Catalysis

TiO, is widely used in the photocatalysis and photodegradation of organic molecules.
The same mechanism of electron-hole generation, separation, migration and reduc-
tion/oxidation at TiO, surfaces is involved where adsorbed organic species are broken
down at TiO, surfaces [108]. The applications of this reactivity include disinfection
by the oxidation and destruction of organic pollutants in water, as well as the de-
struction of cells and other biological entities [118]. An extensive review of catalysis

at TiO, surfaces has been reported in the literature [119].

6.2.3 Dielectric Applications

Dielectric applications of TiOs include its use as a host oxide for dilute magnetic
semiconductors see e.g. [120] and its use as a gate oxide in MOSFETs and other logic
devices, see e.g. [121].

Dilute magnetic semiconducting behaviour has been reported for ferromagnetically
doped rutile and anatase TiO, [122, 123]. The role of oxygen vacancies that has been

identified as critical to the process of catalysis at TiO, surfaces, is also expected to
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play a significant role in the ferromagnetic ordering of TiO, based dilute magnetic
semiconductors.

Another dielectric-type application of TiO, is its doping and incorporation in
DRAM capacitors [121], where it has displayed very low leakage currents for films as
thin as 0.48nm. The manipulation of oxygen vacancies within TiOy by the application
of an electric field, which is discussed in greater detail in the following section, has been
demonstrated to provide a switchable current rectification behaviour in commercially

procured rutile TiO, crystals [124].

6.2.4 Electrochromism

Another potential application of TiOy exploits the electrochromism of the material.
Electrochromism describes the alteration in the colour of a solid by the application of
an electric field. This change in colour, usually to a shade of dark blue from transpar-
ent, had previously been noted in bulk TiO, when it annealed in a vacuum, causing
the stoichiometric TiO, to become reduced giving rise to a sufficient concentration of
oxygen vacancy defects, O%-* or Titanium interstitials. In fact, an early study linked
the colour of the resulting TiO, with the percentage of all oxygen positions that were
vacant [125]. In this study the samples varied between gray and yellow like tones,
with blue-gray the darkest corresponding to an oxygen vacancy fraction of the total
oxygen in the lattice of 0.85 %.

An interesting behaviour has since been reported in samples of single crystal rutile
TiO, that have been reduced by annealing, when a constant electric field of several
tens of V/cm was applied [126]. The application of a DC electric field, once it is of
sufficient strength, causes the a region of deeper colouring to emerge in the reduced
TiO,. This alteration of the position of the coloured regions is caused, in one model,
by oxygen vacancy defects present in the lattice, with their effective positive charge,
which migrate towards the cathode (assuming that the temperature of the TiO, does
not get high enough for a dominant current of Ti ions to flow in the lattice). The
crystal visibly darkened in regions of high oxygen vacancy concentration due to the

photon of visible light that is absorbed in the following transition
(OFF TPV 28 02 L A e

that describes the transfer of charge out of the Ti-Oy pair. In the experiment the
electric field was applied parallel to the rutile c-axis. The samples used had the
same orientation as the samples used in the current thesis, the largest surface being
the (110) surface and the ¢ axis, or [001] direction oriented along the long edge of
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the crystal. The resistivity of the TiOs drops by some orders of magnitude upon
reduction, and the application of an electric field of ~ 100V /cm results in a sufficient
current density to cause the TiO, sample to glow by Joule heating [126].

Varying the transmittance of an optical material, and modulating its colour by
electric signals has immediate importance to new approaches in surface coatings and
display technology. Incorporation of Li* into the lattice of anatase nanocrystals of
TiO5 has been shown to result in a fast and high contrast switching in the visible and
into the infrared, as summarized by Chen and Mao [111]. Another approach to the
application of electrochromism also involves TiO, as a substrate for an electrochromic
organic compound or dye that changes colour with oxidation state.

The interaction of the conduction band contours in TiO, with an external electric
field facilitates the efficient and reversible transfer of electrons to adsorbed molecules
at the TiO, surface. This has been acheived experimentally in TiO, nanostruc-
tures coated with different modular molecules with varying substituents depending
on the suspending electrolyte and range of colours aimed for [127]. One electrochromic
window that has been realized experimentally also employed a transparent counter-
electrode of nanostructured SnO, to complete the redox circuit within the intervening
electrolyte [128]. The efficiency of the electrochromism, and the response-time of the
transmittance switching are related to the morphology of the crystalline TiO, sam-

ples.

6.2.5 Memristive Technology

The process described in the previous section whereby electromigration of either Oy,
or Ti; causes resistivity changes is not favoured at room temperatures in bulk crystals
but in nanostructured TiO, films the requisite dielectric fields can be achieved more
easily [124]. This has in fact given rise to an implementation of the fourth missing
circuit element “the memristor” as announced by the group of Williams [129]. This
is implemented by a platinum electrode crossbar strategy sandwiching a rutile TiOq
filling [130]. The state of the device after the application of the electric field is
sensitive to the previously applied direction of the electric field and current flow and
is thus a non-volatile memory element. Hewlett Packard have recently announced
a new memory based on this Pt/TiO,/Pt memristor technology. The action of this
memresitve technology has been recently studied by spatially selective NEXAFS or
XAS at the Ti L-edge [131]. Future measurements at the O K-edge NEXAFS will
perforce rely on some of the results presented in this thesis as otherwise they may

misinterpret such variations as they observe.
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Figure 6.1: Rutile and anatase crystal lattice structures of TiO,

6.3 The Rutile and Anatase Structures

While the crystal structure of both anatase and rutile TiO, is based on the coor-
dination of a Ti ion by six O ions in distorted octahedra, Anatase is a larger and
more complex unit cell than rutile, with greater volume: 34.1 . % compared to 31.2 A’
per formula unit in rutile [132, 133] which is visible in figure 6.1. In both rutile and
anatase the octahedra are distorted in the sense of having their apical bond distances
longer than their equatorial bond distances. Adjacent TiOg octahedra in the rutile
structure share edges and arrange in alternating layers with the major axis of the
octahedra lying at 90° to each other. In the anatase TiOg octahedron the equatorial
bonds are not aligned at 90° to the apical axis of the octahedron, with two of the op-
posing oxygens lying above the regular octahedral waist plane and the other two lying
below the plane. Neighbouring octahedra share corner oxygens to form planes that
pack by sharing edges with the planes of octahedra above and below. The distorted
octahedra share four edges in anatase and two in rutile [134].

In addition, table 6.1 compares the bond lengths and other relevant crystal struc-
ture parameters of anatase and rutile TiO,. Anatase TiO, belongs to the 14;/amd

space group.
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Structure | Rutile | Anatase |

a (A) 4.503 [135] | 3.784 [136]

c (A) 2.959 [135] | 9.515 [136]

internal u parameter | 0.305 [135] | 0.208 [136]

Unit Cell Volume (A”) | 62.5 [132] | 136.3 [133]
nearest dM—M (A) 2.53 3.04
nearest dy;_o (A) 1.949 1.934

Bandgap (eV) 3.0 [108] 3.2 [108]

Table 6.1: Rutile and anatase TiOs crystal structure parameters
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Figure 6.2: Molecular orbital diagram showing the o and 7 bonding combinations in
rutile and anatase TiO, from Thomas et al.. [11]

6.3.1 Molecular orbital scheme of bonding in rutile and anatase
TiO,

The approximately octahedral TiOg unit is common to all three polymorphs of TiO,
listed in the the introduction to this chapter. A molecular orbital diagram is included
to illustrate the expected differences in the electronic structure between anatase and
rutile TiO,.

While in the ionic model TiO, is regarded as a d° system, the rutile and anatase
crystal structures create a partial occupancy of the d orbitals, which reduces the
electrostatic energy implied in the purely ionic situation. In this fashion both ionic
bonding, involving the transfer of charge from the Ti 3d orbitals to the O 2p orbitals,
and covalent bonding involving the hybridization of the Ti 3d and O 2p orbitals
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play a role in the electronic structure of TiO;. As summarized in table 6.1 the
nearest metal-metal distance in anatase is larger than rutile. The Ti 3d ¢y, orbitals
are therefore more isolated in the anatase structure, where there is some interaction

between neighbouring Ti ions in the rutile structure [107].

6.4 Electronic Bandstructure and PDOS calculations

In order to make a complete comparison to the results of the x-ray spectroscopic mea-
surements, a set of DFT calculations for the electronic structure of TiOy were per-
formed. These calculations employed the full potential linearized augmented plane
wave basis set as implemented in the WIEN2K code. For the rutile structure the
calculations were carried out using both the standard settings of the code as well as
generalized gradient approximation of Perdew [89]. In particular for rutile TiO Pers-
son et al. [68, 137] similar to the instance of SnO, [65, 66] have used a LDA+U scheme
to model the self-interaction correction Their motivation is to accurately model the
effective mass of the heavy hole or the dispersion of the bands, particularly the band
derived from the non-bonding p-orbital near the valence band maximum in order, in
turn to accurately model the optical absorption near the band edge [68, 137]. We
begin, as a starting point with their values of Uy = 10.0 eV for the Ti cation and
U, = 0.0 eV for the O anion to both enhance d localization and p—d hybridization and
to obtain an accurate value for the band gap. The electronic structure of rutile was
calculated using the observed crystal structure and the experimentally determined
lattice constants of @ = 4.953 A and ¢ = 2.957 A were used as the initial inputs. For
rutile, the radius of the muffin tin spheres used to divide the volume of the cell into
regions of atomic-like and plane-wave expansions of the Kohn-Sham wave functions
was 1.95 au and 1.735 au for Ti and O respectively. The Brillouin zone was sampled
with 1000 £ points in order to obtain the DOS and PDOS results presented here.

The anatase TiO, calculation also employed the FP-LAPW approach implemented
in WIEN2K. In this instance the calculation took as a starting point the calculation
of Ryu et al. [138]. This employed the LDA approximation and did not implement
the LDA+U approach described above for rutile TiO,. As a result the calculated
band gap for anatase TiO, is 2.5 eV. The anatase TiO, lattice paramaters of Horn
were used in the calculation, namely a = 3.784 A and ¢ = 9.515 A[136].
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Figure 6.3: Calculated PDOS for rutile TiO, resolved by ion and axis projection. Top
panel: O p and Ti s, p and d PDOS. Middle and Bottom panel: Ti d and O 2p PDOS
projected onto the O natural coordinate axes respectively
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6.4.1 Calculated bandstructures and projected densities of states
for rutile and anatase TiO,

Figure 6.3 shows the rutile TiOy PDOS for the Ti d, s and p components as well as
the O 2p components. The d PDOS is further broken down into four components
showing their e, (d.» and d,2_,2) and tyy (dsy, dgz4y.) character. As the d,, and
d,. orbitals yield an identical calculated projected PDOS, they are combined in the
dg.+y- PDOS. The O 2p PDOS is displayed according to the natural coordinate frame
when O 2p, is the projection along the z-axis which is along the apical direction of
the TiOg octahedron and consequently reflects the O sp? hybridized orbitals which
form M-O o-bonds with the Ti cation e, orbitals.

The O 2p, projection is also within the TizO plane and thus also reflects O sp?
hybrid orbitals participating in M-O ¢ bonds with Ti d e, orbitals, and their projection
along the c-axis [001] direction which is parallel to z. Finally, the O 2p, orbital is
perpendicular to the TizO plane and represents the non-bonding 2p orbital or O w
which only barely takes on any Ti d-t5, character. This non-bonding orbital dominates
the valence band maximum.

The uppermost panel of figure 6.4 shows the anatase TiOy PDOS resolved by its
O, Ti, and orbital angular momentum projections. The middle and lowermost panel
show the Ti d PDOS, and the O 2p PDOS resolved by the individual axes projections
for the O natural coordinate system respectively. The coordinate system for the Ti
ions in the anatase crystal structure is that adopted by Asahi et al. [107] and also
used by Thomas et al. |11] in the molecular orbital diagram reproduced in figure
6.2. In this local coordinate system the z axis is co-linear with the apical axis of
the TiOg octahedra, and the x and y axes contained in the plane of the (distorted)
octahedron’s equator, and are each oriented approximately towards an equatorial
oxygen. The local coordinate system of the O ion in anatase TiO, is the same as
the rutile scheme, where the z axis is co-linear with the apical axis of the TiOg
octahedron, the z axis is perpendicular to the z axis and lies in the M350 plane, and
the y axis is perpendicular to the M30 plane. The distortion of the TiOg octahedra in
the anatase crystal structure, resulting in the displacement of two opposite equatorial
oxygen ions below the plane of the equator and two above the equatorial plane gives
rise to the splitting of the ¢y levels depicted in figure 6.2 where the d,, orbital is
lower in energy than the two remaining t,, orbitals, and is not involved significantly
in any bonding-antibonding combinations, giving rise to a localized, non-dispersion

non-bonding feature in the calculated projected PDOS.
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Figure 6.4: Calculated PDOS for anatase TiOs resolved by ion and axis projection.
Top panel: O p and Ti s, p and d PDOS. Middle and Bottom panel: Ti d and O 2p
PDOS projected onto the O natural coordinate axes respectively
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This presentation of the calculated projected PDOS clearly identifies the o bond-
ing and antibonding states created by the Ti 3d e4 d.2, d;24,2 and O 2p, , 2p, orbitals
which lie within the M5O planes. As the d,, and d,, orbitals yield an identical cal-
culated projected PDOS, in the anatase calculated projected Ti 3d PDOS shown in
figure 6.4 the PDOS created by these orbitals is summarily represented by the Ti
dyz+y. PDOS in the figure. The most stable o bonding combination, leading to the
PDOS forming the bottom of the valence band is that between the Ti e, 3d dyy/dy.4ya
and 4s orbitals and the O 2p, orbitals, which are somewhat lower in energy than the
o bonded states between the Ti 3d d.2and O 2p, orbitals. In the molecular orbital
diagram shown in figure 6.2, it can be seen that of the three Ti 3d ty, orbitals, the
dy, orbital, as defined with respect to the local Ti coordinate system defined above
is predicted not to form M-O or M-M 7-bonds like the d,, and d., orbitals forming
a non-bonding Ti 3d PDOS at the conduction band minimum.

