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Introduction

One of the most fascinating challenges in modern solid state physics, both from a theo-
retical and an experimental point of view, is the comprehension of electron correlation
and how it can affect the macroscopic properties of materials. Effects of electron cor-
relation are extremely important in materials with open d and f electron shells, where
electrons are confined in narrow orbitals and the interaction between the electrons inter-
nal degrees of freedom are enhanced. In fact these systems are known to display some
of the most intriguing phenomena in condensed matter physics, such as:

e huge changes in the resistivity passing the metal-insulator transition in vanadium
oxide or upon application of a magnetic field in manganites;

e considerable volume changes across phase transitions in actinides and lanthanides;

e high superconductivity transition temperatures (above liquid nitrogen tempera-
tures) in copper-oxygen planes based materials.

The possibility to exploit these properties to realise devices has driven many theoretical
and experimental efforts directed to understand how to describe these phenomena and
how to control them by manipulating external parameters such as temperature, doping,
etc.

From the experimental point of view, one of the techniques of choice that in the last
decades has been extensively applied to the problem of comprehending electron-electron
interaction is photoelectron spectroscopy (PES) [1]. For example from the interpretation
of satellite structures in the valence band spectrum of NiQ, it was first identified the
charge-transfer character of the insulating gap of this oxide, helping establish the dif-
ference between Mott and charge-transfer insulators [2]. On the other hand, important
information on the correlated nature of electrons can also be gained by studying the fine
structure of core level spectra, as in the case of the copper dihalides [3].

For a correct interpretation of PES data, it is necessary to consider the N-body nature
of atoms, molecule and solids. Usually the description of the photoemission process is
based on a number of assumptions, among which one of the most important is the so-
called sudden approrimation, where it is assumed that the photoexcitation is fast with
respect to the motion of the remaining N — 1 electrons (which are sometimes called
passive electrons). In this limit, it is possible to show that the photo-ionisation cross
section is the product of a one-electron matrix element (for the electron which is being

1
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photoemitted) with a N — 1 overlap integral between the ionic wave function in the final
state and a representation of the initial-state passive electrons. However, since electrons
interact with each other, after the ejection of the photoelectron, the system will try to
minimise its energy by rearranging its remaining N — 1 electrons to screen the positive
charge of the photohole: especially for strongly correlated materials, there will be several
ways to do this, and then there will different final states over which the representation
of the initial-state passive electrons can be projected. This different final states can be
identified as satellite structures in core level spectra accompanying the so-called main
line. The energy positions and the intensity of the satellites can then yield an insight
on the nature of the correlation between electrons in the systems [1, 4].

Over the last decade, thanks to advances in the development of beamlines based at
synchrotron radiation facilities, PES has been successfully extended to hard X-ray regime
(hw > 2 keV). This hard X-ray photoelectron spectroscopy (HAXPES) has the advantage
with respect to conventional PES, to provide information on the chemical states of
atoms with real bulk sensitivity (information depth up to 15-20 nm when the electron
kinetic energy is > 5 keV). This becomes particularly important when trying to probe
bulk electronic properties of strongly correlated systems. In fact for these systems the
intrinsic surface sensitivity of standard PES becomes a limitation, since effects occurring
at surfaces such as structural distortion, stoichiometry changes, strong reactivity to
external agents and major atomic and/or electronic reconstruction can severely influence
electron correlation [5].

One of the most important results obtained through HAXPES, has been the identifi-
cation of a completely new class of low binding energy satellite features, which have
been named eztra-peaks, which are particularly intense and resolved in the 2p core level
spectra of 3d transition metal oxides [6] and more recently in diluted magnetic semicon-
ductors [7]. These features were already known in the soft X-ray (more surface sensitive)
spectra of 4d and 4f based systems, but not in 3d based materials. Several experiments
have proved how these peaks are connected to the conduction and magnetic properties:
for example in manganites such features are seen in the metallic phase and disappear
when the systems goes into the insulating phase. Furthermore they are not detectable
when low energy electrons are employed, suggesting that the electronic screening (hence
the correlation between electrons) is different at the surface and the bulk of materials.
The fact that these structures can be seen only when determined conditions are achieved,
has led to question whether they could be used as a spectroscopic “fingerprint” of the
metallic character in systems close to the metal-insulator transition and/or to evaluate
the quality of samples produced for device implementation. Related to this issue, it
would be important to know whether such peaks appear gradually or suddenly at a
certain probing depth (i. e., when a certain electron kinetic energy is achieved) and also
to put some constraints on the values of this “critical thickness” on different class of
materials.

We have addressed this issue to some extent in this thesis work by exploiting the broad
photon energy range achievable at the 109 beamline of the Diamond synchrotron ra-
diation facility (Didcot, United Kingdom). In particular, we have studied the photon
energy dependence of a low binding energy peak in the photoemission spectrum of Mn
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2p in both Ga;_,Mn,As (emblematic representative of the class of diluted magnetic
semiconductors) and Laj_,;Sr,MnO3 (distorted perovskite material known to display
colossal magnetoresistance). This study has highlighted how in both systems, the con-
tribution of the extra-peak to the total amplitude of the Mn 2p core level spectrum is
significantly reduced when the energy of the probing photons is reduced. This behaviour
has been interpreted by assuming the existence of a layer of material close to the surface
where the screening channel associated to the extra-peak is suppressed with respect to
the bulk. This slab in which the extra-peak is absent attenuates the signal coming from
the “substrate”: by considering a simple exponential attenuation of the intensity of the
satellite, an estimation of the thickness of this layer can be obtained. This type of anal-
ysis has revealed that in manganites the attenuating layer is significantly thicker with
respect to Gaj_,Mn,As.

We have cited earlier that 4d systems display well screened features in the core level
spectra already in the soft X-ray regime. As example of this class of compounds, rutile
RuOs samples have also been investigated with HAXPES. The Ru 3d spectrum of this
system (and of ruthenates in general) show a strong well screened peak which is more
intense of the poorly screened one, already at conventional photon energies. We will
show however that also these structures evolve as a function of the kinetic energy.

Furthermore, one of the most straightforward advantages of HAXPES is that it gives
the possibility to probe deep core levels, such as the 1s of transition metal elements,
which are not accessible in the photon energy range exploited in conventional PES. In
general the lineshape of these core levels is expected to be simpler, given the absence
of effects such as spin-orbit splitting and the reduction of exchange splitting due to
the small superposition with valence orbitals and can give additional information on the
screening processes which are associated to satellite features in photoemission spectra. In
particular, it can be expected that the presence of a core-hole in the 1s orbital has weaker
influence on the 3d states with respect to the case of a 2p photohole. As a representative
system we have characterised at the GALAXIES beamline of the SOLEIL light source
(Saint-Aubin, France), the 1s and 2p core level spectra of anatase TiOz, a material
which is considered particularly promising for photocatalytic applications, revealing in
the case of the 1s a couple of satellite features which can be related to electronic charge
moving from the 2p ligand levels to the crystal-field split 3d levels of the metal atom.

Due to the importance that HAXPES has gained in the ten years since its first develop-
ment, there are already plans to extend this technique to the time domain. By exploiting
the unique characteristics of the light produced at X-ray free electron lasers (XFELs),
especially the very short duration on the pulses (tens of fs), it should be possible to
use HAXPES to extract dynamical information at the time scales typical of electronic
processes [8]. This will require a huge effort to realise spectrometers able to detect in a
pulse-by-pulse fashion, high intensity photoelectron beams with good time (< 1 ns) and
energy (~ 100 meV) resolution. We have addressed this issue by studying through elec-
tron trajectory simulations the behaviour of two different types of time-of-flight (TOF)
electron spectrometers suitable for time-resolved HAXPES at the European X-ray Free
Electron Laser (EXFEL), a fourth generation synchrotron radiation light source which
is currently under construction at Hamburg, Germany.
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This thesis work is organised as follows: in Chapter 1 the role of satellite structures
in photoemission spectra in revealing the strongly correlated nature of 3d electrons in
transition metal compounds is presented, with a particular emphasis on the contribution
of HAXPES to the argument. In Chapter 2 a brief introduction on synchrotron radia-
tion, which is one of the fundamental ingredients to perform HAXPES experiments, is
given and the experimental stations where the data for this thesis have been acquired
are described. The results of the work are presented in Chapter 3: core level spectra of
Gag.grMng.13As, Lag ¢5910.35 MnOj3 films with different strains, RuOs films with different
crystallographic orientation and TiO9 samples with different oxygen vacancy concentra-
tion are studied through HAXPES. These results are then discussed in more detail in
Chapter 4. Finally in Chapter 5, preliminary data obtained by time-resolved HAXPES
on Laj_;Sr,MnQg are briefly shown and the results of electron trajectory simulations for
two different time-of-flight spectrometers suitable for HAXPES experiments at pulsed
source like the EXFEL are presented and discussed.



Chapter 1

Photoelectron spectroscopy on
transition-metal systems

1.1 Strongly correlated d-systems

overlap
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Conduction
band

Bandgap

Electron energy

- Valence
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FIGURE 1.1: Schematic representation of the electronic structure around the Fermi
level of metals, semiconductors and insulators as expected from band theory.