The top of the valence band is composed of the PDOS due to the O 2p, orbitals,
which are involved in 7 bonds with neighbouring Ti 3d d,24,2 orbitals which gives
rise to a PDOS in the middle of the valence band, and have a large non-bonding
character at the very top of the valence band. The non-bonding O 2p, PDOS at the
top of the valence band is answered by a PDOS created by the non-bonding Ti 3d
dyztys (designated d,, in the molecular orbital scheme of Thomas et al. reproduced
in figure 6.2) at the bottom of the conduction band, followed by the 7* states due to
the small M-O 7 overlap between the O 2p, and Ti 3d d,2,2 orbitals.

The antibonding counterpart of the o-bonded states at the bottom of the valence
band form the top half of the conduction band DOS, with a pronounced gap between
this M-O ¢* DOS and the 7* DOS.

It is instructive to consider the rutile TiOy bandstructure diagram in the form of
band character plots where the proportion of each band which takes on a particular
orbital character is displayed. This is shown in figure 6.5 where the O 2p,, 2p, and
2p, clearly illustrate for the different bands and regions of binding energy the bonding
and partial density of states associated with each component.

Thus the non-bonding O 2p w-like band dominates the valence band maximum
region while also participating in the 7* peak in the PDOS associated with emptying
tog levels. The lowest binding energy part of the valence band is in turn due to
the strong o-bonding between the p, projected sp? orbitals and the Ti e, orbitals in
particular along the Ti-O apical axis of the octahedra, or the common 2 projection
of the Ti and O coordination frames. As every second TizO plane is at 90° to each

other, a more useful prescription for these tetragonal crystals is to see the projected
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density of states along the real crystal axes, as shown in figure 6.6. This inevitably
mixes the sp? derived O 2p, and non-bonding -like 2p, in obtaining a projection on
the tetragonal rutile a-axis. The projection on the c-axis is directly that of the O 2p,
orbital.

Within the anatase crystal structure, the M3O planes are also at 90° to each
other, but the internal dimensions of the M3O triangles vary between the structures,
as well as their relationship with the crystallographic axes, where the ¢ axis in the
rutile crystal structure is co-linear with the base of the M3O triangle, or the O 2p,
direction and in the anatase crystal structure is co-linear with perpendicular height of
the M30 triangle. Therefore, differences in the orbital character of the axes-projected
PDOS are expected.

The Ti 3d e, orbitals are clearly involved in a higher degree of M-M 7 bonding in
rutile compared to anatase, comparing the middle panels of figures 6.3 and 6.4. The
Ti 3d d.» and d,2_,2 orbitals produce a significant calculated projected PDOS in the
m-bonded region of the conduction band between an energy of 3 eV and 6 eV with
respect to the Fermi energy. This is a direct effect of the 20% increase in the closest
M-M distance in anatase compared to rutile TiO,.

Figure 6.7 shows an enlarged re-oriented version of the top panel in figure 6.6,
namely the o- and m-projected O 2p PDOS for rutile TiO, in the upper half of the
figure, overlaid with the o- and 7-like PDOS from anatase TiO, in the lower half of
the figure. This comparison indicates a greater degree of M-O o*-antibonded states
at the bottom of the conduction band, between both the O 2p, and 2p, and the Ti 3d
dy, orbitals in anatase than in rutile, which can be interpreted with reference to the
anatase and rutile M3O units, and the differences in the M-O distances and bonding

angles between them.

6.4.2 Previous studies of anatase and rutile TiO, via electronic
structure calculations

A previous study of O K-edge absorption from rutile TiO, in the form of a bulk
natural mineral sample, identified two sharp peaks in at the bottom of the conduction
band density of states with the ligand-field split Ti 3d states, but did not make a
conclusion on the noted differences in the relative intensities of these peaks [139]. This
study also related the form of the O 2p - Ti 4sp derived feature in the conduction band
to the octahedral coordination of the Ti ion. The late transition meal oxides, d® and
upwards show a diminished intensity in the “metal @’ region of the conduction band

due to the lesser degree of d hybridization as the shell fills and contracts. The lower
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degree of hybridization corresponds to a lower degree of covalency in the bonding. The
term ligand-field splitting is used to indicate the “bare” (ionic) crystal field splitting
and the effects of hybridization with the coordinating ligands. De Groot’s study
[139] did not consider the origins of the intensity difference between the two peaks
at the bottom of the conduction band in terms of the different spatial orientation of
the o and 7 bonds involving the e, and ¢y, orbitals respectively. The order of the
eq and ty, derived states in the valence and conduction band is also reversed in the
interpretation of the bonding in this study compared to the order obtained by the
molecular bonding model. The authors subsequently revised their assignment of the
bands [134].

A study of the Ti L, 3-edge absorption spectrum of TiO, noted the different broad-
ening in the spin-orbit split peaks [140]. A fraction of this broadening was attributed
to the shorter lifetime of the L, hole due to the extra decay channel present in the
Coster-Kronig Auger decay process. It is also noted that the larger hybridization of
the e, states gives rise to a wider bandwidth than the t,, states. A multiplet calcu-
lation of the Ly 3 XAS spectrum of TiOs using reduced a Dy, symmetry rather than
Oy, also produces good agreement with the experimental spectrum. The origin of the
two small peaks at the absorption threshold in the Ti L, 3 absorption spectrum was

U multiplet.

shown to be part of the p°d

A previous theoretical study of the electronic structure and optical properties of
TiO, using a local-density approximation psuedopotential and plane wave approach
calculated a valence band width of 5.7 eV [141]. O 2p states composed the top of
the valence band, while the Ti 3d e, and 5, were spread throughout. The band gap
calculated was direct-forbidden and occurred at I' with an energy of 2.0 eV. The
results of this calculation were similar to the results of the present calculation in
terms of the band width and dispersion of the states in the band structure.

An earlier LDA calculation of de Groot was compared to previous calculations
in terms of 1) the band gap 2) the width of the valence band 3) the width of the
toy band 4) the width of the e, band and 5) the crystal field splitting [134]. This
study compared the calculated density of states with the O K-edge XAS for SrTiOs,
rutile TiO, and anatase TiO,. It found the most notable difference between anatase
and rutile in the energy region containing the Ti 4sp states, where the density of
states derived from these orbitals in anatase is drawn lower in energy. This shift is
interpreted with reference to the larger unit cell of the anatase structure, that leads
to a smaller interaction between hybrid orbitals and lessens the bonding/antibonding

energy difference.
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A study of the rutile (110) surface made the point that the chemistry of the TiO,
(110) surface may vary significantly for samples oxidized under different conditions,
due to the consequent differences in surface morphology [142].

An earlier periodic psuedopotential Hartree-Fock calculation yielded non-spherical
charge distributions around the ions and a rather flat band structure for rutile TiO,
both of which corresponded with a large degree of ionicity [143]. It also found a
hybridized partial density of states for Ti 3d and O 2s and 2p which supported the
finding that the Ti 3d states were partially occupied, and were involved in the bonding,
which had previously been deduced from experimental charge density maps [31].

A previous study of the valence and conduction band of nanocrystalline rutile
TiO, by UPS and O K-edge XAS identified five features in the valence band density
of states that were attributed to the Jahn-Teller lifting of the degeneracy in the Ti 3d
levels [144]. A similar five features were extracted from the O K-edge XAS of TiO,
by taking the second derative of the two O 2p - Ti 3d hybridized peaks at the bottom
of the conduction band. The same study noted two defect related peaks above the
valence band edge in the UPS spectra, and a peak at the top of the valence band
was associated with the non-bonding O 2p states predicted in the molecular orbital
bonding model.

A previous study the electronic structure of anatase TiO, found that the valence
band was composed of three components. The bottom of the valence band was formed
by an O 2p - Ti 3d e, o-bonded density of states. The middle of the valence band
was composed of O 2p - Ti 3d tyym bonded states and the top of the valence band
was formed by O 2p 7 - oriented states that have a negligible degree of hybridization
with the Ti 3d orbitals [107].

A previous study comparing the Ti L, 3-edge XAS spectra of anatase and rutile
TiOy noted a difference between the double peak in the L3 region of the spectrum
associated with the Ti 3d e, states [105]. The differences in the e, peak intensities
were attributed to increasing strength of the crystal field related to the increasing
delocalization of the 3d state. The same study reported differences in the O 2p - Ti
4sp derived peak in the O K-edge XAS.

The behaviour of the 3d orbitals in rutile TiO; bonding has been investigated
experimentally using an electron diffraction technique to map the charge density of
the single crystal [145]. The results of the study agree with the predictions of the
molecular orbital model of the bonding in TiO,, by finding the main concentration
of charge in the 3d e, orbitals hybridized with the O sp® orbitals of the equatorial
oxygens in the TiOg octahedra, followed by the e, orbitals that form ¢ bonds with
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the apical oxygens. The study also suggests a degree of 7 bonding between the 3d t,,
orbitals of nearest neighbour Ti atoms along the ¢ axis, and the absence of ¢ bonding
between the 3d orbitals of Ti atoms. The calculated Ti-atom orbital populations gave
2.62 electrons in the 3d band.

A subsequent study based on a periodic linear combination of atomic orbitals
approach gave an occupancy of 2.8 electrons in the Ti 3d band [146].

Heiliger applied the technique of electron energy loss spectroscopy (EELS) and
calculations based on DFT to rutile, anatase and brookite TiO, [147]. The study
was also performed such as to analyze the orientation dependence of the spectra
in the different polymorphs. This approach has a similar motivation to the work
of the current thesis, where the existing calculations and experimental spectra had
not exploited the spatial selectivity of the crystal structures to obtain orientation
dependent electronic structure information, in our case the individual axis projections
of the partial densities of states.

The O K-edge absorption spectrum as measured by EELS in Heiliger’s changes
significantly when the surface direction is changed between the crystalline a and ¢
axes. The intensity of the O 2p sp* - Ti 3d e, o hybridized states at 534.0 eV is
minimized in rutile when the surface direction is along the a axis. The Ti Ly 3 are
not found to be orientation dependent. Their calculations agree in principle, though
the relative intensity between the two peaks at 531.0 eV and 534.0 eV are not well
reproduced by the theory.

On the other hand, the O K-edge absorption as measured by EELS shows closely
identical spectra for anatase, rutile and brookite TiO, while the Ti L, 3-edge shows
a marked difference between the form and intensity of the peak associated with the
o - hybridized density of states at 460.0 eV and 465.5 eV in the L, and L3 edges
respectively.

The study of Thomas, Flavell et al. attempted to systematically compare the
electronic structure of single crystal surfaces of rutile and anatase TiOy [11]. Using
resonant photoemission and XAS at the O K and Ti L edges, the electronic structure
of the anatase (001) and (101) and the rutile (110) surfaces was studied. The concen-
tration of oxygen vacancies due to different preparation methods was confirmed as a
source of variation in the photocatalytic activity of the various surfaces. Similar to
previous valence band photoemission spectra from SnO, a feature at the low binding
energy of ~ 1eV is found to be caused by states created by reduced Ti** ions at
the surface. The constant initial state (CIS) analysis of the features in the valence

band measured for the rutile (110) surface across the Ti 3p - 3d resonance confirmed
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the Ti 3d character present in the valence band. This analysis also identified the Ti
4sp character present at the bottom of the valence band where they form o bonding
molecular obitals. Ti 4p m-bonded character is assigned to a feature that resonates in
the middle of the valence band by comparison with a calculated PDOS. The top of
the valence band is found to be a mixture of 7 bonded and non-bonding O 2p orbitals.
In contrast to rutile, the anatase valence band shows little or no Ti 4sp character.

The main difference between the the electronic structure of anatase and rutile TiO4
is at the bottom of the conduction band, where in anatase TiO, this is composed of
non bonding Ti 3d d,, orbitals that are too far apart to form the same 7 hybridized
orbitals with neighbouring Ti atoms as they do in rutile.

The CIS analysis of the valence band in anatase also indicates a higher level of
O 2p non-bonding character at the top of the valence band than in rutile. The top
of the valence band in rutile also contains a contribution from Ti 4p orbitals that is
absent in anatase.

A previous study by Woicik et al. on the hybridized orbtials in the valence band of
rutile TiOy combining site specific XPS and calculations employing psuedopotentials
within the local density approximation and a plane-wave basis [148] determined the
individual contributions of Ti and O to the valence band. The calculations gave a
doubly lobed Ti PDOS in the valence band originating from Ti-O ¢ bonds between
the Ti 3d ey, 4s and 4p orbitals and the O sp? orbitals at the bottom of the valence
band and the 7 bonded states between Ti 3d t5, and 4p orbitals with O p, orbitals
at the top. The O 2p PDOS shows a triply lobed structure due to the additional non
bonding O p, orbitals at the top of the valence band.

A previous DFT study imposed a Hubbard U correction to the LDA-GGA calcu-
lated electronic structure of rutile and anatase TiO, to give an improved treatment
of the modification created by oxygen vacancy defects [149]. This calculation located
the electronic energy levels of the oxygen vacancy defect in rutile and anatase at 1eV
from the conduction band minimum. The calculation also identified a shallow state in
the anatase conduction band 0.1eV below the conduction band minimum in addition
to the deep state 1 eV below the conduction band minimum. This additional state
was explained by the delocalization of the defect electron due to the difference in the
coordination and relaxation around the oxygen vacancy in anatase and rutile. It was

suggested that such a state would facilitate increased catalytic activity.
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6.5 Experimental Details

The following section outlines the details of the TiO, samples which are reported
in the present section, and the experimental setup and parameters for the XAS and
RXES. The anatase nanosheets, for which details of the growth are summarized in this
section, were produced to study the different photocatalytic activities of nanosheets
not only with differing proportions of a particular crystal surface, but having been
subject to different cleaning solutions to remove the fluoride and other growth pre-

cursors from the surfaces.

6.5.1 Single crystal rutile and anatase samples

The single crystal rutile spectra were obtained from samples provided by the Egdell
group, and from substrates provided by Dr. Simon O’Brien of CRANN, Trinity Col-
lege Dublin and Pi-Kem, UK. The Egdell samples had a (110) main surface orienta-
tion, and were in the form of cuboids elongated along the ¢ axis which was confirmed
by XRD performed before the spectroscopic measurements. The O’Brien and Pi-Kem
samples were 5 mm x 5 mm x 1 mm substrates with a (100) main surface orientation,
which was confirmed by measuring the O K-edge XAS at intervals of rotation between
0° and 90°.

The single crystal anatase samples were cut and polished from a larger single

crystal sample by SurfaceNet GmbH. The orientation of the largest surface was (001).

6.5.2 Anatase TiO, nanosheets

A systematic study of the size effects on the electronic structure by Ti L,3 XAS
identified a clear trend in the electronic structure [150].

The electronic structure of TiO, has been observed by Ti L, 3 edge XAS to change
between bulk and nanocrystalline samples [151]. The crystal field splitting was ob-
served to decrease in the TiOs nanocrystal.

A challenge to the practical application of TiO, as a photocatalyst is the fact that
the most efficient surfaces for catalysis is also the surface with highest average energy,
the (001) surface [152] [108]. TiOy nanostructures tend to form such that the lowest
energy (101) face takes up most of the surface area, minimizing the surface energy.

Our collaborators produced samples of anatase TiO; nanosheets by employing a
route to achieving an increased proportion of (001) surface area by terminating the
surface with fluorine during growth. This has the effect of lowering the energy of

the (001) surface compared to the (101) surface by introducing a Ti-F bond that
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alters the Ti-O bond lengths in the surface layer. Using a fluorinated surface growth
route the nanostructures included in this thesis were synthesized such that up to
89% of their surface area is composed of the highly reactive (001) surface, and the
resulting nanostructures perform well in cycled tests of their photocatalytic activity.
The fluorination of the TiOs surfaces lowers the energy of the (001) surface and it was
found that increasing the concentration of hydrofluoric acid in the solution both the
size and the percentage of (001) surface area increased. It has been found that after
growth the fluorinated surfaces can be cleaned by annealing to produce fluorine free
surfaces without altering the crystal structure [152]. The nanosheets were grown using
a hydrothermal growth mechanism involving the decomposition of tetrabutyl titanate
in a hydrofluoric acid solution. XRD was used to identify the crystal plane forming
the upper surfaces of the nanosheets that had been analyzed by SEM to provide an
estimate of their dimensions. The results from the study presented here comprise two
different (001) surface area proportions of TiO, nanosheets. The electronic structure
of the resulting products was investigated by XAS and XES to determine if there was
any difference that might be linked to the predominance of one surface plane over
another.

In a previous experiment by the group that produced the samples the photocat-
alytic activity of the nanosheets was observed by placing them in a 1 mmol solution
of methyl orange, an organic dye molecule and irradiating the container with UV
light. Transmission of 465 nm light was used to monitor the rate of degradation of
the methyl orange. The volume in the cell was replaced and the degradation cycle
repeated seven times for samples of the nanosheets with differing percentages of (001)
facets. The photocatalytic activity of the nanosheets increased strongly with (001)
facet percentage.

For the O K-edge XAS and RXES, the samples of anatase nanosheets were pre-
pared by using a mechanical vice to press the powder-like material into pieces of
indium foil, which were then mounted on a sample-holder with adhesive copper tape
and introduced to the analysis chamber via the loadlock, as with other conventional

samples.

6.5.3 O K-edge XAS and RXES experimental parameters

All of the the in-plane and out-of-plane measurements on the bulk rutile TiO, pre-
sented here was undertaken at Maxlab beamline 1511-3. The in-plane spectra were
measured using a resistive anode encoder, while the out-of-plane spectra were mea-

sured using a combination of a phosphorescent screen behind the MCP detector,
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with a CCD camera capturing images of the screen as the electron showers created
phosphorescence.

The in-plane measurements on the bulk anatase TiO, single crystal and the nanos-
tructured anatase Ti0O, presented here took place at ALS beamline 7.0.1, and were
measured with a resistive anode encoder type detector.

In general, the O K-edge XAS was measured in total electron yield mode with
the monochromator resolution set to a calculated value of 0.2eV for a photon energy
of 530 eV. At Maxlab I511-3 this corresponded to an exit slit width of 20 um. At
ALS beamline 7.0.1, the monochromator entrance and exit slit were set to 30 um and
50 pm respectively. The O K-edge RXES were measured with a calculated energy
resolution of AE = 0.4 eV for a photon energy of 530 eV, corresponding to an exit
slit width of 50 pm at Maxlab I511-3 and an entrance and exit slit width of 70 ym at
ALS beamline 7.0.1.

The anatase and rutile TiOy bulk single crystal samples were mounted in an

identical fashion to that described for the SnO, bulk single crystals.

6.6 Results and Discussion

This section presents the results from the in-plane and out-of-plane RXES studies
from bulk single-crystal rutile TiO,, as well as the in-plane RXES from bulk single-
crystal anatase TiO, , and the in-plane RXES from the anatase TiO, nanosheets.
The experimental and simulated RXES spectra are discussed with reference to the
molecular orbital diagram presented in figure 6.2 and the different dimensions of the
anatase and rutile structures, particularly the different bonding angles between the

anatase and rutile TiO, M30 planes.

6.6.1 Rutile and Anatase TiO; O K-edge XAS and calculated
O 2p unoccupied PDOS

Figures 6.8 and 6.9 show the O K-edge XAS with E||c and E||a, and the calculated
O 2p PDOS projected on the ¢ and a for rutile and anatase TiO, bulk single crystals.
The relative intensity of the spectral features are well reproduced in the calculated
projected O 2p PDOS for both the rutile and anatase examples. The experimental
spectra are normalized to unit area.

In the rutile O K-edge XAS the asymmetry in the 7* peak at 531.0€eV in the E||c
orientation, the offset between the centres of the o* peaks at ~ 534 eV between the

E||c and E||a orientations, and the relative intensities of the features between 538 eV
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Figure 6.8: O K-edge XAS from bulk single crystal rutile TiO, compared with the
calculated O 2p unoccupied PDOS projected along the crystalline a and ¢ axes
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calculated O 2p unoccupied PDOS projected along the crystalline a and ¢ axes
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Figure 6.10: A diagram describing the simulation of RXES from rutile TiO, with
respect to its calculated Band structure diagram, the horizontal cuts through the
conduction band by the excitation energy hr; and the states within the same vertical
“slice” of k-values in the valence band that are selected to contribute to the emission.

and 548 eV, are particularly noteworthy correspondences between the experimental
spectra and the calculated PDOS.

For the anatase TiO, shown in figure 6.9 the increased width of the 7* peak in
the E||c orientation, the relative intensities of the o* peak and the features between
536 eV and 550 eV clearly agree between the experimental spectra and the calculated
projected PDOS.

6.6.2 Bulk single crystal rutile polarization-dependent RXES
study

At this point, some discussion of the mechanism employed in the simulation of the
RXES in terms of the calculated band structure character plots is appropriate. Figure
6.10 combines the calculated band structure character diagrams selected to match the
geometry of the excitation and scattering. In this example the geometry is E||c, XES
along ¢ and therefore the states in the conduction band selected by the resonant

excitation energies are represented by the c-axis projection of the O 2p PDOS band
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structure character plots. The horizontal slices through these states demonstrates
the how the involved k-states are selected by the bandwidth of the exciting photons,
and the character plots determine the weighting attributed to the selected states in
the simulation. The vertical slices that are projected into the valence band from the
intersections of these horizontal slices and the O 2p PDOS ||¢ band structure character
states likewise determine the k-states selected to contribute to the emission. The
valence band structure character plots for the XES along ¢ geometry is composed by
the O 2p PDOS projection onto the crystalline a-axes. The simulated RXES resulting
from this combination of k-selection and weighting are shown adjacent to the valence
band structure character plot for four different excitation energies: threshold, as
indicated by the first horizontal slice through the conduction band followed by 2 eV
and 4eV above threshold, and a NXES spectrum with an excitation energy of > 15eV
above threshold.

Figure 6.11 shows the O K-edge excitation energies selected for the experimental
and simulated RXES. The upper panel shows the resonant features in the experimen-
tal O K-edge XAS spectrum, and the lower panel shows the corresponding energies
selected for the simulated spectra and the features in the calculated O 2p PDOS that
they are associated with. For both cases, the energy scale is not of sufficient extent
to show the exact position of the NXES energy at 555 eV.

Figure 6.12 shows the experimental and simulated RXES for the four different
excitation and emission geometries. The upper panel shows the spectra obtained for
the threshold excitation energy, denoted a in figure 6.11 and the lower panel shows
those obtained with an excitation energy denoted b in figure 6.11 and associated with
the m* peak at 531.0 eV in the O K-edge XAS.

Figure 6.13 shows the experimental and simulated RXES for the excitation energy
corresponding to the ¢* peak in the upper panel and the peak at 539 eV in the lower
panel for the four different excitation and scattering geometries.

Figure 6.14 shows the experimental and simulated RXES for excitation energies
associated with the peak at ~ 542eV which is most prominent in the E||c orientation,
in the upper panel and the NXES in the lower panel, for the four different experimental
excitation and scattering geometries.

The experimental RXES presented have been scaled in intensity according to
the relative intensities of the simulated spectra, and presenting the results in this
fashion emphasizes the high degree of correspondence between the simulation and
the experiment. For instance the three separate peaks in the simulated RXES arising
from the M-O o-bonded O 2p PDOS at the bottom of the valence band, the m-bonded

150



Photon Energy (eV)
526 528 530 532 534 536 538 540 542 544 546 548 550

b R U A (AL T L (LA (AR [T S 0% LA ) (LB L

(b) (o) (f) NXES

aaalesalsaalcsstusilaisnlssslasalsaal | I P

2 0 2 4 6 8 10 12 14 16 18 20 22 24
Energy wrt. Fermi Level (eV)

Figure 6.11: Rutile TiOy Experimental and simulated RXES excitation energies
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Figure 6.13: Simulated and experimental in-plane and out-of-plane O K-edge RXES
from TiO, for excitation energies ¢ (upper panel) and d (lower panel) in figure 6.11
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Figure 6.14: Simulated and experimental in-plane and out-of-plane O K-edge RXES
from TiO, for excitation energies e (upper panel) and f (lower panel) in figure 6.11
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Figure 6.15: O K-edge XAS and calculated O 2p PDOS in the conduction band of
anatase TiO, showing the resonant energies selected in the calculation and experiment

PDOS in the centre of the valence band, and the largely non-bonding O 2p PDOS at
the top of the valence band respectively are clearly evident in the El||a, XES along ¢
excitation/scattering geometry. The peak in the centre of the O K-edge RXES at an
energy of ~ 524 eV is suppressed for XES along a scattering geometries due to the
smaller proportion of this m-bonded PDOS projected in the plane perpendicular to

one of the crystalline a-axes compared to the plane perpendicular to the c-axis.
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Figure 6.16: Simulated and experimental in-plane O K-edge RXES from anatase
TiO, for excitation energies a and b in figure 6.15

6.6.3 Bulk single crystal anatase polarization-dependent RXES
study

Figure 6.15 shows the resonant energies used in the experimental and simulated
RXES, where, as indicated the NXES energy is outside the energy window of the
figure. The features in the O K-edge XAS and the calculated projected O 2p PDOS
corresponding to the resonant energies used are labeled a— f. Only the in-plane RXES
for bulk anatase TiO, are shown. The figures containing the RXES are divided into
two shaded halves, for two consecutive excitation energies. Within each shaded por-
tion, the upper panels (blue trace) shows the E||c, XES along ¢ excitation-scattering
geometry and the lower panels show the El||a, XES along a geometry.

Figure 6.16 shows the in-plane RXES from anatase TiO, for excitation ener-
gies corresponding to the threshold of absorption and the 7* peak in the O K-edge
XAS/calculated projected PDOS.

Figure 6.17 shows the in-plane RXES from bulk single crystal anatase TiO, for
excitation energies corresponding to the o* peak, and the peak close to 540 eV that

is most prominent in the E||a excitation geometry.
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Figure 6.17: Simulated and experimental in-plane O K-edge RXES from anatase
TiO, for excitation energies ¢ and d in figure
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Figure 6.18 shows the in-plane RXES for excitation energies corresponding to the
peak at 545.5 eV that is most prominent in the E||c excitation/scattering geometry,
and the NXES at ~ 555 eV.

The experimental RXES from the bulk single crystal anatase TiO, are scaled in
intensity according to the relative intensities of the simulated RXES. There is a good
correspondence between the simulated and experimental spectra, though the peak due
to the m-bonded states in the middle of the valence band O 2p PDOS is not as well
resolved as in the experimental spectra from the rutile single crystal. The simulated
RXES for excitation energy e appears to retain an excess of k-selected character than
what is appropriate for this excitation energy, as there is not a good correspondence

between the simulated and experimental spectra at this excitation energy.

6.6.4 Anatase TiO, nanosheets O K edge spectra results and
discussion

This section presents the O K-edge XAS and RXES from the anatase TiO, nanosheets,
and compares the spectra from samples with 69% and 89% of (001) surface area. The
excitation energies for the RXES are shown in the upper panel of figure 6.19, which
contains the O K-edge XAS from the two samples, with the RXES shown in the lower
panel.