With the advent of quantum mechanics in the first decades of the 20th century, the de-
scription of noninteracting or weakly interacting electrons in a periodic crystal lattice led
to band theory and to the first discrimination between metal and insulators (semicon-
ductors) based on the filling of the electronic band at absolute zero temperature [9-11].
If the highest occupied band (valence band) is completely filled, then the Fermi level lies
in the gap between this band and the lowest unoccupied band (conduction band) and we
have an insulator, as in the case of AloOg. If the gap is so small that electrons can be
thermally excited to the lowest empty band we have a semiconductor, as Si for example.
On the other hand if the highest occupied band is only partially filled as in the case of
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Cu, then the Fermi level lies inside this band and the system is a metal. A metallic sys-
tem can also arise when the valence and conduction bands overlap, as in the case of Mg.
This is schematically represented in Fig. 1.1, where the valence and conduction bands
are represented by rectangles, along with the position of the Fermi level (solid horizontal
line). This approach, which can describe the physical properties of many materials, is
however not adequate to account for materials like transition metal oxides (TMO) as
NiO for example, describing them as metals while experiments proved them to be poor
conductors if not insulators [12]. Indeed in these systems, characterised by atoms with
partially filled d or f electron shells, the electrons are closely confined in these orbitals
and then experience strong Coulomb repulsion. Furthermore, they can also interact
through their spin and orbital angular momenta: this interplay among various degrees
of freedom can lead to rich phase diagrams, where small changes in external parameters
such as temperature, pressure or doping can cause significant variations of macroscopic
properties. In Fig. 1.2 for example the electronic phase diagram in the plane of doping
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FIGURE 1.2: Electronic phase diagram in the plane of doping concentration z and

temperature for distorted perovskite La;_,Sr,MnO3. Various states are possible: CI,

spin-canted insulating; FI, ferromagnetic insulating; FM, ferromagnetic metallic; PI
paramagnetic insulating; PM paramagnetic metallic. Adapted from [13].

concentration z and temperature for distorted perovskite Laj_,Sr,;MnQg is reported.
We see that for x < 0.15 exists a temperature at which the material undergoes a tran-
sition from the paramagnetic insulating (PI) to the spin-canted insulating (CI) phase,
although for > 0.10 this spin-ordered phase is almost ferromagnetic. Increasing more
the doping a full ferromagnetic phase is reached, with the Curie temperature increasing
strongly with the doping concentration, until saturation is reached around x = 0.3.

One of the most known consequence of electron correlation is the metal-insulator tran-
sition (MIT) [13], which occurs for example in transition metal oxides with open-shells,
where resistivity can change as a function of external parameters in some cases over
several orders of magnitude. In Fig. 1.3 the dependence from temperature of the resis-
tivity in crystals of Laj_,Sr,MnOg with different doping levels is reported. The arrows
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FIGURE 1.3: Resistivity of La;_,Sr,MnOj3 crystals as a function of the temperature

for different concentration levels x. The Curie temperature of the manganites is repre-

sented by the arrows, while the structural transition temperature is represented by the
triangles. Adapted by [13].

indicate the Curie temperature of the system and triangles the critical temperature for
a rhombohedral-orthorhombic structural transition. Band theory, which considers only
the interaction of a single electron with the average potential of the nuclei and other
electrons, is simply not adequate to describe the insulating state and its fluctuations to
the metallic state, as the role of correlated electrons is prominent in this phenomenon.
The insulating state is called Mott insulator after Mott, who first developed a theoret-
ical framework to describe the connection between electron correlation and such state
[14, 15]. He described the systems as a lattice with one orbital on each site: in absence
of correlation, a single band would arise by the superposition of all electron orbitals.
However, when two electron reside on the same lattice site, they would feel a strong
repulsion, which would split the band in two. The lower band would be formed by those
electrons which reside alone on a lattice site, while the upper band would be made up
by those electrons which occupy a site where an electron is already present. If all sites
would host just one electron, only the lower band would be full and the system would
result an insulator. Understanding the transition between Mott insulators and metals,
proved to be more difficult, but the first results were achieved with the so-called Hubbard
model [16]. In this approach, only electron orbitals near the Fermi level are considered,
which can be sufficient when describing low energy and low temperature properties and
when few (or in some cases only one) bands are involved. For a single band close to the
Fermi level, the Hubbard Hamiltonian reads

1 1
Hpy = Z tij(clgcj'o + C;UCio) + UZ (nm - 2> <"m - 2> - Mznw, (1.1)
] 10

(i),0

where t;; is the matrix element describing the hopping of an electron with spin o from
an orbital on site i to one on the site 7, cja(cig) represents the creation (annihilation)
operator of an electron on the site ¢ having spin o, U is the local Coulomb interaction
between two electrons occupying the same lattice site, nj = c;.r,rc“ (n;y, = CLCZ' 1) is the
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number operator of spin “up” (“down”) electrons and p is the chemical potential. ¢;;
represents the kinetic energy of electrons which hop between atoms, while the electron
interaction energy is accounted for by the U parameter. These two terms are in com-
petition, since the first favours the delocalisation of the electrons, while the second has
a minimum when electrons are localised on different lattice sites. ¢;; determines the
bandwidth W: the U/W ratio, along with other parameters such as the temperature
T and the doping or number of electrons, determine the properties of the systems in
the framework of the Hubbard model. One of the most important questions, is how
the spectral function (and consequently the density of states) varies as a function of
the U/W ratio. This is pictorially represented in Fig. 1.4, which reports the density
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FIGURE 1.4: (a) Electron DOS for a metallic system in the case of entirely independent

electrons (U = 0). (b) DOS in the weakly correlated regime (U/W = 0.5). Electrons

can be described as quasi-particles whose DOS resembles the one for free-electrons.

(c) DOS for strong correlated metals (U/W = 1.2), characterised by the quasi-particle

peak at the Fermi level and the Hubbard bands. (d) DOS for a Mott-Hubbard insu-

lator (U/W = 2), where electron interactions have caused the quasi-particle peak to
disappear. Adapted from [17].

of states (DOS) of electrons in a material for different values of the U/W ratio; in this
picture the occupied bands are violet, the un-occupied bands are white:

e (a) U =0, is the case of delocalised electrons, where the DOS is assumed to be an
half-ellipse, with the Fermi level in the middle, as in the case of a metal;

e (b) U/W = 0.5, is the case of a weakly-correlated metal, when electrons can be
described in terms of quasi-particles (electrons “dressed” by the interaction);

e (c) U/W = 1.2, is the case of a strongly-correlated metal, where the DOS exhibits
a quasi-particle peak at the Fermi edge and the two Hubbard bands due to local
excitations broadened by the hopping of electrons to another atom;
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o (d) U/W = 2, is the case of a Mott-Hubbard insulator, where the electron inter-
actions are sufficiently strong to suppress the quasi-particle peak, whose spectral
weight is distributed between the two Hubbard bands. The lower band is a sim-
ply occupied band (electron with one spin projection) and the upper band can be
occupied by electrons with both spin projections.

Actually, the Hubbard model considers only electrons in s orbitals, while the MIT is
mostly known in d-electron systems, namely transition metal (TM) compounds. In line
with the above presented model one would expect that the gap is formed as a consequence
of the splitting of the d band into an upper and a lower Hubbard band. The separation
between the bands could be the on-site Coulomb interaction U we introduced in Eq. 1.1
and the only possible excitations across the gap should be of the type (d"); + (d"); —
(d"1); + (d"1);, meaning that in the initial state there are n electrons in the two d
orbitals centered around two different lattice sites ¢ and j while in the final state we
have n — 1 electrons on the site ¢ and n + 1 in the site j (an electron has passed from
the lattice site i to j). However, photoelectron spectroscopy results showed that in some
transition-metal oxides like NiO [2, 18], the smallest possible excitation involves p — d
charge transfer, (d"); + (d"); — (d"L); + (d"*1);, where L indicates a hole in the ligand
L (in this case the oxygen orbital which bridges two d orbitals). In this case in fact
the oxygen p band is found between the two Hubbard bands, so that the p — d charge
transfer energy A < U. This kind of difference in the nature of the energy gap has
brought Zaanen et al. [19] to separate insulators in two types:

e if the gap is formed between the occupied Hubbard lower d band (if this band
is occupied, it means that there is one electron per site) and the empty upper

Hubbard d band = Mott-Hubbard insulators (VoO3, TisO3, Cra03);

e if the p level is close to the Fermi level, the ligand p band lies in between the
Hubbard d bands, so the gap is of p — d type = charge-transfer insulators (NiO,
FeO, LaMnOs).

This separation can be better explained in Fig. 1.5, where a schematic energy-band dia-
gram is reported for (a) Mott-Hubbard and (b) charge-transfer insulators; for both types
of insulators, the energy-band diagram in a single-electron picture is also represented.

The results on the valence band NiO, helped establish photoelectron spectroscopy as
one of the major tools in understanding the electronic structure of correlated TM, in
particular thanks to the study of the variation in position and intensity of satellites
structures accompanying the main features [2, 18]. Satellites peaks are also found in
photoemission spectra of core-levels [3], in particular in the hard X-ray regime, whose
higher bulk sensitivity with respect to conventional photoelectron spectroscopy helped
identifying screening channels which are evidently suppressed at the surface [6, 7, 21, 22].
Some details on the spectral line shapes and the proposed mechanisms for the appearance
of these satellites will be the subject of Sec. 1.2.
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FIGURE 1.5: (a) Pictorial representation of Mott-Hubbard insulator density of states in
a single electron picture and correlated electron model (left and right side, respectively).
(b) Pictorial representation of charge-transfer insulator density of states in a single
electron picture and correlated electron model (left and right side, respectively). The
lower Hubbard d band is in dark gray, the upper Hubbard d band is in white, the p
band is in light gray. Ep is the Fermi level (dotted-dashed line), U is the on-site d
Coulomb interaction and A is the p — d charge-transfer energy. Adapted from [20].

1.2 Core level satellite lines
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FIGURE 1.6: Schematic photoemission spectrum reporting the adiabatic peak along
with shake-up and shake-off satellite structures.