As described previously, the anatase nanosheets were in the form of powder-like
samples, and were pressed into In foil before mounting on a sample holder and being
introduced to the analysis chamber. It is assumed that this means of sample prepara-
tion, by application of a compressive force, results in a predominantly flat orientation
of the surfaces with largest areas in the sample. Approximating the nanosheets as
having a “dinner-plate” form, the upper surface of the plate represents the surface
with the largest proportion of the total surface area. As compression is applied, the
“dinner-plates” will align with their largest surfaces perpendicular to the direction of
the applied force. Thus the (001) surfaces are assumed to be predominantly aligned
parallel to the plane of the In foil and sample holder, with the ¢ axes by definition
perpendicular to this plane.

The O K-edge RXES presented in figure 6.19, with the blue trace and red trace
representing the 68% and 89% (001) samples respectively, were acquired at near-
grazing angles of incidence (~ 20°) / near-normal angles of emission, with a combined
calculated instrumental resolution set to AE = 0.4 eV. The resulting spectra show
some mutual differences, especially in the shoulder-like feature at 523 eV which ac-

cording to the calculated projected occupied O 2p PDOS in the valence band shown
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Figure 6.19: O K-edge XAS and RXES from samples of anatase TiO, nanosheets

with 69% and 89% (001) surface area.
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in figure 6.4 is associated with the 7 bonds formed between the O 2p, and Ti 3d e,
dy2_,2 orbitals. This PDOS has a strong projection in the plane perpendicular to
the ¢ axis which is the dominant contribution to the RXES in the E||c, XES along ¢
scattering geometry. We note an increase in the spectral weight in this region for the
sample with the 89% (001) surface area, which corresponds with the projected PDOS

calculated for bulk anatase TiO,.

6.7 Summary and Conclusions

TiO,, the prototypical rutile, comprised the largest body of results gathered during
the thesis, and in this chapter resonant absorption and emission spectroscopy at the
O K-edge was presented and compared to the projected calculated O 2p and Ti 3d
occupied and unoccupied calculated PDOS for both anatase and rutile TiO,.

This is the first report of polarization-dependent XAS and RXES at the O K-
edge in TiOs, which due to its technological importance has an intensely studied
electronic structure. We interpreted our results with reference to the predictions of
the molecular-orbital bonding scheme for rutile and anatase TiO, and found that
the non-bonding nature of the O 2p,-created PDOS at the top of the valence band,
is reproduced in the calculated projected O 2p PDOS for both anatase and rutile.
There is a more prominent PDOS due to M-O 2p, m-bonding at the centre of the
valence band in anatase TiO, compared to rutile due to the shorter M-O distance in
the anatase crystal structure.

In a related investigation, anatase TiO, nanosheets produced with differing frac-
tions of the most active (001) crystal surface were subject to O K-edge XAS and
RXES during the course of the TiOs study. An increased spectral weight in the spec-
tra from samples with 89% (001) surface area was observed, and related to the O 2p,
m-bonding, which gave a greater degree of emission from the PDOS projected in the

plane perpendicular to the c-axis bserved in the near grazing scattering geometry.
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Chapter 7

A Study of the Electronic Structure

of Co-doped ZnO Thin Films by
core-level and valence band soft x-ray
spectroscopy

7.1 Introduction

This chapter reports on the results of x-ray spectroscopic studies of the electronic
structure of a variety of Co-doped ZnO thin films. This study encompasses the O K
-edge, Co and Zn L -edges , XES and XPS at the O K and Co L -edges; and valence
band XPS of a number of cobalt doped ZnO films produced by two different growth
techniques.

The foremost aim of the study is to acquire a thorough spectroscopic analysis of
the electronic structure of Co doped ZnO by the element specific techniques of XAS
and XES. A study of this type of both doped and undoped ZnO is needed, primarily
motivated by the decade-long development of ZnO as a spintronic material, further
to its various previously established useful properties as a transparent piezoelectric
semiconducting material. We use the term spintronic material, to refer primarily to
the dielectrics that show promise in providing a mechanism for manipulating elec-
tronic spin in previously charge-only applications. Under the spintronic materials
umbrella, ZnO has from the beginning assumed a leading role where development has
focused on the concept of magnetic transition metal substitutional doping at low con-
centrations, hence the widely used term of Dilute Magnetic Semiconductors (DMS)
[153, 154]. For reasons that will be addressed in the introduction to this chapter,
applying this label may not represent a satisfactory description of the exact nature

of all the instances that have been reported as such. It should be clearly stated that
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the literature on this subject, and in particular on Co:Zn0O is almost bewildering in
the number of reports, both experimental and theoretical, that often contradict each
other. A recent review by Pan et al lists several hundred references [155]. We can-
not claim to have read even a small fraction of the literature on this subject which
continues to excite both theoretical and experimental interest. Nevertheless, a short
introduction and summary is attempted here.

The unsatisfactory implications of the term “dilute magnetic semiconductor” is
essentially that it seems to prejudge the origins of the gross magnetic moment reported
in lightly doped semiconducting hosts by the remote alignment of moments residing
on the 3d dopant ions in the lattice. An explanation of the effect became more
difficult as reports of ferromagnetic ordering in undoped oxides [156, 157], in oxides
doped with non-magnetic species [158], and the variability in the size of the moment
per dopant ion reported and its stability over time were added to the evidence.

The substitution of magnetic impurities in semiconducting hosts has been at-
tempted for decades [153, 159], indicative of both the technological advantages of
this combination of functionalities and the relative rarity of intrinsic magnetic semi-
conductors. Dilute magnetic semiconducting has been known in chalcogenides since
the 1960’s [153] and was discovered in Mn doped GaAs, with Curie temperatures far
below 300 K [160, 161, 162|. However, the beginning of the intense period of inter-
est in lightly doped, wide band-gap oxides that encompasses the fields of materials
growth and characterization, experimental and theoretical magnetism and solid state
electronic structure theory can be traced to Dietl’s original prediction of a room tem-
perature ferromagnetic moment in a ZnO lattice subject to a 5% substitution by Mn
ions [163], and the subsequent reporting of such a moment experimentally in films
of ZnO grown by pulsed laser deposition and subject to various concentrations of 3d
transition metals by Ueda et al [164]. There are a number of figures of merit to choose
from in assessing the potential applicability of this effect, but the most important is
the Curie temperature of the ferromagnetic ordering transition. The magnitude of
the magnetic moment in such films is also widely quoted as the moment in pg per
3d metal impurity present in the film, although this way of formulating the moment
has been called into question for essentially the same reason that dilute magnetic
semiconductors is not a universally acceptable term - the moment observed does not
necessarily have its origins in the 3d dopants [165, 166, 167, 168|.

Despite the uncertain fate of this category of materials, their development has
revitalized research into magnetic ordering in more exotic settings and led surprising

results such as so-called d° ferromagnetism [157, 156]. The renewed interest in a
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highly variable class of materials has in some senses posed a very apt problem for
computational solid state physics to interpret. Indeed, since the initial prediction of
ferromagnetic ordering in Mn doped ZnO, a wealth of electronic structure calculations
have followed with some variety and contrast in where they assign the location of the
impurity energy levels, see for example references cited in [169, 170] and [171].

This sub-field of magnetic materials can only benefit from careful probing of its
characteristics, and soft x-ray absorption (XAS) and emission (XES), and x-ray pho-
toelectron spectroscopy (XPS) provide an indispensable flank to the investigation of
the electronic structure of these materials due to their particularly relevant strengths

that we choose to recapitulate as follows:

e Element and momentum selectivity: the distinct, well defined energies of the
core levels of different elements allow the contributions to the electronic struc-
ture from different elements to be probed individually. The Al = +1 selection
rule derived from the dipole operator allows the O 2p and Co 3d density of

states in the conduction and valence band to be probed individually.

e Local sensitivity: the highly localized nature of the core hole, in this case on a
1s level in oxygen, and 2p levels in cobalt or zinc means that the information
gathered from its creation and decay provides access to the partial density of
states projected onto the particular core level. Therefore a study of the elec-
tronic structure of a material using core level soft x-ray spectroscopy is highly
sensitive to the environment of the probed atom, for instance the arrangement
of its surrounding ions and its valence. The coordination of cobalt, for exam-
ple, is largely evident in the features of the Co L XAS spectra by comparison
with well characterized experimental and calculated spectra for tetrahedral and

octahedral crystal fields, such as those published by de Groot [140)].

The detailed electronic structure that we probe using soft x-ray spectroscopy includes
the elementally specific resolved partial density of states in the valence and conduction
bands, the position of additional densities of states due to doping or defects with their
position with respect to the band gap and the degree of metal-ligand or dopant-ligand
hybridization present in these dilute magnetic systems.

A particularly relevant x-ray spectroscopy pertinent to DMS materials is x-ray
magnetic circular dichroism (XMCD). This can be applied to metal L-edges, metal
K-edges and oxygen K-edges, and from the observed dichroism and application of

sum rules (at L-edges only), the magnetic moment per dopant atom can be directly
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measured. No XMCD results are reported here as the data presented here are exclu-
sively concerned with electronic structure. However, XMCD studies in the literature
[172, 166, 173] of various differing samples have either shown evidence of clustering
giving a spurious FM signal [172], or in the case of structurally perfect well substituted
films with [173] or without additional carriers [174], only a paramagnetic interaction
on the Co ions.

Unfortunately, the majority of x-ray spectroscopic methods, while not insensitive
to defects such as oxygen vacancies, cannot directly probe these defects. A preponder-
ance of evidence has suggested that defects in some manner mediate the FM observed,
perhaps as suggested in a donor impurity model [175] or through other more complex
theoretical investigations [169, 170] for example, while spectroscopic investigations
have played a role whether by XAS [176], or XMCD [173] where Tietze et al. “by
exclusion” have suggested oxygen vacancies as being a key ingredient for where the
observed magnetic behaviour may originate. Others have also suggested this is the
case based on spectroscopic evidence [176] and the variation with growth within dif-
fering pressures [177]. Likewise the literature on defects in ZnO is extensive with a
recent review [178] citing 220 references and discussing some 30 different classes and
subclasses of defects. Among these, native defects such as zinc vacancies and zinc
interstitials are discussed, while the role of these defects in magnetic interactions in
Co:Zn0O has been extensively treated in theoretical literature on the subject (see e.g.
Patterson [169] and references, or citations thereof).

Ultimately, it would be a highly anticipated development if the origins of the
room temperature magnetic moments reported in the various semiconductor systems
could be identified spectroscopically, and previous studies of this group using the
same techniques and materials systems as this study have made influential moves in
that direction [176]. The present study takes a circumspect approach to the magnetic
properties of the films, and proceeds by giving as complete an account of the electronic
structure of Co-doped ZnO as possible, the better to analyze which of the accounts of
the origins of the magnetism in such semiconductors our data supports, or is consistent
with.

In the remainder of this chapter, the post hoc design of the study in terms of
the samples chosen for analysis and the approach taken for the comparative analysis
of the spectra is explained in section 7.2. The growth and physical and magnetic
characterization of the samples included in the study, which was carried out by others
in the groups of Prof. J. M. D. Coey (School of Physics, TCD) and Prof. Y. K. Gun’ko
(School of Chemistry, TCD), is also described in section 7.2. In section 7.3 the results
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of our study on Co doped ZnO are presented, where the spectra from the O K, Co
L and Zn L edges are considered separately. Section 7.4 summarizes these results,
and discusses the implications of our findings for the understanding of the electronic

structure of this material.

7.2 Experimental Details

At the outset a variety of doped ZnO samples were available for inclusion in the
proposed study due to the research effort already underway within both the School
of Physics and the School of Chemistry aimed at producing ferromagnetic epitaxial
films by pulsed laser deposition (PLD) and metal-organic chemical vapour deposition
(MOCVD) in the Coey and Gun’ko groups. The samples available, provided to us
by the respective groups, included those whose magnetic properties had already been
reported in the literature [179, 46, 180, 181]. Mindful of the variety of sources of a
magnetic moment, we note that to our knowledge the largest moment yet reported
for a Co doped ZnO film was for one grown by MOCVD by the same group who
deposited the films in the present study[181]. Alongside the comprehensive set of
undoped and Co-doped ZnO films grown by PLD and MOCVD, there were a number
of other materials systems available for study including Fe, Co, Mn and Cu-doped
SnO, and Mn-doped GaN.

The decision to focus in the present chapter on the Co -doped ZnO samples is a
reflection of both the number of Co:Zn0O films available and the successful acquisition
of a large number of XAS and XES spectra at the O K-edge and Co L-edge at a
high resolution and the comparisons that can be drawn. From earlier work within
the group [176] it seemed one of the most promising avenues of investigation. It is
also important to acknowledge that within the subset of Co-doped ZnO films there
were a number of spectroscopic angles of approach to pursue. For instance, the same
dopant in a number of different concentrations could be studied with respect to its
effect on the electronic structure and to construct at least empirical recipes for the
growth of ferromagnetic films. To date, as far as we are aware a useful prescription for
consistently producing magnetic films has not been discovered, and perhaps a material
property with as many variable manifestations as dilute magnetic ferromagnetism
provides an inappropriate basis for such an approach at the present. As the body of
spectroscopic results from the filims began to accumulate in the present study, and
the number of diverse reports of magnetism in doped ZnO increased, some aspects of

the phenomenon began to appear that influenced our continuing measurements and
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the impact these have had on our decision of the choice of samples selected from the
variety available.

An important issue in the field that the present study was well placed to address,
is the effect of varying the growth parameters on the observed electronic structure
of the films. This question has some fundamental importance due to the contrast-
ing observations of magnetic and nonmagnetic behaviour from films with the same
constituent elements, in nominally the same proportions grown both by different tech-
niques and by different parameters (substrate temperature, oxygen partial pressure
etc.) even within the same growth technique. The literature suggests that non-
equilibrium growth techniques such as PLD and MOCVD are more likely to produce
a magnetic moment in a film than an equilibrium or quasi-equilibrium growth tech-
nique such as the chemical synthesis route of precipitating ZnO from decomposing
zinc and cobalt acetates in acidic solutions [182]. The non-equilibrium techniques are
also more likely to produce defects than the quasi-equilibrium techniques.

Having described the caveat that accompanies the term “dilute magnetic semi-
conductor” in the previous section, another note on the nomenclature we employed
through our study is required, to qualify what is meant by referring to the samples
investigated as “thin films”. In this case it is used to describe the fact that the ZnO
films are many orders of magnitude thinner than the substrates on which they are
deposited, which are all Al,O3, notwithstanding the fact that they may be referred
to by the alternative names of alumina or sapphire inadvertently elsewhere. It is
assumed that the electronic structure of these samples is dominated by their bulk
properties, and our spectroscopies, apart from XPS, are bulk spectroscopies.

Unfortunately, a more recent re-review of several hundred samples would tend to
support the point that only a small percentage of the volume of many samples are
magnetically active [165]. Much depends upon the distribution of the dopant homoge-
neously throughout the sample and this may not always be the case [183]. Particular
species of Co, e.g. Co® may for instance aggregate near the surface [184], but even
this is under dispute as there is a suggestion that Ar™ sputtering preferentially results
in the observation of metallic Co® at surfaces [185].

Then again, nanoparticulate Co-doped ZnO may behave differently to bulk [186],
nanometre scale electron magnetic circular dichroism (EMCD) has shown evidence
for Co-derived ferromagnetic behaviour [187] while nanoparticles have also shown Co
surface segregation [188].

Our spectroscopies, representing sampling areas of ~ 3000 um x 200 ym and

sampling depths of as much as 200 nm in XES are in fact bulk spectroscopies and

167



may measure the “average” bulk characteristics of a potentially inhomogeneous and
defective material.

Film thickness was an important consideration of sample suitability due to the
penetration depth of the x-ray photons, to ensure that the majority of the absorption
and emission was taking place in the film rather than in the substrate. This was an
essential consideration for the study of XAS and XES at the O K -edge, due to the
fact that the substrate was also an oxide. The emitted intensity was calculated as
a function of sample depth and angle of incidence and emission in the same manner
as Jiménez-Mier et al [189]. XAS and XES at the O K edge was also carried out
on a blank Al,O3 sample so that the possible spectroscopic contributions from the
substrate could be approximated and detected if suspected artifacts were present in
the spectra. The XES was also performed at as grazing an angle of incidence, < 20°
to the surface plane as the sample mount permitted, also with this consideration in
mind.

Bulk ZnO is a direct band semiconductor with a bandgap of ~ 3.3 eV at 300 K.
Its hexagonal crystal structure is commonly referred to as wurtzite, and it belongs to
the hexagonal P63mc space group. The arrangement of the Zn atoms in the lattice is
in an approximately hexagonal close packed stacking of layers. The Zn ions are tetra-
hedrally coordinated by four ligand oxygens, and the bonding can thus be described
in terms of hybridized orbitals formed between the Zn 3d, 4s and O sp® hybridized
orbitals. The tetrahedral crystal field of the oxygen ligands lift the degeneracy of the
substituted Co ions such that the 3d t,, orbitals are located lower in energy than
the e, levels, forming the uppermost (lowermost) states in the valence (conduction)
band. The substrate material Al,O3 also has a hexagonal crystal structure and the
films were deposited on either r (1102) or ¢ (0001) surface oriented substrates. As has
already been mentioned samples with a variety of doping concentrations, deposition
substrate temperatures, and growth atmospheres were produced. The nominal dop-
ing level of the films produced ranged between 1% and 25% (based on an assumption
of one for one Co-Zn substitution).

It seems clear that a low concentration of substitutional Co in a ZnO lattice will not
intrinsically result in ferromagnetic ordering, and various routes to an explanation for
the effect in terms of the electronic structure of the material have been taken. These
efforts include those of Coey et al who used a spin-split donor impurity band model to
explain the presence of a magnetic moment in 3d doped ZnO, and also the variation
between the moments measured for the various 3d dopants used [156]. The idea

of a donor impurity band is a strong thread in the electronic structure calculations
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that seek pathways to magnetic ordering, and remains an influential proposition.
In a system that has shown as much variation in experimental outcomes as ZnO
[190, 155, 191], this model sits comfortably with the conclusion that it is defects in
the films that mediate the magnetic moment in the films. Indeed, this is the starting
point of the approach taken to the analysis of the spectroscopy presented in the
present chapter. The forms of spectroscopy used are assessed with particular attention
to the possibility of impurity and defect related states in the electronic structure.
The various point defects in the Co doped ZnO lattice [178], which may leave their
mark on the partial density of states, and have been successfully characterized by
calculations available in the literature include zinc and oxygen vacancies, zinc and
cobalt interstitials, and interstitial nitrogen and hydrogen and combinations of these
individual defects and the substituted Co [170, 169, 171].

It is entirely acknowledged that the presence of unsubstituted interstitial Co or
metallic clusters of Co and other 3d metals in a ZnO lattice could be the most likely
explanation for some instances of the magnetic moments reported in thin films e.g.
[183, 184], or indeed a proportion of the total moment measured from a given film
[165, 184, 183]. Likewise, the phase separation of certain species of Co oxides within
the ZnO lattice, or proximal aggregation of substituted Co ions (known as spinodal
enrichment or spinodal decomposition) could also result in a gross magnetic moment
being recorded [192]. The possibility of a magnetic response from films contami-
nated by inadvertent diffusion of dopants into the film or substrate from the metals
(and glassware) they come in contact with during growth and processing has been
reported [193] and underlined the attention that must be given to such sources of
false positive magnetic moment results. On account of the unique opportunity for
material composition analysis offered by the access to the synchrotron techniques and
monochromated XPS with surface preparation, we devoted some time to investigating
the presence C and N in the films. The results of these tests are not considered in
the present analysis.

Though it is a matter of vital concern to the future direction of this form of
magnetism, it was outside the scope of the present study, as defined, to form a link
between the aspects of the electronic structure observed in the partial and total
densities of states to the presence or absence of magnetism. Nor, necessarily, can
such a link be obtained from our spectroscopies as XMCD is not undertaken here.
Though we note the results of magnetic characterization on the deposited films, and
pay close attention to variations in the electronic structure that may recur in samples

that have produced similar results in magnetometry tests, the moment of the film is
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not measured concurrently with the spectroscopy, and perhaps the most that can be
said about the magnetic behaviour of the films that we have spectroscopically studied

is to refer to their characterization at the time they were newly grown and measured.

7.2.1 Sample Growth Techniques: PLD

A brief summary of the pulsed laser deposition growth of Co:ZnO samples grown by
members of the group of J. M. D. Coey is given here. Pulsed laser deposition (PLD) is
a non equilibrium growth technique suited to the production of DMS films primarily
due to the range of stoichiometries accessible to it. The solid solubility of the dopant
species in the host material can be surpassed by non equilibrium techniques, however
with increasing concentrations of defects accompanying the higher doping levels.

The PLD system used to produce the films in the current investigation included
a vacuum chamber with a base pressure of 5 x 10~% mbar containing the laser target
and within which the film deposition took place. Varying partial pressures of oxygen
or other gaseous atmospheres are possible in the deposition chamber. The beam of a
KrF excimer laser, with a wavelength of 248 nm is directed into the chamber through
a window and focused on the surface of the target. The repetition rate of the laser
and the energy per pulse is variable. Repetition rates of between 1 and 20 Hz were
employed. The laser fluence at the target was varied between 1 and 5mJ/cm? similar
to the method described by Fitzgerald for SnO, films grown by PLD [46].

The incident laser beam strikes a plasma from the target material. The substrate
upon which the film is to be deposited is placed in close proximity to the target
surface, in the system used for the present samples this distance is 3.5 cm. The
stoichiometry of the deposited film closely resembles that of the targets, which were
manufactured by sintering mixtures of high purity host and dopant oxide powders at
1250 K in air for 12 hours. In PLD a certain enhancement in the doping level of the
deposited films is expected over the stoichiometry of the ceramic targets [179].

The thickness of the deposited films were monitored during deposition by mon-
itoring the interference pattern created by the reflections from the film surface and
substrate / film interface of a second laser source of 645nm. Thickness measurements
after deposition were calibrated using small angle x-ray scattering. The thickness of
some PLD films was independently verified by a combination of AFM and ion beam
milling, and films between 90 and 250 nm thick were included in the x-ray spec-
troscopic study. To minimize the proportion of the XES signal from the substrate,

thinner films were excluded from the study.
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| Label | Name | Doping (PLD target) | Temp (°C) | Substrate | Magnetic |

PLD1 | 182ZC501 5% 600 r No
PLD2 | 224ZC501 5% 450 r Yes
PLD3 | 274ZC501 5% 450 r Yes
PLD4 | 1011Zn01 undoped 400 c No

Table 7.1: Samples grown by PLD included in the present study

| Label [  Name [ Doping | Temp (°C) | Substrate | Magnetic |

CVD1 | AN184Csap 2% 550 c Yes
CVD2 | AN185Rsap 5% 550 r Yes
CVD3 | AN215Csap 2% 550 c No
CVD4 | AN215Rsap 2% 550 r No
CVD5 | AN182Csap | undoped 550 c No
CVD6 | AN182Rsap | undoped 550 r No

Table 7.2: Co-doped ZnO films deposited by MOCVD, that are included in the present
study

The results reported in this chapter were primarily obtained from films grown by
PLD on both r and ¢ cut substrates and these are listed in Table 7.1.

7.2.2 Sample Growth techniques: MOCVD

A brief summary of the growth technique employed by members of the group of Y.
K. Gun’ko is given here. The alternative growth method used to produce the samples
included in the study was pulse-injection metal organic chemical vapour deposition
(PI-MOCVD) [181]. Here, droplets of the deposition precursors contained in a solvent
are introduced to an evaporation chamber. In the case of the Co:ZnO films the
precursors are Zn(tmhd), and Co(tmhd);. The evaporation chamber is maintained
at a temperature sufficient to evaporate the injected solution but not to decompose
the precursors, which are carried into an adjacent deposition chamber by a carrier
gas composed of equal proportions of Ar and O,. The resultant deposition occurs
on the surface of either a ¢ or r-cut Al,O3 substrate maintained at 550°C, and the
films are slowly cooled afterward in an oxygen pressure of 1atm. The thickness of the
deposited thin films are monitored by white light reflectometry and range between 59
and 264 nm. The MOCVD-grown samples are listed in table 7.2.
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7.2.3 Sample Characterization by XRD and Magnetometry

The crystalline quality of the PLD and MOCVD grown films and their surface mor-
phology were characterized in a similar fashion within the respective groups by x-ray
diffraction (XRD, Phillips X pert Pro, with a filtered Cu K, source). The results of
an ultra-sensitive XRD scan produced by a combination of a lengthy integration time
and the enhanced detection sensitivity of a multidetector was able to detect the pres-
ence of Co clusters in one of the PLD grown Co-doped ZnO films, sample C in table
7.1 [183]. The shorter and less sensitive scans that were performed on most of the
samples do not register the very weak metallic cobalt diffraction peak, and therefore
the negative results for this peak in such scans cannot be taken as conclusive evidence
of the absence of secondary phases.

The magnetization curves of the deposited films were measured using a Quantum
Design SQUID magnetometer, where a variable DC magnetic field of up to 5T was
applied to the sample in a given orientation with respect to the film surface normal at
film temperatures of 2 - 300K. As has already been alluded to in the introduction, the
presence of a ferromagnetic signal does not directly discriminate between the various
possible sources of such a moment and the results of vibrating sample magnetometry
alone cannot be taken to indicate intrinsic ferromagnetism is present in a system.
Strategic use of the SQUID does enhance the discrimination that can be applied to
the possible sources of a magnetic moment as, for example, the moment of some of the
Co doped ZnO films grown by PLD was found in this fashion to be highly anisotropic
[194, 195], which is not a property expected from the moment of cobalt clusters, or

other secondary phases.

7.3 Soft x-ray spectroscopy of Co:ZnO films

As outlined earlier the present section of the chapter presents the results of the x-ray
spectroscopic measurements on an element by element basis, and, further, an XPS
study of the valence band will also be presented. Due to the previously described
dipole selection rules applying to the absorption and emission of a photon, the XAS
(or NEXAFS) at the O K edge reflects the O 2p partial density of states in the
conduction band. XES at the O K edge reflects the partial density of states of O 2p
character in the valence band. At the transition metal L edge the metal 3d and 4s
partial density of states are probed, in the conduction band by XAS and in the valence
band by XES. The specific location in energy and contribution of the transition metal

dopant to the electronic structure of the system can be explored by the hybridization
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of the dopant filled and unfilled states with the ligand oxygen 2p orbitals. In summary
the degree of ligand and cation orbital hybridization, possible exchange mechanisms,
on-site, and inter-site excitations can all be probed through resonant XES. XAS at
the dopant L edge is a sensitive test of both valence and substitutional environment
(see chapter 2). Extended x-ray absorption fine structure (EXAFS) at the dopant
K-edge is a source of structural information but was not available to us under the
auspices of the present study.

O K, Zn and Co L edge XAS from the PLD samples was recorded at beamline
7.0.1 of the Advanced Light Source. The procedure for recording XAS as either a
sample drain current or a photon yield as the incident x-ray energy is stepped across
an absorption threshold has been described in chapter 2. XAS on the PI-MOCVD
grown samples was performed at both beamlines 8.0 and 7.0.1 of the Advanced Light
Source in subsequent experiments.

Optically forbidden, or low-energy electronic excitations such as charge transfer
and on-site d-d* transitions are probed at the transition metal L-edge in the reso-
nant inelastic x-ray scattering component (RIXS) of the XES spectra. RIXS spectra
are sensitively dependent on both the splitting of the majority and minority carrier
magnetic dopant d -levels and the fractional occupancy of these levels, where this
occupancy is expected to play an important role in the magnetic behaviour of very
dilute semiconductors. Comparison of RIXS spectra at the metal L-edge between
several doping levels and host materials will be especially sensitive to the position
and occupancy of this d -band.