The presence of satellite lines in photoemission spectra is due to the many-body nature
of atoms: during the photoemission process, after the photoexcitation, the system can
project over various different final states, because the wave-functions of the initial and

final states are different [4]. In order to excite these states, energy must be provided, so
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that these transitions are identified in a spectrum by features at lower kinetic energies
with respect to the peak associated to the ground state (which is also called adiabatic
peak, see also Fig. 1.6). If such transitions involve a final bound state, then the associated
peak is called a shake-up peak; on the other hand if a continuum state is interested, the
satellites structures are identified as shake-off. As these structures are created during
the photoemission process, they are sometimes called intrinsic. In solids however, as the
photoelectrons must travel through a volume containing other electrons before leaving
the material, they can excite these other electrons by giving them part of their energy and
then observed with a lower kinetic energy than expected. On the other hand, part of the
electrons will travel through the solid without losing any energy: these photoelectrons
will form the so-called no-loss line, while those which underwent collisions inside the
material will be distributed in an inelastic tail. Usually this tail is formed by broad
discrete peaks and a continue feature-less part. These structures are usually called
extrinsic, because they arise following energy-loss events suffered by the photoelectron
on their way to the surface.

We will now give a basic description of intrinsic satellites in the simple case of open
shell solids (containing 3d, 4d, 5d, 4f o 5f elements), following the approach of Hiifner
[1]. For this class of systems the analysis of satellite lines is made “simple” by the fact
that their d- or f-electrons are quite localised also in metals. In first approximation,
this allows to use a simple molecular orbital approach, in which the d or f part of the
system is described by one orbital and the ligand or valence band by another. A more
accurate approach consists in representing the solids by means of clusters; although this
neglects the intrinsic “infinite” nature of a solid, by using ligand field or configuration
interaction theory, the energy levels of solids can be calculated with a high degree of
accuracy. Another approach, based on a modified version of the Anderson Hamiltonian,
which describes the interaction of localised and extended states, has also been intensively
used to understand the nature of excitation spectra of solids characterised by localised
electrons. With the extension of photoelectron spectroscopies to the hard X-ray regime,
new features in core-level spectra of strongly correlated systems have been identified,
whose theoretical description as combination of local and nonlocal screening or as conse-
quence of screening from coherent or doping induced states at and near the Fermi level
is still under debate.

1.2.1 Kotani-Toyazawa model

It was Kotani and Toyazawa that first presented an explanation for the appearance of
satellite lines in the core level spectra of open d- and f-shell systems: they attributed it
to the existence of different screening channels after the formation of a core level hole
[23, 24], idea which was then validated with experiments on Ni metal [25]. The Kotani-
Toyazawa model is described pictorially in Fig. 1.7, for a metal in the top panel and for
an insulator in the bottom panel. The fundamental ingredients are the reorganisation
of the electronic structure after the creation of a core-hole in the photoemission process
and the transfer of electronic charge to screen such photohole. The metal is simply
represented by:
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FIGURE 1.7: Pictorial representation of photoemission from a metal (upper panel) and
an insulator (lower panel) in the framework of the Kotani-Toyazawa model. Adapted
from [1].
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while the insulator is formed by a ligand/metal pair, where:

e the ligand has
— a p band,

e and the metal ion

— a core level (c) where the photohole is created,;

— an unoccupied d (f) level (close to the Fermi level, Ep);

— an unoccupied s/p band.

Both systems present an unoccupied (and quite localised) d (f) level, which in the

photoemission process is pulled below the Fermi level, forming along with the photohole
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in the core level, a two-hole state. In the case of the metal, in order to minimise the
energy of the system, this two-hole state can project over two possible final states:

e one where the two holes are screened by the delocalised s/p band = satellite
line, (final state “final (1)” in top panel of Fig. 1.7);

e one where charge is transferred from the s/p band to the d level, which now screens
the photohole = main line, (“final (2)” in bottom panel of Fig. 1.7).

Given its localised nature, the d level will be more efficient in screening the photohole
than the extended s/p band and for these reason this second state will have a lower
binding energy than the first state. Also in the case of the insulator, after the creation
of a photohole in the metal ion core level, we have two possible screening scenarios:

e both the metal ion s/p band and d level are pulled below the Fermi level and charge
is transferred from the ligand p band to the metal ion s/p band = satellite line,
(“final (1)” in the bottom panel of Fig. 1.7);

e only the d level is pulled down the Fermi level and screens the photohole with the
charge received by the ligand p band = main line, (“final (2)” in the bottom
panel of Fig. 1.7).

For both metal and insulator, “final (1)” and “final (2)” states correspond to satellite
and main line, respectively.

In order to quantitatively apply this model, in principle band structure calculations
for the one-hole final state are needed. However, this situation can be simplified for
insulators by representing the solids with one metal ion surrounded by a cluster of
ligands, which in turn allows a molecular-orbital configuration interaction approach to
be used. Finally, the valence orbitals can be described in terms of one metal orbital and
one ligand orbital, whose interaction gives rise to two molecular orbitals [26]. In this
simple version of a cluster approach, the metal s/p band is missing and cannot then be
populated in order to screen the photohole as described above; however this band has
a strong delocalised character, which means that following its overlap with the ligand
p band, there will be not much charge accumulated around the metal ion (where the
photohole is). For this reason the screening channel which gives rise to the satellite line
in Fig. 1.7 is often referred to in the literature as non-local screening.

1.2.2 Gunnarson-Schonhammer theory

We have seen how features in core-level photoemission spectra can be understood in
terms of screening of the core photohole by electrons occupying orbitals centered on the
ionised atom. The shape of the photoemission line is related to the coupling between
the screening electron and the other occupied, delocalised levels in the initial state.
Initially developed to interpret photoemission spectra from Ce (4f) compounds, the
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Gunnarson-Schonhammer theory was one of the first attempts to directly incorporate
correlation effects between electrons in narrow bands [27]. It can be used to derive both
core and valence spectra at zero temperature. The essential points of the model can

MODEL EXPERIMENT

a) M well well

INTENSITY

— A KINETIC ENERGY —

FIGURE 1.8: Comparison of photoemission spectra from core levels of metals (Ce 3ds /2,
Th 4f7/5 and Ti 2p3/5) with theoretical results obtained by applying the Gunnarson-
Schénhammer model of screening in photoemission. Adapted from [28].

be discussed by looking at Fig. 1.8. The role of a screening orbital is determined by
its relative position with respect to the Fermi level (A4 in the inset of Fig. 1.8) and
on the degree of coupling with the occupied levels, expressed in terms of the width of
the screening level (Wg in the inset of Fig. 1.8). After the creation of a photohole,
the energy of screening level is decreased by an amount U,. (see the inset of Fig. 1.8)
and will pass below the Fermi level: then the final state with the minimum total energy
will be the one in which an electron is transferred from level around the Fermi level
to the screening orbital. The peaks associated to such states are called well-screened,
and their intensity reflects the coupling of the screening level with the occupied states
in the initial configuration. We note by looking at the left panel of Fig. 1.8 that by
changing the value of the Wg/A, ratio, the peak shape changes from a situation in
which most of the intensity is in the poorly screened peak (curve (a) in Fig. 1.8), to
one in which most of the spectral weight has shifted to the well-screened peak. (curve
(d) in Fig. 1.8). These calculations are compared to XPS spectra of Ce 3ds/5, Th 4f7/,
and Ti 2p3/5 from Ce, CePd3, Th and Ti. In the case of metallic Ce, the Ce atoms
have a [Xe]4f!(5d6s)® configuration, while configurations with one more electron in the
4f (4f%) have a distance Ay = 3 — 7 eV from the Fermi level (in the absence of a
core-hole). When a core-hole is formed, the 4f2 configuration can pass the Fermi level
so that charge can be transferred in the 4f orbitals and screen the core-hole. From the
Gunnarsson-Schénhammer model it results that the 42 levels of Ce have a width of

!Please note that in contrast with what seen in the case of the Kotani-Toyazawa model, in this case
it is called satellite the peak associated to transition to the ground state (the well-screened peak).
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about Wg = 0.1 — 1.0 eV, which is quite less than A, . This means that in the initial
state they are poorly hybridised with the delocalised levels. This situation corresponds
the weakly coupled limit of the Gunnarsson-Schéonhammer model, and in fact in the
experimental spectra (Ce and CePdj in the right panel of Fig. 1.8) most of the intensity
is in the poorly screened peak. For Ti on the other hand, it is known that the 3d orbital
are quite localised and that the d"t! levels are close to the Fermi level. This means that
these levels will be hybridised with the delocalised occupied orbitals, and this situation
corresponds to the strongly coupled limit of the model, as confirmed by the fact that
in the experimental spectrum most of the spectral weight is in the well-screened peak.
These results we just illustrated, date as far as 1980 [28], however they represented the
first case in which it was demonstrated how the trend of intensity in the two peaks is
related to the degree of localisation of the orbitals involved in the screening. It led the
authors to suggest that “one could even use XPS line shapes to set up a scale of degree
of localisation of such screening orbitals”.

1.2.3 Cluster model and nonlocal screening effects

In the framework of the Gunnarson-Schohnammer theory we illustrated earlier, most
calculations are limited to a single transition metal ion or a small cluster of ligands
surrounding a central metal ion. In the case of NiO for example a NiOg cluster was used
[29], whose results for the Ni 2p spectrum is illustrated in the right panel of Fig. 1.9 (in
the inset the NiOg is represented). With this method three peaks are obtained:

e the most intense peak at 0 eV relative energy is associated to a final state with
main character 3d”L;

e the peak around 6 eV (the one in the middle) is instead related to a 3d'°L? final
state;

e finally the peak at highest energies is the one associated to the final state where
the hole in the 2p core level is left unscreened, which means a 3d®L configuration.