Finally, the XPS system at NCESS was used for the core level and valence band
XPS from the PLD grown films presented in this thesis. This system was previously
described in chapter 2. Core level XPS was recorded from the films grown by PI-
MOCVD as part of their characterization. The results of the PI-MOCVD XPS were
published elsewhere and XPS was not repeated on these samples in the present study.

The samples were prepared for XPS by being cleaned sequentially with acetone
and ethanol to remove dirt from the surface of the deposited film. The samples
were mounted on a steel holder using carbon tape. Unless otherwise stated, the
Co:ZnO films were not annealed or sputtered due to the consideration that the ob-
served ferromagnetic behaviour and the electronic structure may be sensitive to such
surface preparation. For instance, the annealing of ZnO in oxygen poor environ-
ments has been shown to increase the concentration of oxygen vacancies. As noted
previously other studies have indicated that Ar' sputtering may lead to false posi-

tives in preparations of stoichiometric surfaces for photoemission [185], though others
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have claimed sputter-depth profiling reveal hidden metallic Co near surfaces [184].
It should be noted that no sputter depth profiling was undertaken at that time, i.e.
only non-destructive XPS was considered as measurements of XES and XAS were to
take place at a later date, as well as further XRD or other sample characterization
measurements.

XPS survey spectra were recorded with good statistics to investigate the sample
composition, and to define the binding energy regions where finer spectra were to be
recorded for the core levels and the valence band. The core level spectra of the Co:ZnO
samples were recorded at the Zn L, Co L, and O K edges. N K edge spectra were
taken from some of the samples to investigate whether N doping may have taken place
by contamination during the deposition process. The C K spectrum was recorded to
allow the energy scale of the hemispherical analyzer to be calibrated with reference

to the binding energy of the adventitious carbon present on the sample surfaces.

7.3.1 Core level spectroscopy at the O K - edge

7.3.1.1 O 1s XPS

The O K edge XPS spectra shown in figure 7.2 were recorded and compared to identify
the differences between samples that have given a ferromagnetic response and those

with different doping levels. Core level shifts observed as additional components in

the O K peak could constitute evidence for oxygen related defects.
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Figure 7.1: O 1s core level XPS from PLD deposited (magnetic) Co doped ZnO films
showing fitted peaks and residuals of the fit. A Shirley background having previously
been removed
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The O 1s XPS shows two main components. In undoped ZnO, the O 1s binding
energy is reported to be 530.35eV with Zn(OH), at 531.88eV [196, 197] and adsorbed
water at 532.83eV (obtained from a pressed sample of commercially pure ZnO powder)
[198].

The curve from the non-magnetic sample is adequately fitted with 3 Voigt peaks.
A fit composed of 4 and 5 Voigt peaks leads to lower residuals, but the additional
peaks do not necessarily have a physical interpretation in the same sense as the 3 that
gave the fit we accepted do. The O 1s peak at 531.10eV, a peak at 532.46 £0.15eV -
consistent with an OH group, and a much smaller peak with a BE of 533.62 4+ 1.28eV
- consistent with water from comparison with the Handbook of Monochromatic XPS
Spectra [198]. The apparent shift in the O 1s binding energy we report and the value
of 530.35eV reported elsewhere is liable to be caused by the charge-compensating flood
gun we used on our samples. The fact that the samples are insulating necessitates the
use of charge neutralization to make up for the loss of electrons that escape the sample
surface. The current of thermal electrons also represents an alteration of the surface
electrostatics that is difficult to reproduce between samples, and essentially alters the
work function such as to create an offset in the O 1s binding energy we measure.
The good quality of this sample is evident from the O 1s peak whose Gaussian width
was 0.885eV and Lorentzian width was 0.245eV - consistent with the O 1s core hole
lifetime.

The curve from the magnetic sample required at least 4 Voigt peaks due to the
increased spectral weight at the low binding energy side. The O 1s peak has a binding
energy of 531.07eV and a Gaussian width of 1.03eV. The Lorentzian width was best
fitted as zero, giving an indication of disorder or a distribution of O 1s binding energies
within the film, albeit over a narrow range. The OH peak was at 532.7 £ 0.1 eV -
slightly displaced from what is obtained previously for Zn(OH), or the nonmagnetic
sample above. A stronger high-binding-energy peak at 534.82 4+ 0.11 eV though this
time not consistent with adsorbed water. Of particular note however is the O 1s “pre-
peak” which has no equivalent reported in the literature and whose binding energy is
at 530.03+0.33eV and is a pure Gaussian fit with a width of 1.33eV. Thus somewhat

a wider full width at half maximum than the main O 1s photoelectron peak.

7.3.2 O K -edge XAS

As mentioned previously in this section XAS at the O K edge provides a measure of
the O 2p unoccupied PDOS. In undoped ZnO the O K-edge XAS has previously been
reported by McGuinness et al. [10] , Guo et al. [199, 200], and Preston et al. [201]

176



among others, together with O K-edge XES. The main peak in the O K XAS located
at 7 eV above the onset of absorption is formed by hybridization between O 2p and
Zn 4s states and can be identified as the 2p, component, along the crystalline c-axis.
The two less intense peaks at higher energies are formed by hybridization between
O 2p and Zn 4p states. In the energy region of greater than 20 eV above the onset
of absorption the density of states is composed of oxygen hybridization with Zn 4d

states.

O K-edge XAS: Co doped ZnO
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Figure 7.2: O K edge XAS from PLD and MOCVD deposited Co-doped and undoped
Zn0 epitaxial films
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The O K edge XAS from the PLD and MOCVD grown samples are shown in figure
7.2. Comparing the O K XAS from an undoped ZnO film with those from doped
films that have been reported as posessing a magnetic moment, and non-magnetic
films allows the additional spectral weight arising from between the O 2p states and
the Co 3d ty, states. There is also a clear additional spectral weight or density of
states at the bottom of the conduction band in some of the samples, both PLD and
MOCVD, that recorded a ferromagnetic response during their characterization phase.
The origins of the additional densities of states moving from undoped ZnO to doped
magnetic and non magnetic can be interpreted with reference to electronic structure
calculations and model spectra published elsewhere [199, 200, 202]. With respect
to the features which are largely common to both the PLD and MOCVD grown
samples, these are labeled C - E. Features C; and C, label the additional density of
states present in the Co-doped films, and it is expected that they are due to Co 3d-O
sp? hybridization. The feature labeled D in both spectra reflect the main Zn 4s-O sp?
hybridized density of states. The features labeled E show a low degree of polarization
variation is still present between the films. There are features further towards the
bottom of the conduction band, and extending into the bandgap labeled A and B
in the MOCVD and PLD grown films respectively. Additional feature B appears in
the spectra from both the magnetic and non-magnetic samples, and the additional
feature labeled A is only present in the magnetic MOCVD grown sample.

The onset of absorption at the O K edge does not seem to vary between the
undoped and doped non-magnetic ZnO in the PLD grown samples reported here.
This indicates that the additional spectral weight due to the Co hybrid orbitals does
not lie within the bandgap.

The absorption threshold does appear to have shifted to lower energy for the
magnetic MOCVD deposited film reported here. For certain samples, including those
that were identified as ferromagnetic due to their observed magnetic hysteresis, the
onset of absorption is red-shifted by 0.5 — 1.0 eV. As noted in the O 1s XPS, an
additional core level component at a lower binding energy may account for the origin of
this spectral weight and the localized 1s-2p transition occurs at a lower photon energy.
The character of the localized conduction band on this site may be quite different
than in the undisturbed lattice. A complete calculation, incorporating the cause of
the lowered 1s binding energy could, taking the final state rule into consideration,
explain the observed feature. Thus this feature may be a fingerprint specific to the
defect involved as suggested previously by Krishnamurthy et al. [176] , albeit from a

different sample than that shown here.
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Kumar et al.[203] and Chang et al. [204] report strong variations in the O K-edge
XAS from Co:ZnO, similar to what is reported here. Other reports of the O K-edge
XAS in Co:Zn0O have noted no variation between samples with different doping levels,
such as Fitzgerald et al. [179].

7.3.2.1 O K - edge RIXS

The occupied Oxygen partial density of states below the Fermi level were probed by
XES at the O K edge performed at beamline 7.0.1 of the Advanced Light Source using
the grazing incidence grating spectrometer and two dimensional detector described
in a previous chapter.

The O K edge XES spectra from the PLD deposited films are shown in figure
7.3. The O K emission spectra were recorded using the 1200 lines/min grating of
the spectrometer and for the majority of the O K edge XES the resolution of the
monochromator and the spectrometer were both set to 0.4 eV yielding a combined
instrumental resolution of ~ 0.6 V.

For all the measured spectra, the angle of incidence between the x-ray beam and
the surface of the Co:Zn0O films was maintained as close to 20° as was practical for
each film’s position on the sample holder, the grazing angle of incidence determining
that the majority of the emission originates from the deposited film rather than the
substrate. It also implies a close to normal angle of emission due to the location
of the emission spectrometer, with its optic axis at right angles to the direction of
the incoming beam. Though the angle of incidence and emission was maintained
approximately constant, there is still a variation in the O K-edge XAS spectral shape
caused by a different orientation of the films’ crystalline axes with the polarization
of the incident x-rays, for the same angle of incidence. The films were grown on
substrates with identical Al,O3 offcuts and have the same measured morphology
[205]. The polarization dependence of the XAS and XES from ZnO has been well
characterized [206, 201], and the XAS spectrum from the doped non-magnetic film
in the upper panel of figure 7.3 clearly indicates an E L ¢ orientation. The spectrum
from the magnetic film is a combination of E || ¢ and E L ¢ spectra. This seems
to indicate that the c¢ axis is within the plane of the film, and that by rotating
our sample on the sample holder, we would have been able to achieve an identical
crystalline orientation with respect to incident x-ray polarization. With hindsight,
and as we proceeded to make explicitly polarization-dependent measurements on the
rutile oxides, this would have been worth the time it would have taken during the

experiment as the comparison of both the O K-edge XAS and XES would be more
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strongly conclusive if the effects of this polarization dependence could be removed
from the consideration.

We have paid close attention in particular to the results of Preston et al. [201] ,
though they do not treat the polarization dependence of the O K-edge XES in the
same detail as the XAS, we were able to analyze their published data to confirm the
strong polarization dependence of the XES spectral weight. Bearing this in mind,
observed variations in the O K-edge XES from different samples may just as likely
reflect differences in crystal axes/polarization orientation as the electronic structure
of the films.

Having said that, we also have a limited number of carefully selected XES spectra
where the orientation of the crystalline axes with respect to the polarization of the
incident x-ray is approximately identical, from which we have selected those shown
in figure 7.4.

The emission signal is relatively stronger closer to normal exit angles, which is
also a consideration where a high throughput is required, or a lower density of states

in the conduction band is excited into.
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Figure 7.3: O K edge emission spectra for Co doped and undoped magnetic and non-
magnetic ZnO films grown by PLD in the lower panel, with the relevant O K-edge
XAS in the upper panel. The results are for a magnetic film (red trace in O K-edge
XAS, and solid lines in XES) and a non-magnetic film (black trace in O K-edge XAS
and dashed lines in XES)

The O K emission spectra of the undoped ZnO films are composed of three main
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Figure 7.4: O K edge XES from PLD deposited magnetic (red trace) and non-
magnetic Co doped (blue trace), and undoped ZnO (black trace) films, obtained
for an excitation energy corresponding to the O 2p,-Zn 4s peak in the XAS (spectra
normalized to the peak height at ~ 526 eV)
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components, which indicate the position in the valence band of the PDOS arising
from admixing between O 2p and Zn 4p, 4s and 3d orbitals. The most intense peak
located at ~ 526 €V is formed by the O 2p and a very small contribution of Zn 4p
orbitals. The low energy shoulder attached to this peak in the emission spectrum,
and located at ~ 523 eV is attributed to the hybridized O 2p - Zn 4s states. This
523 eV feature varies in shape and increases strongly in intensity as the excitation
energy increases towards the O 2p, - Zn 4s peak in the absorption spectrum. The
lowest in energy of the three features, located at ~ 520eV, is caused by the O 2p-Zn
3d hybridized states, |54, 199, 201, 200).

The main difference in the XES spectra at the O K - edge between the doped
magnetic and non-magnetic samples is located at the low energy side of the main
peak, where some additional spectral weight appears around the shoulder associated
with the Zn 4s hybridized states, marked (i) in figure 7.4 and the valley between this
feature and the peak arising from the Zn 3d-O 2p hybridized states marked (iz) in
figure 7.4. The filling-in of the this valley between the Zn 3d and 4s hybridized states
is a symptom of the more general broadening of the spectral features in the O K
XES spectra of the doped samples. The possible influence of disorder in the lattice
on the spectral weight, particularly in this region of the spectrum could arise from
the lower O 1s binding energy, which would imply that an occupied 2p-1s transition
with a lower emission energy, or range of energies. This result recalls the results of
the O 1s XPS spectra, where the probability of a binding energy shift identified by
a low binding-energy fitted peak was noted in that instance. This valley filling effect
has also been noted in O K XES from Mn doped ZnO systems [207].

Also in figure 7.4, the comparison between the O K-edge XES of the Co doped
films and undoped film shows a clear additional spectral weight in the Co-doped films
at valence band maximum, i.e. above ~ 527.5eV. As these samples have identical
orientation with respect to the polarization of the x-rays, we can neglect the strong
polarization dependence of the XES in ZnO as a source of difference. The results of
resonant photoemission (RPES) of the valence band of Co doped ZnO films by Wi et
al. 208, 209] as well as those of Chiou [210, 211] and Lee [212], as well as our own
valence band XPS results give good grounds to anticipate the presence of additional
spectral weight in this region due to Co 3d-Zn 2p hybridization. Comparison of our
O K-edge XES results, particularly to the RPES difference spectrum of Wi [208]
and Chiou [210] supports the main conclusion we make from our O K XES spectra
regarding the position of the Co 3d-O 2p hybridized PDOS at the top of the valence
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band. This also corresponds with Spaldin [213] and many others who give an occupied

3d PDOS that is pinned close to O 2p valence band maximum exclusively.

7.3.3 Spectroscopy at the Co L - edge

As with the previous section, we will first consider the results of the Co L-edge XPS,
before continuing to the Co L-edge XAS and XES.

7.3.3.1 Co L-edge XPS of Co:ZnO

The valence of the Co present is the most immediate question about the films that
the core level XPS aims to answer. The lineshape of the Co 2ps, and 2p./, peaks,
shown in figure 7.5 and the magnitude of the spin orbit splitting provides evidence
of the state of the Co ions within the sampled volume. As XPS is a surface sensitive
technique, the core level spectra reflect the Co environment at and near the surface of
the films. If the film composition of the PLD grown samples was known to be highly
homogeneous, the Co valence indicated by the core level XPS could determine the
local environment of the doped Co throughout the film. However, there is evidence
of non-homogeneity of Co throughout the deposited films, and secondary Co-rich
phases forming up to the inclusion of Co® within the films, which is well summarized
in reference [214|. Both substituted Co?* and Co” have been reported coexisting
within the ZnO by Rode et al. [172], from evidence in the Co L-edge and K-edge
XMCD. Dorneles et al. [183] estimated the magnetic moment arising from the amount
of metallic Co they measure via XRD in a number of films and compared it to the
measured moment from the entire film. In some but not all cases the entire moment

was accounted for by the metallic Co.
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Figure 7.5: Co 2p core level XPS from Co doped ZnO films

Comparing the Co L XPS from films the same nominal concentration of Co in ZnQO,
but with different substrate temperatures during grown, provides a means to observe
the rise of additional phases of Co that may be present at higher concentrations. In
figure 7.5 the Co L-edge XPS from a magnetic and non-magnetic sample are shown.
There is additional spectral weight on the low binding-energy side of both the Co 2ps/,
and 2p./, peaks in the magnetic sample that suggests a contribution from metallic Co
to the spectrum. Comparing our spectra to others published in the literature, for
instance the depth-profiling film composition study of Kaspar et al. [184] strongly
suggests the feature we observe coincides with Co®. A cross-comparison of Co L-edge
XPS from a Co-doped ZnO film, and a polycrystalline Co film by Tuan et al. [215]
lends further support to this. It must also be noted that electronic structure density
of states calculations for Co?* and oxygen vacancies (Oy ) in close proximity in TiO,
lattices introduces the possibility of an apparent shift in binding energy at the Co

L-edge due to this combination of defects.
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7.3.3.2 Co L -edge XAS of Co0:ZnO
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Figure 7.6: Co L edge XAS from PLD and MOCVD deposited Co doped ZnO samples.
The results for both magnetic (red trace) and non magnetic (blue trace) are compared
to the spectra measured from a pure Co metal foil and a CoO powder. The spectra
are offset from each other for clarity

The Co L edge XAS spectra from PLD and MOCVD grown samples are shown in
figure 7.6 . The spectra were acquired at beamline 7.0.1 at the ALS with a calculated
monochromator resolution at 780 eV of 0.3 eV. The low and high energy spin-orbit
split peaks are referred to as L3 and Lo respectively. The first of the two main peaks
in the Co L - edge absorption spectrum is assigned to the Lz Co 2ps/, - 3d multiplet,
while the higher energy peak is assigned to the Ly 2pi, - 3d multiplet. While they
should display similar multiplet features, the Ly peak is more broadened. This loss
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of resolution is explained by the shorter lifetime for a hole on the 2p., core level
than the 2ps, due to the availability of additional radiationless Coster-Kronig decay
channels for that core hole. The ratio of their intensities reflects the multiplicity of
the occupied 2p levels, which are separated by the energy of the spin orbit interaction.

While core level XPS at the Co L edge show evidence of Co**valence state, it does
not clearly distinguish between substitutional Co?* in a tetrahedrally coordinated
substitutional ZnO lattice or in octahedral CoO, for instance. XAS at the Co L edge
allows the coordination environment of the Co dopant atoms to be determined with
more certainty, as the multiplet structure in the absorption peaks distinctly depends
on the charge states and crystal field splitting, thus by comparison with CoO [216] it
is clearly not an octahedral site symmetry with a Co** valence. The difference in the
Co L edge XAS spectrum between the Co doped ZnO films and Co metal tends to
argue against extensive clustering of the Co within the tens of nanometres probed by
the technique. In our figure we have compared the Co L-edge spectra from the films
with those from metallic Co and octahedral CoO to illustrate the sensitivity of the
Co L-edge in the fashion described. Alternatively, this may be further emphasized by
comparison with simulated Co L - edge XAS spectra based on multiplet calculations
contained in the literature [217, 218| in the mode of, for example, Wi et al. [209].
Kaspar et al. [184] have used XAS at the Co K-edge to identify the presence of a
CoZn intermetallic phase in weakly magnetic films that had been annealed in a Zn
vapour. In terms of the spin-orbit splitting energy, and the multiplet structure of
the L3 peak the results of the present Co L-edge XAS are broadly similar to those
reported previously from Co-doped ZnO by Krishnamurthy et al. [219], Chiou et al.
[210] , Rode et al. [220] and [172], Tietze et al. [173] and Kaspar et al. [196].

It must also be noted, considering the results of Rode [172], that the sensitivity
of Co L-edge XAS to Co° is poor, and though we overlay the Co L-edge XAS from
metallic Co foil for comparison, we do not use this comparison as evidence of the
absence of metallic Co in the films measured.

The most significant difference between the Co L-edge XAS from the PLD and
MOCVD deposited films is the presence of the narrow features at 783.4eV and 799.4eV
in the spectra from both the magnetic and non-magnetic MOCVD-grown samples.
This “6 eV satellite” so called due to the feature’s position in energy with respect
to the Co 2p XAS threshold has been reported in Co L-edge spectra before. We
have also noted the feature in a Co-doped SnO, film, deposited by PLD and a report
of such a feature was prepared by others arguing for its relevance to the magnetic

ordering but, to our knowledge, this report was not published. Flipse and de Groot
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have observed a similar feature in CoO nanoparticles synthesized from the dissolution
of a Co acetate precursor on a substrate. In this case the feature was attributed to
the unsolved precursor forming a ligand bond with Co ions. Liu et al. [221] report
a similar feature in CoO nanoparticles precipitated from an organic solvent solution,
and proceeded to characterize the feature carefully by calculating a Co L-edge XAS
spectrum within the single-impurity Anderson model for CoO nanocrystals bonded
with an organic ligand. Most importantly, the authors note a size-dependence of the
feature, where it is strongly present in the spectra of 3 nm diameter nanocrystallites,

for 6 nm nanocrystallites it is barely visible.

7.3.3.3 Co L - edge RIXS of Co:ZnO

XES at the Co L edge of the Co doped ZnO films was carried out primarily at
Beamline 7.0.1 of the Advanced Light Source. A series of spectra were also gathered
at Beamline 8.0.1 of the ALS from the MOCVD deposited samples. The spectra for
the PLD and MOCVD grown samples are shown in figures 7.7 and 7.8 respectively.
A number of resonant excitation energies were chosen beginning at the threshold of
the L, absorption edge and continuing over the peak. Fewer energies are selected for
excitation at the Ly edge as the emission resulting emission signal is a small fraction of
the L3 edge. Non-resonant spectra (NXES) were recorded at ~ 30eV above threshold.
Generally the resonant spectra were recorded with a combined instrumental resolution

of 0.8eV at both beamlines, and this resolution was decreased to 1.0eV for the NXES.

188



aoa b s s g a a aolovse s o g o a v loa i s Loi aos g

775 780 785 790 795 800 805
ey ey p—————— e — — — — o m i o

5% Co doped ZnO Non Magnetic ]

Figure 7.7: Co L edge RIXS from magnetic (red trace) and non-magnetic (blue trace)
Co-doped ZnO films deposited by PLD. The RIXS is displayed with reference to an
energy-loss scale. The samples shown are PLD1 and PLD3 as listed in table 7.1
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Figure 7.8: Co L edge RIXS from Co doped magnetic (red) and non-magnetic (blue)
ZnO films deposited by MOCVD. The samples shown are CVD2 and CVD4 as listed
in table 7.2. The RIXS spectra are referred to an energy-loss scale
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In the Co L-edge RIXS of the PLD grown samples, the excitation energies, anc the
features on the Co L-edge XAS spectrum that they correspond to are labelled a-f in
the top panel of figure 7.7, which correspond to five excitations from the threshod of
absorption across the L3 peak, and one at the L, peak. For the PLD-grown samyles,
the RIXS spectra presented are normalized to unit area, due to the huge difference in
spectral weight between the features they contain which creates a misleading slape
distortion when normalizing to peak height. As noted by Chang et al. [204], RIXS
represents a probe of the local electronic structure of the Co impurities presert in
the films. In our case one of the magnetic films shows a very different environnent
compared to the non-magnetic film.

As noted in the caption for figures 7.7 and 7.8 we have presented our Co L-edge
RIXS spectra on an energy loss scale, as the relative intensities of the inelastic loss
features are at the heart of our discussion of the electronic structure of these fims.
The loss plot clearly indicates the position of the elastic feature, and the low en:rgy
d-d*transitions down to ~ 3 eV below this energy.

The lower-in-energy of the two transitions, located approximately within two-tiree
electron volts of the elastic peak, are due to excitations within the transition metal
d band to unoccupied d* states within this band. Low energy d-d* excitations are
strongly favoured in L-edge RIXS spectra in transition metal oxides, and serve 1s a
useful probe into these localized electronic states. Their energies are approximately
the same as the weak d-d* excitations seen in optical spectra [222] for Co** ons
doped into ZnO. At larger Co concentrations these optical resonances broaden [223].
The Kramers-Heisenberg equation allows, in principle, for a very detailed study of
such inelastic losses in 2p-3d RIXS given a beamline with sufficiently high resolwion
and an XES spectrometer of sufficient resolution of which, until recently only one was
available at ADRESS in the Swiss Light Source. These transitions are found optically
at transition energies of approximately ~ 0.50eV, 0.86eV, 1.88eV and 2.04eV . Tiese
will differ somewhat in RIXS due to the 2p — 3d matrix elements.

The energy loss feature corresponding to the highest energy d-d* transition dom-
inates over the lower energy transition in the magnetic film, compared to the 1on-
magnetic film. Where the non-magnetic film (blue trace) shows the strongest spectral
weight for the lowest energy d-d* transition for all the excitation energies a-e acoss
to the L3 peak, at excitation energy c, the high energy d-d* transition in the magretic
film is as prominent as the low energy excitation. The ratio of spectral weight between

the two features then reverses, with the lower energy transition further suppressec. It
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is spectra ¢, d and e among the RIXS spectra that show the starkest contrast between
the magnetic and non-magnetic film.

The feature located at ~ 8 eV below the elastic line, which is attributed to the
transfer of an O 2p electron from the ligand to a Co 3d valence band state, is relatively
more prominent in the non-magnetic sample, especially at the threshold excitation
energy a. It is detectable in the RIXS from the magnetic film, but falls off rapidly,
and contributes a tail to the low energy side of the emission features rather than
forming a discernible peak as it does for the non-magnetic film. In general the width
of the charge transfer peak gives an indication of the ligand-coordination of the Co
cation[224]. The peak we observe in RIXS from tetrahedrally-coordinated Co in ZnO
is narrower than that observed for the octahedrally coordinated Co in single crystal
CoO [216]. The changes in the relative intensity of the charge transfer peak is clearly
visible between the different Co:ZnO samples indicating some alteration in the first
coordination sphere of the Co cation in different films.

Finally, for the excitation energy at the L, edge the ratio of the Lz : L, intensity is
reversed between the magnetic and non-magnetic film. For the non-magnetic sample
the intensity of the L, emission line is larger than the Lz, while the Lzintensity is
greater than the L, in the magnetic sample. The NXES spectrum from metallic
cobalt shows a L,/Lj ratio < 1, as was compared to good effect to illustrate the
difference in this ratio between different species of cobalt by Chang et al. [204].

An observation of the greatly reduced intensity of the low energy d-d* transition
feature at a loss energy of ~ 2 eV with respect to the d-d* feature at a loss energy of
~ 3 eV in the magnetic film has not been reported in other Co L-edge RIXS studies
we are aware of [224, 204]. Though the ratio of the intensity of the two d-d*features
in the magnetic film is striking, we ultimately tend to view the Co L-edge RIXS from
the magnetic film as indicative of a much reduced Ls-edge emission in this sample
rather than an absolute enhancement in the higher-energy transition feature. We have
speculated on the possible link between this reduction in the L3 emission intensity
and the possibility of a significant contribution of emission from metallic Co in our
spectra from this sample. To this end we compare the L3 NXES emission from Co
metal to the Ly PDOS emission from the magnetic sample in figure 7.9, which lends
further encouragement to this point of view.

The RIXS spectra from the MOCVD grown films is shown in figure 7.8. The
top panel in figure 7.8 shows the excitation energies at which spectra were recorded.
Compared to the PLD grown films, the RIXS spectra from the MOCVD grown sam-

ples show very little variation between the magnetic and non-magnetic films. What
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Figure 7.9: Comparison of the L3 NXES from metallic Co to the L3 PDOS emission
from a magnetic PLD-grown Co-doped ZnO film

difference is present is located in spectrum ¢, taken on the L3 peak and spectrum
e taken at an energy corresponding to the “6 eV feature”. In both of the MOCVD
grown films the charge-transfer peak is not as prominent as the non-magnetic PLD
grown film. It does make a strong contribution to spectrum e, particularly so for the
magnetic film. Liu et al. report Co L-edge spectra from approximately the same en-
ergy as this feature in our MOCVD Co L-edge XAS spectrum, for two 5% Co-doped
ZnO films and a 5% Co, 1% Al-doped ZnO [225]. They also report a variation in the
strength of the charge transfer feature in their spectra, and interpret this variation
as indicative of a greater delocalization of the O 2p electrons in the presence of a
defect in the lattice, giving rise to a weaker charge transfer effect. Interpreting our
results based on this scheme attributes a greater delocalization to the O 2p states in

the non-magnetic of the two films.