In the left panel of Fig. 1.9, curve (a) represents the experimental Ni 2p spectrum
measured from a NiO single crystal. It can immediately be noticed that there is an
intense feature at 0 eV relative energy, along with a less intense peak at around 2 eV:
this second peak is not reproduced in the cluster calculations reported in the right panel.
It was proposed that the extra-peak in the experimental spectrum could be accounted
for by including more metal ions in the cluster calculations [30]. In particular a NizOsg
cluster was used, formed by a central Ni atom surrounded by six NiOg clusters (see the
inset of the left panel of Fig. 1.9). In order to not include all the valence holes of this
cluster (it would have resulted in a fourteen particle problem), the holes of the NiOg
clusters have been frozen on the Ni atom, except for that cluster whose central atom
contains the core hole. The resultant spectrum is the (b) curve in the left panel of Fig.
1.9. It can be seen that an extra-peak on the high binding energy side of the main peak
appears, as a result of the screening by an electron which does not come from one of the
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FIGURE 1.9: Left panel: comparison of experimental Ni 2p spectrum from a NiO single

crystal (a) and the results from calculations with a Ni;Ogs6 cluster (b); the doubly

peaked main line is due to nonlocal screening. The cluster is sketched in the inset of

the picture. Right panel: Ni 2p spectrum calculated for a NiOg cluster, sketched in the

inset. It can clearly be seen that the calculation fails to reproduce the double peaked
structure of the main line. Adapted from [30].

O orbitals around the Ni ion with the core hole, but from a neighbouring NiOg cluster.
Thus the local configuration of the NiOg unit containing the core-hole has mainly 2£3d9
character. Overall, the spectrum shows good agreement with the measurements, which
led to propose [30] “that the doubly peaked main line is intrinsic for bulk NiO” and is
not due to defects, as it was previously suggested [31].

As we will be discussing later, nonlocal screening has also been used to explain the
presence of low-binding energy features in high-resolution hard X-ray photoelectron
spectroscopy on cuprates, manganites and ruthenates [32, 33]. It was also demonstrated
how these features can be very sensitive to external parameters such as temperature and
doping, not to mention changes in orbital occupation and orbital and/or spin ordering.

1.2.4 Dynamical mean-field theory and quasi-particle states

A different screening mechanism was proposed in the case of Mott-Hubbard systems,
able to explain the Ru 3d spectra of various ruthenates, which have interesting properties
related to the correlation among 4d electrons [34]. As illustrated in Fig. 1.10, the 3d
spectrum is formed by the spin-orbit doublet (splitting of about 4 eV), each peak of
which can be roughly separated in two components, which in a charge-transfer scheme
can be called the “screened” (“s” in Fig. 1.10) and “un-screened” peak (“u” in Fig.
1.10). It can be seen that in the insulating YoRusO7 compound the s peak is absent
and becomes more and more important for more metallic systems. Charge-transfer
mechanism as in the Gunnarsonn-Schénhammer theory alone is not able to explain
these kind of satellites, but some attempts were made by adding a nonlocal screening
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FIGURE 1.10: Ru 3d photoemission spectra measured on various ruthenates. s and
u indicate the screened and un-screened components, respectively, for the spin-orbit
doublet. Adapted from [34].

channel [32, 33]. It was also proposed that these satellite structures may be related to
the screening of the core-hole by quasi-particles on the Fermi surface [34] coexisting with
the Hubbard bands. This result was obtained by applying dynamical mean-field theory
(DMFT) [17] to a single-band Hubbard model including a core-hole potential. DMFT is
a technique which allows to map a many-body lattice problem to a single-site problem
with effective parameters. One of its major achievement has been the description of
the MIT in terms of the change of the ratio between the on-site Coulomb interaction
of conduction electrons and the bandwidth W, as it was illustrated in Fig. 1.4. In [34]
the origin of the two peaks which can be seen in Fig. 1.10 is investigated by calculating
the eigenvalues and eigenvectors of initial and final states for a four-site model. Three
energy levels in the conduction band were considered, representing a lower Hubbard band
(LHB) a coherent peak (CP) and a upper Hubbard band (UHB); when the core-hole is
formed, an impurity level at the core-hole site is considered as well. Then in the final
state there are three possible valence electron configurations, which are schematically
illustrated in Fig. 1.11.

e panel a) represents the d' configuration, where there is a hole in the core-level and
the associated impurity level is sketched as a dashed line;

e panel b) is the d2C final state, where an electron has been moved from the coherent
peak at the Fermi level to screen the d core-hole;
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FIGURE 1.11: Pictorial representation of the three main valence electron configurations
contributing to the core level spectra of ruthenates. Adapted from [34].

e panel c) is the d?L configuration, analogue to the previous case, with the only
difference that the electron screening the core-hole comes from the lower Hubbard
band,

where d is the impurity level, C' is the coherent peak at the Fermi level and L is the
lower Hubbard band. In panel d) and e) are represented two core-level spectra calculated
for the four-site model with a W/U ratio of 0.75 (narrow band case) and 1.5 (wide-
band case), respectively. It can immediately be seen that in the narrow band case, the
spectrum is dominated by the unscreened peak, which originated mainly from the d'
configuration, as it can be seen by the bar diagram in the panel d) of Fig. 1.11. In the
wide-band case the core level spectra present along with the d' peak, another structure
at low binding energies is visible, which originates from the d?C and d’>L configurations
(so actually there are two screening channels). These calculated spectra can help us
understand the relationship between the W/U ratio and the two peak structures which
are observed in Fig. 1.10. Materials which are Mott insulators are characterised by a
small value of the W/U ratio: in these systems the configuration d?C is absent both
in the ground and final state of the photoemission process and the unscreened peak
(mainly d' configuration) becomes dominant, while the screened peak due to the d?L
configuration can be seen close to the screened feature. The d2L configuration represents
the case in which there is a hole in the lower Hubbard band, whose shape is reflected
in a extra linewidth broadening of the core-level peak. For a metallic system the W/U
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ratio is higher and d?C configuration can now take part to the screening of the core hole
created in the photoemission process. It is associated to a sharp shake-down satellite
peak at lower binding energy, whose intensity increases with the weight of the coherent
peak at the Fermi level.

1.3 HAXPES

In the previous section we have seen how the electronic structure of strongly correlated
materials can be investigated by examining the details of the core level lines in photo-
electron spectroscopy. Established since the mid-1950s as one of the major techniques
for the characterisation of surface and bulk properties in a variety of materials, it has
found a renewed interest thanks to the extension towards high photon energies, hence
high electron kinetic energies. As a matter of fact, in the early stages of photoelec-
tron spectroscopy, hard X-ray sources based on Mo Ka (hw = 17479 eV) or Cu Ka
(hw = 8047 eV) were used. Later, the quest for higher energy resolution led to the use
of X-ray sources based on the Mg Ka (hw = 1253.6 €V) and Al Ko (hw = 1486.7 €V), of-
ten in combination with a crystal monochromator to reduce the photon bandwidth [35].
However, with the advent of synchrotron radiation facilities, it was demonstrated that
core level photoelectron spectroscopy was feasible also in the hard X-ray regime [36].
By using X-rays produced at the Stanford Positron Electron Accelerator Ring (SPEAR)
facility in combination with a double-pass cylindrical mirror analyser, these authors ob-
tained the Au 4f spectrum with electrons of kinetic energy around 8 keV, retaining an
energy resolution (combining the contribution of the electron energy analyser and the
photon bandwidth) of about 320 meV. On the other hand the count rate was extremely
low, i.e., around 25 counts/s on the 4f7/5 peak; since usually in the valence band the
count rate is significantly smaller than for core levels, it was immediately clear that it
was not possible to measure valence bands with this technique retaining an adequate
energy resolution (in general by properly choosing the settings of the electron analyser,
higher count rates can be achieved at the expenses of energy resolution). This strong
reduction of count rate with respect to conventional XPS based on Al Ka or Mg Ka
sources is due to the decrease of the photoionisation cross-section upon increasing the
photon energy as it can be seen in Fig. 1.12. Here the photon energy dependence of the
total atomic photoionisation cross-section for three transition metal elements, namely
Ti, Mn and Ru is reported; it can be seen how the cross-section decreases by at least one
order of magnitude when passing from Aw = 1 keV to hw = 10 keV. The sharp jumps
visible at certain photon energies correspond to the absorption edges of elements. Inter-
est towards high kinetic energy photoelectron spectroscopy was renewed after Kéver et
al. demonstrated, by using a Mo Ka source in combination with a new high resolution
spectrometer, the feasibility of high resolution Auger electron spectroscopy (AES) with
a significant increase of intensity with respect to previous results [38]. As we will be
showing later in this section, one of the main reasons hard X-ray photoelectron spec-
troscopy is used, is that it allows to retain a much higher bulk sensitivity with respect
to conventional XPS. So, in order to unravel the true bulk properties of materials and
highlight differences with respect to the surface, several groups attempted to perform
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FIGURE 1.12: Total photoelectric cross-section for three transition-metal elements (Ti,
Mn and Ru) in the 1-30 keV photon energy range. A log-log scale is used. Data
obtained from [37].

high kinetic energy photoelectron spectroscopy, trying at the same time to retain a good
energy resolution (few hundreds of meV) from both core levels and valence band. One
of the first groups to report on the subject was the group of Suga, which measured the
valence band of CeRusSis and CeRus compounds with an energy resolution of ~ 200
meV using relatively high photon energy (~ 800 eV) [39]. Despite the fact that the
photon energy was not so high with respect for example to the energy of Al Ka sources,
it is however quite larger than the photon energy used in ultraviolet photoelectron spec-
troscopy (UPS), which is a well-established technique to study valence band using helium
discharge lamps as photon sources (fiw = 21.2 eV). Furthermore, this was the first time
in which a group attempted to increase the bulk sensitivity in valence band measure-
ments by increasing the photon energy, while trying to maintain an adequate energy
resolution. Some years later, the group of Kobayashi used a modified version of Gam-
madata Scienta SES2002 electron energy analyser to perform hard X-ray photoemission
(hw = 5.95 keV) at the SPring-8 synchrotron [40]. These results paved the way for
dedicated experimental stations in some undulator based beamlines of synchrotron ra-
diation sources: one typical example is the VOlume sensitive PhotoEmission (VOLPE)
project at the undulator based ID16 beamline of the ESRF facility, which was based
on the development of a custom electron energy analyser able to reach a resolution of
about 70 meV [41]. A number of technical difficulties had to be overcome to develop
this instrument, such as the electrical isolation of components working at high voltages
(several kV) and the realisation of low noise and very stable power supplies. So, it was
only thanks to the combination of high intensity sources such as undulators at third
generation synchrotron radiation facilities and high efficiency electron energy analysers
that HAXPES became feasible.
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As reported by Fadley [35], the intensity of a photoelectron line of a given component
of a spin-orbit doublet identified by the quantum numbers nlj, associated to an atom @)
in a homogeneous polycrystalline sample can be written as a product of terms related
to the source, the sample and the analyser:

dO’inj
dQ?

I(in]) = Io(hw) X AO X (hw) X QO X pg X AMED<Ekm> X D(), (12)

where

e [y(hw) is the incident X-ray flux;

e A is the illuminated sample area which is seen by the analyser;
o doguj(hw)/dSY is the differential photoionisation cross-section;
e (g is the solid angle accepted by the analyser;

® p( is the density of atoms Q;

e AyEp(Ekin) is the mean photoelectron escape depth;

e Dy is the overall detection efficiency.

High intensity sources such as undulators at third generation synchrotron light source
in combination with hard X-ray monochromators provides hard X-ray photon beams
as intense as ~ 10 — 102 photons/s and as monochromatic as A(hw) < 0.1 eV.
With the proper set of optics, such beams can be focussed on spot sizes at the sample
position as small as few tens of pm, which is well matched to the acceptance area Ag
of the current class of electron spectrometers. Due to the strong suppression of the
photoionisation cross-section at high photon energies as suggested in Fig. 1.12, it is
important that as many photons as possible fall inside the analyser field of view. It can
be demonstrated that if A is sufficiently small, with a proper set of electron optics able to
retain sufficiently large values of retardation R (ratio between the photoelectron kinetic
energy and the pass energy of the dispersive element of the analyser) and magnification
M (ratio between the area of the photoelectron beam at the entrance of the dispersive
element and Ap), then a quite large value of €y can be achieved along with an adequate
energy resolution [35].

If a sufficiently focussed spot is achieved, a grazing incidence of photons can be used
in order to irradiate the widest possible sample area without degrading the energy res-
olution. Such a geometry is already used in conventional XPS, because it is known to
significantly suppress the inelastic background of the spectra, in particular for angles
smaller than the critical angle for X-ray total reflection [42]. In this condition, the mean
excitation depth of photons is reduced to values comparable with the mean escape depth
of photoelectrons; however, in order to retain a sufficiently high bulk sensitivity (which
is one of the main reasons for which HAXPES is performed), it would be desirable to
work at angle slightly larger than the critical angle, in such a way that the mean ex-
citation depth would be still higher (ten times or more) than the photoelectron mean
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FIGURE 1.13: Sketch of a photoemission experiment in the case of a solid sample

and an hemispherical electrostatic analyser: electrons from the sample are sent into

the analyser by a retarding, imaging lens. The red arrows represent photoelectron

trajectories. The fundamental parameters related to the final photoelectron intensity
(as discussed in the text) are also indicated. Adapted from [35].

escape depth. This configuration in principle allows to collect bulk sensitive spectra
with a suppressed inelastic background.

The last important point concerns the ability to detect multiple energies in the final focal
plane of the analyser; in fact this increases sensibly the Dg factor introduced in Eq. 1.2.
Nowadays this is made possible thanks to several approaches, such as microchannel plates
(MCPs) coupled with resistive anodes or charged-coupled device (CCD) detectors.

Thus, thanks to the availability of third-generation synchrotron radiation sources, to-
gether with retarding energy analysers designed to take advantage of the small spot
sizes which can be achieved at synchrotron beamlines, coupled to suitable detectors for
parallel acquisition, adequate data acquisition rates and good energy resolution can be
achieved in spite of the decrease of photoionisation cross-section when going into the
hard X-ray regime.

1.3.1 Information depth in HAXPES

Standard PES has helped tremendously in the investigation of the electronic properties
of matter over the last decades, also thanks to its intrinsic surface sensitivity (probing
depth of 0.5 — 2 nm in the typical PES analysed electron kinetic energy range 20 — 1500
eV), which makes it a technique a choice for the characterisation of the topmost atomic
layers of a solid. This is mainly due to the fact that photoelectrons must travel in the
solid, where they can interact with other electrons and various degree of freedom of the
material, losing then energy. The distance from the surface from which photoelectrons
can be obtained is usually quantified in terms of the so-called inelastic mean free path
(IMFP), whose dependence from the photoelectron kinetic energy is reported in Fig.
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1.14 for 41 elemental solids, as calculated by means of the TPP-2M algorithm [43]. We
can see that in the 100-1000 eV range. accessible with conventional XPS, the IMFP is
less than 10 A. This intrinsic surface sensitivity of XPS can sometimes be a limitation, for
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FIGURE 1.14: Calculations of inelastic mean free paths (IMFPs, Ay) for 41 elemental

solids, using the TPP-2M algorithm [43]: Li, Be, three C allotropes, Na, Mg, Al, Si, K,

Sc, Ti, V, Cr, Fe, Co, Ni, Cu, Ge, Y, Nb, Mo, Ru, Rh, Pd, Ag, In, Sn, Cs, Gd, Tb, Dy,

Hf, Ta, W, Re, Os, Ir, Pt, Au and Bi. Diamonds and the alkali metals are explicitly

indicated to show what electronic structure behaviour can induce deviations from the

“general behaviour”. The dashed line indicates the first approximation A o E:’®
behaviour at high kinetic energies. Adapted from [44].

example when wanting to investigate true bulk properties with negligible contribution

from the surface or access buried interfaces [45]. However, by looking again at Fig.

1.14, we can see that the IMFP increases roughly as E,Sif_o'lo for energies above 1
keV. It becomes immediately clear then that HAXPES offers a significant increase in
the bulk sensitivity with respect to standard XPS. For example, in the case of metallic
Au and a kinetic energy of 10 keV, the value of A, can be estimated to be as high
as ~ 70 A [35]. A more systematic study for high energy electrons (4 — 6 keV), on
wedge-shaped samples of different class of materials, ranging from noble metals (Cu),
open 3d shell metals (Co), semiconductors (Ge) and an open 4 f shell strongly correlated
oxide (Geg0O3), has confirmed that HAXPES “has the necessary probing depth to be
considered a volume sensitive technique” [46]. To be more quantitative, the authors
reported values of experimental attenuation lengths (EALs) ranging from 45 — 50 A at
4 keV and 60 — 65 A at 6 keV for Co, Cu and Ge, in fair agreement with theoretical
calculations [47]. This also proved how elemental depth profiles can be obtained by
changing the excitation photon energy. Furthermore, they were able to estimate the
contribution of the surface layer to the total intensity: in the case of Cu, it resulted that
for 6 keV electrons, the contribution of a 5 A surface layer was around 7%, while at 600

eV it was about 46%.
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1.3.2 Bulk-only well-screened peaks in HAXPES

It turned out that HAXPES experiments not only are able to access information from a
larger probing depth with respect to standard XPS, but also have revealed the presence
of “bulk-only” features in core-level and valence band spectra, which are not visible
with more surface sensitive PES. The first study where, to our knowledge, this was
shown, is a paper of 2004 by Horiba et al. on Laj_,Sr,MnO3 [6]. A very detailed
experimental and theoretical study of core-level lineshapes measured by HAXPES on
one Mott-Hubbard (MH) system, namely V;9gCrg 0203 and one charge-transfer (CT)
system, namely the optimally doped high-T> cuprate BiaSroCaCuzQOgis crossing the
metal-insulator transition, has been presented by Taguchi et al. [48]. They showed
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FIGURE 1.15: a) V 2p HAXPES spectra from V; 9gCrg 9203 in the paramagnetic
metallic (PM) phase (red circles, T' = 220 K) and antiferromagnetic insulating (AFI)
phase (blue triangles, T'= 90 K). b) Comparison of the experimental result in the PM
phase with configuration-interaction cluster model calculations. In the inset, the O 1s
spectrum is showed. ¢) Comparison between the Cu 2p spectra from BizSroCaCusOgy s
in the hard (5.95 keV) and soft (1.5 keV) X-ray regime (filled red circles and blue open
triangles, respectively) at room temperature and HAXPES spectrum at 7' = 30 K. d)
Results of cluster calculations of the hard (red dashed line) and soft X-ray (blue solid
line) Cu 2p spectra. Adapted from [48].