7.3.4 VB XPS of Co:ZnO

The valence band spectra, shown in figure 7.10 outline the total density of states
present in this region of the electronic structure composed by hybridized orbitals.

The position of the additional density of states associated with the dopant species,
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and their effect on the over all density of states in the valence band will be clearly
visible from the valence band spectra. The spectra recorded in this region, between
a binding energy of 20 eV and the Fermi level will also allow the identification of
any additional states that may be present within the band gap of the material. With
respect to suggested models for magnetic ordering in dilutely doped ZnO, the presence
of additional occupied states at the top of the valence band and extending into the

band gap are necessary for the mediation of long range alignment of spins.

PLD1 — 5% Co doped ZnO non-magnetic
PLD3 —— 5% Co doped ZnO magnetic
pLD4 — Undoped ZnO non-magnetic

Intensity (normalized arb. units)
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Figure 7.10: Valence band XPS of PLD deposited Co doped ZnO films. The undoped,
doped non-magnetic and doped magnetic samples are PLD4, PLD1 and PLD3 respec-
tively as detailed in table. 7.1 The Zn 3d peak is truncated in the spectrum by cutting
away a section of the y axis

The valence band XPS from the undoped ZnO, and 5% Co doped magnetic and
non-magnetic ZnO films have three features in common, similar to the XES spectra
at the O K-edge. The filled Zn 3d states give rise to the peak at ~ 11 eV binding
energy. In the O K-edge XES spectra, this is the weakest feature, due to the weak
hybridization of the Zn 3d and O 2p states. The peaks at 7eV and 4.5 eV binding
energy are due to the O 2p-Zn 4s and 4p hybridized states respectively. The valence
band maximum for undoped ZnO is evident at a binding energy of 3 eV, and in
both of the Co doped films we see an additional density of states extending into the
bandgap, particularly the ledge-like feature that is approximately centred at 2 eV
binding energy, labeled as feature (i) in figure 7.10. There is a further feature present

in the VB XPS of the magnetic film labeled as feature (éz) in figure 7.10.
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There are other good examples of the VB XPS feature we have labeled (i) our
spectrum, e.g. Kaspar et al. [196]. As mentioned previously with regard to the
additional spectral weight noted at in the bandgap in the O K-edge XES from Co-
doped ZnO films grown by PLD, the studies by resonant photoemission of Chiou
[210, 211], Wi 208, 209] and Lee [212] also indicate that this 2 eV binding-energy
feature is the location of the Co 3d e, states. It must be noted that it is not possible
to categorically differentiate between the additional density of states due to the Co
3d levels reported in these and other films and the feature we distinguish as feature
(#4i) in the magnetic film.

Considering the evidence we have gathered, particularly from the O K-edge and
Co L-edge XPS, and the O K-edge XES we have reported to this point, we assign the
additional density of states, feature (ii7) to the presence of defects in the magnetic
films. Combining this observation with the O K-edge XAS from the magnetic Co-
doped ZnO samples we report, as well as those from other reports of O K-edge XAS
 and FEFF simulations lends some support to the interpretation of the accumulation
of spectral features as related to the presence of oxygen vacancies in the films. It is
important that the co-doping of Al in cobalt-doped ZnO has been reported as giving
rise to an improved structural quality of the films and the presence of less cobalt

clustering, and the disappearance of ferromagnetism.

7.3.5 Core level spectroscopy at the Zn L -edge

XPS at the Zn L edge, which is not included in the results, was recorded to investigate
the chemical environment of the Zn in the lattice and at the surface of the films. In a
similar fashion to the previous discussion for metallic Co, the presence of metallic Zn
in the films would be expected to detected by additional features in the Zn core level
spectra. The spectra from the various samples were very similar at the Zn L edge,
and were characteristic of Zn**.

The Zn L edge XAS of the undoped and doped samples, shown in figure 7.11
were recorded to assess what they could reveal about the Zn environment in the films
with varied properties. Of particular importance in a number of electronic structure
calculations of this material is the possible presence of interstitial Zn defects in the
films. The similarity of the Zn L edge XAS between the undoped and doped films
confirm that within the concentration limits of detectable by XAS, the Zn is located

in a tetrahedrally coordinated environment.

195



1010 1015 1020 1025 1030

cvD4 3
-~ CVD3 N id
« - CVD5 AR i 7

—CVDE

Intensity (arb. units)

/
/A /—\‘)i/‘\ /

\

| / [—PLQ 5% Co doped Zn0.
/ / PLD 15% Co doped ZnO
/ / ‘—PLD 25% Co doped ZnO
//f
A
i
W_'_/"
1 PR I T 1 PR 1 " P " 1 i " "
1010 1015 1020 1025 1030
Photon Energy (eV)

Figure 7.11: Zn L-edge XAS from PLD and MOCVD deposited Co doped ZnO films

In figure 7.11 we have compared the three different “types” of Zn L-edge spectra
that we have measured. The spectra are presented in three groups of three spectra
each. In the lowermost group of spectra, the samples measured have concentrations
of Co of 25%, 15% and 5% respectively from lowermost to uppermost. They all
show evidence of a different valence of Zn than the other six films included in the
figure. This is evidenced by the sharp peak at 1014.5eV, which is similar in origin to
the white line reported at the L3 edge in other metals with filled d levels, when the
formation of an oxide for example in the case of CuO leads to unfilled d states that are
more or less localized at the bottom of the conduction band, giving rise to the sharp
absorption feature. These films had been rejected from the study as highly defective
due to the surmised presence of water in the films from additional features that were

present in the O K-edge RIXS spectra, not reported here. We are also aware of
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similar features reported in the Zn L-edge XAS spectra from Zn-aerosol complexes
such as Zn(NOj3)6H50O. In a previous report, the same feature was interpreted as
positive evidence for an additional unoccupied hybridized density of states associated
with the magnetism of the films via the previously mentioned bound polaron model
[175, 226]. Even in the films that do not exhibit this feature that may be associated
with HoO and Zn, it is worth recalling that the O K-edge XPS recorded a spectrally
very significant proportion of H,O in the films.

The remaining spectra in figure 7.11 are all from the MOCVD grown samples.
The difference between the blue and green traces in the middle and upper portion of
the figure is the prominence of the Zn 4s feature located at 1018.5eV. The MOCVD-
grown samples measured entirely fall into one category or the other: those represented
by spectra in the middle of the figure, with the reduction of spectral weight in this
feature, and the spectra in the upper portion of the figure where this feature is
prominent. Considering the anisotropy evidenced in reports of the O K-edge XAS
[206], there are somewhat strong grounds to associate the origins of this variation as a
polarization-dependent effect which a series of angle-dependent measurements would

confirm.

7.4 Summary and Conclusions

The strong anisotropy in the O K -edge absorption of ZnO is clearly evident in our
results and elsewhere in the literature [227, 201]. Therefore, caution is required when
comparing the O K -edge absorption spectra from different samples and identifying
unique features in one spectrum and attributing it to the presence of additional hy-
bridized states in the system. We overcame this potential source of error by restricting
our comparison of O K edge spectra to those acquired with the same orientation of
the crystalline axes with respect to the x-ray polarization. In this fashion, we are
able to make a firm conclusion that there is a consistent additional density of states
located at the bottom of the conduction band in the Co doped films compared to the
undoped films that are attributable to the O 2p - Co 3d e, hybridized states.

In the O K - edge XAS spectra from both the PLD and MOCVD grown samples,
there are examples of films with additional densities of states at the very onset of
absorption that extend somewhat into the bandgap of the density of states. We note
that the samples from which we observe this feature have previously been reported
as magnetic. A previous calculation has attributed additional densities of states in

this energy range to the presence of oxygen vacancies in the ZnO [204].
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There is an also an additional density of states noted in the XPS at the O K
edge in the two samples we measured which had been reported as possessing a mag-
netic moment, compared to the other doped and undoped films. We are aware of
calculations that predict changes in the binding energy of the O 1s core level in the
neighbourhood of interstitial and vacancy defects in ZnO [169]. In light of more recent
RPES and partial XAS of this region it seems unwise to conclusively attribute these
states to anything other than Co30y .
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Chapter 8

Conclusions and Further Work

From the experimental results, and particularly the results of the calculated electronic
structures presented in this thesis we conclude that the adoption of the rutile structure
strikes a balance between the ionic transfer of electrons to the ligand ions in MX,
compounds, and covalent-bonding o- and 7-like interactions between the metal and
ligand orbitals, that give rise to a natural linear dichroism. The spatial arrangement of
the M-O ¢ and 7 states, combined with the other selection rules of the x-ray scattering
process allow the weighted occupied O 2p partial density of states projections along
individual crystal axes to be probed independently, in a k-selective, symmetry and
geometry dependent manner.

The WIEN2K formulation of DFT yielded a realistic treatment of the electronic
structure in such covalently bonded systems as were included in the study. It pro-
vided a projected partial density of states from which RXES spectra were simulated,
allowing further interpretation of the experimental results.

In the work we presented, the valence band of SnO, received a very detailed treat-
ment, with XPS and O K-edge XES and calculated electronic structure calculations.
The experimental observation of the XES projected along the crystalline a and ¢
axes took the form predicted by the spectra simulated from the calculated density of
states. Further, this illustrates the power of RXES obtained in an orientation and
polarization-dependent fashion, as a further insight into bonding.

We observed the natural linear dichroism in rutile RuO5 in both the conduction
and valence band via XAS and XES at the O K edge respectively. The O 2p PDOS
in the conduction and valence band projected in the planes perpendicular to the a
and ¢ axes was probed independently. The effects of the anisotropic PDOS spatial
projections were also evident via the structure observed “within” the elastic peak.
The difference spectra produced showed the location in energy of the spectral weight
due to the O 2p, density of states perpendicular to the M3O planes. Although the
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approach was not as conclusive as that applied in the case of SnO,, the good agreement
between the difference spectra in the E||e, XES along ¢ geometry and the difference
spectra for the corresponding simulated spectra indicates that the main parts of the o
versus 7 dependence is described correctly, certainly with respect to the NXES. Both
the experimental RXES and difference spectra were well simulated by the calculated
PDOS. RuOy is the only metallic oxide studied in the present thesis.

Resonant absorption and emission spectroscopy at the O K-edge was presented,
and compared to the projected calculated O 2p and Ti 3d occupied and unoccupied
PDOS for both anatase and rutile TiO,. The non-bonding nature of the O 2p,-created
PDOS at the top of the valence band, predicted by the molecular-orbital bonding
scheme, is reproduced in the calculated projected O 2p PDOS for both anatase and
rutile, with a somewhat more prominent PDOS due to M-O 2p, m-bonding at the
centre of the valence band in anatase TiO, compared to rutile.

Results of O K-edge XAS and RXES from samples of anatase TiO, nanosheets
were presented and discussed with reference to the increased spectral weight related
to the O 2p, m-bonding that was observed in the samples with 89% (001) surface
area, caused by the greater degree of emission from the PDOS projected in the plane
perpendicular to the c-axis and consequently observed in the near grazing E||c, XES
along c excitation and scattering geometry.

From our study of the O K- and Co L-edge RXES we note the strong anisotropy
in the O K -edge absorption of ZnO, and note the consequent caution required when
comparing the O K -edge absorption spectra from different samples and identify-
ing unique features in one spectrum and attributing it to the presence of additional
hybridized states in the system. We overcame this potential source of confusion by
restricting our comparison of O K edge spectra to those acquired with the same ori-
entation of the crystalline axes with respect to the polarization of the x-rays. In this
fashion, we are able to make a firm conclusion that there is a consistent additional
density of states located at the bottom of the conduction band in the Co doped films
compared to the undoped films that are attributable to the O 2p - Co 3d e, hybridized
states. In the O K - edge XAS spectra from both the PLD and MOCVD grown sam-
ples, there are examples of films with additional densities of states at the very onset of
absorption that extend somewhat into the bandgap of the density of states. We note
that the samples from which we observe this feature have previously been reported
as magnetic. We interpret our results in the light of calculations that have attributed
additional densities of states in this energy range to the presence of oxygen vacancies

and cobalt inclusions in the ZnO [204]. There is an also an additional density of
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states noted in the XPS at the O K edge in the two samples we measured which
had been reported as possessing a magnetic moment, compared to the other doped
and undoped films. We are aware of calculations that predict changes in the binding
energy of the O 1s core level in the neighbourhood of interstitial and vacancy defects
in ZnO [169]. However, we note that in light of more recent RPES and partial XAS
of this region it seems unwise to conclusively attribute these states to anything other
than Co30;.

Though our polarization-dependent symmetry-selective study has gone some way
to addressing the defecit in reported observation of the axes-projected O 2p PDOS in
rutile oxides, the work continues with a larger set of materials such as IrO,, CrO, and
WO,, which when combined with the results presented in this thesis will approach a
systematic study of the projected O 2p PDOS with d-shell filling in rutile-type crystal
structures.

Experimental and simulated RXES at the metal L-edge is also an interesting
prospect, and will provide a more complete analysis of the bonding in rutile oxides.

Experimental and simulated RXES at the F K-edge in rutile type fluorides such
as MnF5 has already begun within our research group by Declan Cockburn and Dr.
Cormac McGuinness, to investigate the effects of the electronegativity of the anion

on the bonding in the rutile structure.
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