how the spectral features of V 2p and O 1s in V1.93Crg 0203 are modified upon crossing
the metal-insulator transition, in particular a low binding energy structure at 512.5 eV
in the V 2p spectrum is visible only in the paramagnetic metallic (PM) phase. This
well-screened peak had been seen in earlier soft X-ray studies, but appeared only as
a weak shoulder and had been attributed to changes in the core-hole screening in the
metallic and insulating phase [49]. The possibility to measure valence band on V203
with “high” photon energy (700 eV) with a good overall energy resolution (< 200 meV)
had previously allowed to identify the presence of an intense coherent peak at the Fermi
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level (EF) in the PM phase which disappears in the antiferromagnetic insulator (AFI)
phase [50]. It was then suggested that the feature we described above in the V 2p
HAXPES spectrum was related to screening by states at Ep. Simply by adding charge
transfer from a coherent band (approximated like a level) at Er in a cluster model,
the authors were able to reproduce the spectrum, as it can be seen by the theoretical
curve (solid line) in panel b) of Fig. 1.15. It must be noticed that this mechanism is
analogue to the one which is obtained by applying DMFT, as discussed in Sec. 1.2.4.
A following paper by Panaccione et al., where the authors applied HAXPES to study
of both core-level and valence band of V503, confirmed the correlation between the low
binding energy satellites observed in the V 2p and V 3p spectra and the coherent peak
at the Fermi level in the metallic phase [22]. As screening from states at Er implies
nonlocal (long-range) screening of the core-hole, Taguchi et al. compared their results on
V303 to the case of BisSroCaCuy0sg45, whose Cu 2p spectra in the soft X-ray range had
been explained in terms of the competition between local and nonlocal screening channel
[51]. It resulted that in both cases, the lowest binding energy feature, could be assigned
to bulk screening by part of a coherent band. On the other hand, some questions arise
when looking more carefully to panel c¢) of Fig. 1.15. Here the HAXPES spectra at room
temperature (filled red circles) and at 7' = 30 K (empty green circles) are compared,
but they do not show many differences; however, comparing the HAXPES with the soft
X-ray spectrum (blue triangles), it can be seen that the high-binding energy satellites
increases significantly when bulk sensitivity is achieved. In this case with the soft X-ray
an escape depth of about 10 A is achieved, which allows to probe only the top two Cu—O
layers, while in the HAXPES regime, at least 2-3 unit cells are probed. The high binding
energy satellite is usually described in terms of the transition to the 2p°3d” state, so the
large increase in the total area of the spectrum in HAXPES compared to soft X-rays can
be naively attributed to an increase of 3d” weight in the bulk. On the other hand, the
theoretical calculations reported by authors seemed to indicate that the hybridisation
between the Cu 3d states and the O 2p ligand, as well as the hybridisation between the
Cu 3d states and the coherent band at the Fermi level, were reduced in the bulk with
respect to the surface. In general it is in the surface that the overlap is expected to be
diminished, due the different atomic environment and the reduced coordination between
the atoms. This observation highlighted the importance of further experimental and
theoretical effort aimed to the explanation of screening phenomena in photoemission
and how they can be different in the bulk with respect to the surface of a solid.

In another experiment on electron doped Ndgz_,Ce,;CuQOy cuprate [52], the depth de-
pendence of the bulk peak in the Cu 2p spectrum was studied in order to shed light on
the competition between screening channels in the bulk and the surface. The Cu 2ps,
spectra measured in the hard (Aw = 5.93 keV, open circles) and soft X-rays (fw = 1.3
keV, filled circles) at 70 K in normal emission on a Nd; g5Cep 15CuQO4 sample are shown
in Fig. 1.16. Both spectra present a broad structure around 945 - 940 eV binding en-
ergy which is recognised as a poorly screened satellite with a 2p°3d® character, while
the main structure consists of a broad peak (which is called main peak, M) associated
to a 2p°3d'°L electronic configuration (where L indicates a hole in the ligand) and an
additional feature on the low binding energy side (which the authors refer to a satellite,
S). It can be noticed that this structure evolves from a weak shoulder to a well defined
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FIGURE 1.16: Comparison of soft and hard X-ray Cu 2p3,, spectra measured at 70 K

in normal emission on a Ndj g5Ceg.15CuQ4 sample. Details about the M and S peak

along with the broad satellite structure around 945 - 940 eV binding energy are given
in the text. Adapted from [52].

peak when passing from the soft to the hard X-rays and furthermore the energy sepa-
ration between M and S passes from AFE,p; = 1.4+ 0.2 eV to AEpqq = 2.8+ 0.1 eV,
mainly due to the energy location of the M peak. To ascertain the nature of the S peak,
the authors measured the valence band, but were not able to identify any quasiparticle
feature as in the case of VoOg, which led them to postulate the existence of “a competi-
tion between surface and bulk characters within the Cu - O planes, involving the oxygen
ligand”. As mentioned earlier, in order to elucidate the modification of the electronic
structure when passing from the bulk to the surface, the angular dependence of the Cu
2p3/2 spectrum was measured at a photon energy of iw = 5.99 keV; when passing from
normal emission to a more grazing emission, the surface contribution is enhanced and
accordingly the intensity of the S peak is seen to reduce and the separation with the M
peak to decrease. By assuming an exponential attenuation of a bulk peak covered by an
overlayer with no S peak, the thickness of such overlayer was found to be t =15+ 5 A,
corresponding to less than two unit cells of the sample.

Many other examples can be brought to the attention of the reader, in which well-
screened peaks have been identified thanks to the bulk sensitivity of HAXPES in a
number of 3d transition metal oxides, such as La;_,;Sr,MnOg3 and La;_,Ba, MnO3 (man-
ganites) [6, 53], Lag_,Sr,;CuOy4 and Ndz_,Ce, CuOy (cuprates) [21, 52]. More recently, a
similar feature was also identified in a different type of material, namely the dilute mag-
netic semiconductor (DMS) Gaj_,Mn,As, where it has been related to the ferromagnetic
properties of the compound below the transition temperature [7]. At the present, it is
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still not clear the evolution of these structures as a function of the probing depth in
photoemission and whether they appear suddenly beyond a certain critical thickness or
more gradually.

1.3.3 Local and nonlocal screening channels

We have seen in the previous section, that the presence of low binding energy satellites in
the HAXPES core-level spectrum of materials based on transition metal elements, such
as cuprates and manganites, can be ascribed to screening of the core-hole by electrons
deriving from quasiparticle states at the Fermi level [6, 48]. These findings, suggested
the failure of another theoretical framework which had been used to describe the pho-
toemission process from this type of materials in more conventional ranges of excitation
energies, which includes nonlocal screening effects involving several metallic sites [30].
However, in 2006 van Veenendal claimed that these previous results did not prove the
failure of the local/nonlocal formalism in describing features in HAXPES spectra, but
that indeed nonlocal screening is sufficient to explain the presence of low binding energy
peaks [33]. For example, in the case of the Mn 2p HAXPES spectrum of La; _,Sr, MnOs,
instead of a single MnOg cluster, the solid was described in terms of eight MnOg oc-
tahedra (i. e., involving then more than one metallic site, one of which is where the
core-hole is formed during the photoemission process). Periodic boundary conditions
were imposed in order to retain the local cubic symmetry as in Fig. 1.17(a). Of course
such a “macrocluster” is computationally quite heavy, so in order to reduce the num-
ber of calculations needed, each MnOg cluster has been effectively represented with a
basis set of e, orbitals. As it will be shown later on, the e, levels are formed by the
crystal field splitting of the Mn 3d orbitals (see Sec. 1.4.2). Some of the results of these
calculations can be seen in Fig. 1.17(b), where the doping dependence of the Mn 2p3 /2
photoemission peak for Laj;_,Sr,MnQOgs in the ferromagnetic phase is reported. Three
main features can be distinguished:

e starting from high binding energies, around 644 eV a feature can be seen which is
related to a unscreened final state: this structure is more prominent for high hole
doping, which leads to the absence of e, electrons on the site hosting the core hole;

e around 641 eV we see the peak which is identified as due to a local screened final
state, where there is one e4 electron on the MnOg effective unit;

e finally around 639 eV we can see a peak which is associated to nonlocal screened
final state, which is characterised by the transfer of screening electrons from neigh-
bouring MnOQg clusters.

At different doping values correspond a different number of e, electrons in the whole
Mng cluster, as it is illustrated in Tab. 1.1. It can be noticed in Fig. 1.17(b) that the
feature associated to a nonlocal screened final state becomes less intense as the hole
doping increases: indeed hole doping induces a larger concentration of Mn** cations
(for z = 0 there are only Mn®* ions), which happen to have the e4 states unoccupied.
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FIGURE 1.17: (a) Mng cluster with cubic symmetry used for the calculations of the

Mn 2p core level in La;_,Sr,MnOj3. (b) Mn 2p3 /2 spectrum from La;_,Sr,MnOgz in

the ferromagnetic phase as a function of the Sr concentration and then of the number
of e, electrons in the Mng cluster. Adapted from [33].

Hole doping (x) | e4 electrons
0 8
0.125 7
0.25 6
0.375 )
0.5 4

TABLE 1.1: Number of e, electrons in a Mng cluster with effective MnOg units for
different hole doping. Values taken from [33].

As the hole doping increments then there are less e, electrons in the systems and it
becomes less probable to create a eg site. On the other hand, for larger x values it be-
comes possible to access unscreened final states, where there are no e, electrons on the
site with the core-hole, which is reflected by an increase if intensity around 644 eV. The
decrease of intensity of the low binding energy feature as a function of the increased hole
doping can be seen also in experimental Mn 2p HAXPES spectra on La;_,Sr,MnQOj3 for
x > 0.2. However, for x = 0, instead of becoming more intense as in the calculations,
the data show that it decreases: since it is known that in manganites the interplay
between electronic and magnetic degrees of freedom is crucial in determining the macro-
scopic properties of these compounds (for more details refer to Sec. 1.4.2), the magnetic
structure of Laj_,Sr,MnO3 must be accounted for in the calculations. In particular if
a A-type magnetic structure - ferromagnetic planes coupled antiferromagnetically - is
considered, it can be shown that the nonlocal screening between such planes is strongly
suppressed. Another properties which contributes in reducing the intensity of the low
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binding energy feature in the undoped system is the ordering of the 3d orbitals, which
induces anisotropies in the electron transfer interaction. So we have seen that by com-
bining the competition between local and nonlocal screening processes with structural
and magnetic properties of manganites, a satisfactory description of the Mn 2p HAX-
PES core level spectrum can be obtained. This has been proved the case also for other
systems, such as cuprates and ruthenates [33].

1.4 Investigated systems

1.4.1 Ga;_,Mn,As

F1cURE 1.18: Zinc-blende crystal structure of GaAs with a random substitutional Mn
ion in a Ga site. Adapted from [54].

Gaj_;Mn,As (manganese doped gallium arsenide) belongs to the category of I1I-V di-
luted magnetic semiconductors (DMSs), which express ferromagnetism upon Mn doping,
as first demonstrated on InAs [55]. It has been widely studied for possible applications
in spintronics, because displays a Curie temperature T which increases with increasing
Mn doping and can reach values as high as 180 K for a substitutional Mn concentration
x ~ 0.07 (which is achieved for a nominal concentration x = 0.12) [54]. Mn acts as
an acceptor when it is substituted to Ga, providing holes as charge carriers and has an
un-filled d-electron band with a net magnetic moment. Ferromagnetism results from the
exchange interaction between the Mn 3d magnetic moments mediated by the holes, sug-
gesting a deep relationship between the magnetic and electrical properties of the material
[56]. The growth of Ga;_,Mn,As films, which is usually done on a GaAs substrate, is
a delicate process if the ferromagnetic properties are to be retained. In fact it is known
that the minimum Mn density for ferromagnetism is more than an order of magnitude
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higher than the equilibrium solubility limit. Growth techniques such as molecular beam
epitaxy (MBE) can be used, keeping the substrate temperature below 580 K, as com-
pared with the usual 820 - 920 K range for growing optoelectronic GaAs/(Al,Ga)As
heterostructures. Furthermore, for high Mn concentration, Mn can be incorporated not
only in place of Ga in the GaAs zinc-blende lattice (see Fig. 1.18), but also between
the other atoms of the lattice, in which case is called interstitial. These loosely bound
atoms are known to diffuse even at temperatures lower than the growth temperature,
segregating at the surface and forming an oxide layer. The study of the properties of
Gaj—_,Mn,As through electron spectroscopies can be then seriously hampered by the
presence of these defects and in fact has led over the years to a number of contradictory
results [57, 58]. It is now clear that the surface oxide layer can be removed by chemical
etching with HCI, which also yields a stable long-range ferromagnetic order [58].

Interesting results on the true bulk electronic properties of Gaj_,Mn,As thin films and
on the way they are modified at the surface have been obtained by means of core-level
HAXPES, investigating in particular the Mn 2p photoemission spectrum, as displayed
in Fig. 1.19. In the panel (a), Mn 2p spectra from a GaggsMng g5As sample measured
with hard (black squares) and soft X-ray (empty red circles) after HCI chemical etching
are compared. The striking difference is the sharp low binding energy feature which
is clearly visible in the hard X-ray spectrum and completely absent in the soft X-ray
one. To interpret the spectra, cluster calculations based on an Anderson impurity model
taking also into account configuration interaction in the initial and final states have been
carried out. A particular Mn site in a cluster of other atoms is considered with a basis
set of states 3d™ (n = 3, 4, 5, 6 e 7) and holes (h); an appropriate combination of
symmetry of states is chosen to reproduce a As 4p - Mn 3d hybridised valence band
hole. The initial state of the photoemission process (i. e., the ground state of the Mn
atom), is taken as the mixture of the various d" configuration; in a similar way, the final
state is taken as the result of hybridisation between different cd"e, where ¢ represent
the the continuum state to which the electron is photoexcited. The parameters of the
cluster are the charge-transfer energy A, the intra-atomic Coulomb interaction U, the
core-valence Coulomb interaction ) and the hybridisation V. The results for different
values of hybridisation are illustrated in the panel (b) of Fig. 1.19, along with an inset
where the energy levels in the initial and final states are reported before considering
hybridisation and without multiplet structure and crystal-field symmetry effects (it is
like all the levels associated to the same oxidation state, but with different energies due
to effects such as multiplet structure and crystal-field splitting have been averaged to
yield a single level). It can be seen in the inset of Fig. 1.19 that in the initial state the
lowest energy configuration is the one with five electrons in the d levels and a hole in
the valence band near the Fermi level d°h, while in the final state the cdSh? is pulled
below the cd®h configuration by an energy amount equal to (). On the basis of these
calculations, the low binding energy peak can be attributed to the cd®h? final state,
which has en electron more in the d levels with respect to the c¢d®h state, so corresponds
to a well-screened peak. The absence of this peak in the soft X-ray spectrum suggests the
bulk nature of the screening channel which is suppressed in the surface region. In [7], as
best agreement between HAXPES spectrum and calculations was indicated the case of
V ~ 2.5, suggesting a more delocalised nature of the electrons in the bulk with respect
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FIGURE 1.19: (a) Photoemission spectra of Mn 2p from a Gag.gsMng g5As sample
etched in HCI at a photon energy hw = 5953 eV (black filled squares) and hiw = 900 eV
(red open circles). The experimental resolution is 250 meV and 400 meV, respectively.
(b) Calculated spectra as a function of the hybridisation parameter V' between the
different d™ configurations. In the inset the energy diagram of the d levels in the initial
and final state without multiplet and crystal-field splitting and before hybridisation is
showed. @ is the Coulomb interaction between the core hole and the valence levels.
Adapted from [7].

to the surface. Further experimental and theoretical study confirmed two important
points:

e the reversible variation of the well-screened peak intensity as a function of the
temperature (i. e., crossing the magnetic transition temperature), which suggests
an increase in the hybridisation when the ferromagnetic order is achieved [7];

e the mixed character of the Mn 3d electrons of substitutional Mn in Gaj;_,Mn_ As,
which form states which are not either purely atomiclike or itinerant [59].

1.4.2 La;_,Sr,MnO;

Ferromagnetic hole doped manganese perovskite materials Li_;B;MnOgs (where L is a
trivalent rare-earth ion, such as La, Nd and Pr, while B is a divalent alkaline-earth ion,
such as Ca, Sr, Ba and Pb) have been subject to intensive studies since the observation
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FIGURE 1.20: (a) Arrangements of ions in a perovskite-type structure of manganites
and (b) shape of the five different d orbitals. Adapted from [60].

of colossal magnetoresistance (CMR) in La;_zPby;MnOsg films [61]. This effect consists
in a decrease of the resistivity upon application of an external magnetic field, which is
especially intense around the Curie temperature. Other interesting properties displayed
by this class of systems is perfect spin polarisation and a metal-insulator transition above
room temperature (Mn oxides are classified as charge-transfer insulators). Among these
systems, possibly the most studied is Laj_,Sr,MnQOgs, which has been indicated as an
optimal choice for spintronic applications, since it displays the higher Curie temperature
(Te ~ 330 — 340 K upon optimal doping) along with a high carrier spin polarisation and
a low carrier density [62]. In general, the electronic properties of Laj_,Sr,MnOg3 are
strongly related to the crystal structure, whose unit cell is shown in Fig. 1.20 (a). The
lattice is approximated as a face-centered-cubic (fcc) with a Mn ion at the centre and
La/Sr cations at the corners of the cube; each Mn ion is surrounded by six O ions, forming
a MnOg octahedron. Due to the mismatch between the radii of the cations, the unit
cells of the compounds becomes distorted, resulting a in-plane contraction and an out-
of-plane elongation of the octahedron, which results in a rhombohedral crystal structure
(as shown in the panel (a) of Fig. 1.21). How this affects the electronic structure can
be better understood by looking at Fig. 1.21 where a schematic representation of the
valence energy level diagram and of the density of states of Laj_,Sr,MnQOg is shown.
The five Mn 3d levels for an isolated Mn ion in a ideal perovskite structure are split in

a ey, doublet (derived from d,2_,2 and d3,2_,2 orbitals) and a to, triplet (dg,, d,. and

d,. orbitals) due to crystal—ﬁeldyeffects; the to4 have lower energy because their orbital
lobes are directed between two O?~ ions, while the orbital lobes of the ey levels are
directed towards the O%~, hence strong Coulomb repulsion (see Fig. 1.20 (b)). The
degeneracy between the levels in the e, and ty, is then removed by the distortion of
the MnQOg octahedron. The parent compound LaMnOgs has a t%geé configuration of
the Mn3* ion and displays the ordering of the two e4 orbitals, which are arranged in a
antiferro-orbital fashion on neighbouring sites of the (001) plane. This orbital ordering is
responsible for ferromagnetic spin ordering in the (001) plane and ferromagnetic coupling
along the crystallographic c-axis (A-type ordering). The valence state of the Mn ions in
manganites is mixed between Mn?+ and Mn** and depends from the hole concentration;

it is known that a doping concentration x = 0.3 — 0.4 induces a roughly equal number
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FIGURE 1.21: (a) Crystal field splitting of the Mn ion d-levels and removal of the

degeneration in the e, and tgg levels due to the lattice distortion. (b) Schematic illus-

tration of the density of states of Lay/35r; ;3sMnQO3. The Hund’s energy Jy ~ 2.5 eV
and the crystal field splitting 10Dg ~ 1.5 eV are also indicated. Adapted from [62].

of Mn3t and Mn*t. For the latter, the low energy toy states are occupied by three
electrons with parallel spin, while in the case of Mn3T the additional electron occupies
a higher energy e, state with the same spin as in the e, levels. For z < 0.5 these
states result to be separated from the empty minority band by a quantity which is
called the Hund energy, Jgy ~ 2.5 eV. Of course also the O 2p levels contribute to
the electronic structure: in La;_,Sr,MnQOgs they are completely occupied for both spin
orientations, so that around the Fermi level the density of states will be the result of the
hybridisation between the Mn-e, and O-p majority spin states. Since the O 2p band is
separated by the minority spin states from a band gap only majority carriers are present
at the Fermi level, i. e. a 100% spin polarisation is achieved as shown in the (b) panel
of Fig 1.21. The physical properties of La;_,Sr,MnQO3 are then related to a delicate
interplay between charge, spin and lattice: changes in parameters such as doping, oxygen
stoichiometry and (for thin films) substrate induced strain give rise to complicate phase
diagrams. For example about the hole doping, when z < 0.1 La;_,Sr,MnOg3 is an
antiferromagnetic insulator, but on increasing the Sr concentration the material displays
first a ferromagnetic insulating phase (x < 0.2) and then a ferromagnetic metallic phase
(0.2 <z < 0.4). Also for values of = around 0.3 a metal-insulator transition is observed
at temperature Tjs; which can coincide with the magnetic ordering temperature T. The
magnetic and transport properties are usually explained in terms of the double-exchange
mechanism [63] between localised 3d moments with strong intra-atomic exchange. e
electrons can hop between adjacent Mn3t and Mn** ions along the Mn-O-Mn chains,
with the hopping probability being higher when the spins on neighbouring Mn ions are
aligned parallel. This means that charge carriers can move easily in the presence of
ferromagnetic order, while they get localised when the spins are randomly oriented and
the material is paramagnetic.
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In the case of thin films, since we have seen that the distortion of the unit cell plays
a central role in determining the properties of the material, variations in strain due
to lattice mismatch with different substrates can induce changes in the macroscopic
properties. The lattice mismatch along the film/substrate interface is described as § =
(asub— Qbulk )/ asub, Where agyp are the cell parameter, along the interface, of the substrate
and of the films, respectively:

e § > 0 means that the unit cell of the film is elongated in the plane of the film and
compressed along the growth direction, a situation which is called tensile strain;

e ) < 0 corresponds to the situation in which the unit cell is compressed in the plane
of the film and elongated along the growth direction, compressive strain;

e the case § = 0 is called strain relaxed.
These three cases are pictorially represented in Fig. 1.22, where the blue rectangle

(cube) is the unit cell of the substrate and the yellow rectangle (cube) is the unit cell of
the film. For La;_,Sr,MnO3 the growth is very “simple”: whatever the substrate the

{

Tensile strain Strain relaxed Compressive strain
6>0) ©=0) 6<0)

FIGURE 1.22: Pictorial representation of tensile strain (6 > 0), strain relaxation (6 = 0)

and compressive strain (6 < 0) in epitaxial growth. The blue rectangle (cube) is the

unit cell of a substrate, the yellow rectangle (cube) is the unit cell of the film and the

transparent cube is the unit cell in absence of strain. The black arrows indicate the

direction in which the film unit cell expands or contracts to adapt to the substrate.
Adapted from [64].

films are always oriented in the [001] crystallographic direction and grow epitaxially in
a perfect “cube-on-cube” fashion, with the strain which does not relax for films which
are thinner than 100 nm [64].

As in the case of the diluted magnetic semiconductor Gaj_,Mn,As, HAXPES mea-
surements on thin films of Laj;_,Sr;MnOgs have highlighted the presence of low binding
energy features in the core-level spectra of Mn 2p below the metal-insulator transition
temperature which are not observed in the soft X-ray regime [6]. In Fig. 1.23 four Mn
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FIGURE 1.23: Doping dependence of the Mn 2p spectrum from Laj_,Sr,MnO3 mea-
sured at 40 K compared to MnOg cluster calculation results which include a coherent
state at the Fermi level (as shown in the inset). Adapted from [6].

2p spectra measured on Laj_,Sr,;MnQO3/SrTiO3 thin films with different hole doping x
at 40 K are shown, compared with calculations based on a MnQOg cluster model which
includes doping induced coherent states at the Fermi level (C' in the inset of Fig. 1.23)
along with the Mn 3d and O 2p states [6], in analogy to dynamical field theory. In the
picture the low binding energy peak is very sharp in the case of z = 0.2 and x = 0.4,
which are known to be metallic at 40 K (actually z = 0.2 has a metal-insulator transition
just below room temperature, while x = 0.4 is metallic all the way to room tempera-
ture, but metallicity increases at low temperatures). The z = 0 sample is expected to
be insulating, but hole doping can occur due to excess oxygen which can be introduced
during the growth process, while x = 0.55 is an antiferromagnet and a conductor. Since
in these two last samples the peak is less pronounced, it was assumed that this feature
is related to the doping induced density of states at the Fermi level responsible for the
magnetic and electrical properties of the material. In the calculations showed in Fig.
1.23 four configurations were used for the initial state, 3d*, 3d°L, 3d®>C and 3d°C, where
L represent a hole in the O 2p ligand levels. Only two parameters were varied in the fit
procedure, namely A* and V*, which represent the charge-transfer energy between the
Mn 3d and the C' levels and the hybridisation between the Mn 3d and C' levels, respec-
tively. The low binding energy features is associated by the calculations to the 2p°3d°C
final state and is observed to increase as the hybridisation is turned on. These results
suggest that the hybridisation with the coherent states (i.e., the degree of delocalisation
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of d electrons) is higher for ferromagnetic compositions (z = 0.2 and = = 0.4) than for
antiferromagnetic (z = 0 and = = 0.55).

A different explanation which does not require the presence of a coherent state at the
Fermi level has been given following multi-cluster calculations by van Veenendaal [33],
as described in Sec. 1.3.3. The changes in the intensity of the low binding energy feature
can be ascribed to changes in the relative efficiency between local and nonlocal screening
channels; to explain the decrease of the low binding energy feature in the case of x = 0,
the presence of ferromagnetic planes coupled antiferromagnetically must be taken into
account, because it reduces the hopping probability.

1.4.3 RUOQ

RuOg (ruthenium dioxide) is the only 4d system which has been studied in the framework
of this thesis work. It has been identified as a promising candidate for several applica-
tions, ranging from electrical contact material, electrode contact in integrated circuits,
electrocatalyst in chlor-alkali industry, optical thin film, ceramic resistor and catalyst
for photodecomposition of water [65]. RuO2 has a rutile crystal structure and its unit

F1cURE 1.24: Rutile unit cell for RuOs: the Ru atoms are in grey and the O atoms
are in red. The three main crystallographic directions (a, b, ¢) are indicated. Adapted
from [66].

cell is shown in Fig. 1.24 as a stick-and-ball model: the unit cell contains two formula
units, with the Ru atoms (grey spheres) forming a body-centered tetragonal (bct) lattice
and surrounded by a slightly distorted octahedron of O atoms (red spheres). Differently
from all the other systems we have shown so far, it is a good metal at room temperature,
due to the partially filled band which originates from the Ru 4d levels [67]. Because of
the delocalised nature of the Ru 4d electrons, it was expected that correlation effects in
4d transition metal compounds are not so pronounced as in 3d systems. However, it has
been pointed out that some class of systems such as ruthenium oxides with pyrochlore
structure (Ya_;BizRupO7) [68] and other ruthenates such as Cas_,Sr;RuOy4 [69], ex-
hibit macroscopic properties which arise as a consequence of the correlation between the
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Ru 4d electrons. The correlated nature of such electrons is showed in some degree by
the features of the Ru 3d photoemission spectra which have been observed in various
ruthenates including RuQa2, as those which have been shown in Fig. 1.10 and discussed in
paragraph 1.2.4. For the most insulating of the systems presented in that figure, namely
Y3Ru07, the Ru 3d spectrum is dominated by two broad peaks, which make up the
spin-orbit doublet: for more metallic ruthenates a low binding energy feature appears
for each of the spin-orbit components, which becomes more intense when passing to
more conductive materials. In the case of the most metallic system of the series, namely
RuOs, it has become the dominant feature of the spectrum. It must be noted that the
low binding energy feature has been first observed with conventional x-ray source such
as an anode Al Ka lamp [70], so not strictly in the hard X-ray regime. A charge-transfer
mechanism from the ligand to the metallic atom, such as in the case of 3d transition
metal oxides such as SrTiOg [71], is not sufficient to explain these structures, because
the ~ 2 eV separation between main and satellite peak is lower than expected from the
chemical trend [29]. Similarly to the case of manganites, two explanations have been
offered in order to justify the presence of these structures:

e screening of the core hole by quasiparticles at the Fermi surface [34];

e screening of the core hole by charge moving in from other metallic sites (nonlocal
screening) [33].

The spectra calculated using the two different approaches are reported in Fig. 1.25. In
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FIGURE 1.25: (a) Comparison of experimental (solid lines) and theoretical (dotted

lines) Ru 3d spectrum of RuO,, where calculations are performed considering screening

from quasiparticle levels at Er. Screened and unscreened peaks are indicated by the

letters “s” and “u”, respectively. Adapted from [34]. (b) Calculated Ru 3d spectra for

a Ruy cluster (shown in the inset) for three different orbital occupations, considering

both local and nonlocal screening mechanism. These spectra are obtained without
considering spin-orbit coupling (see text). Adapted from [33].

the panel (a) of Fig. 1.25, the fitting of the Ru 3d spectrum of RuOg is shown (after
subtraction of the peak associated with C 1s and of a inelastic background), within
the model involving screening of the core hole by quasiparticles at Er mediated by O
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2p orbitals, which we have seen in some details in section 1.2.4. For each spin-orbit
component, in the theoretical spectra (dotted lines) three peaks can be seen, which are
associated to three different final state configurations. Asin Fig. 1.10 (also adapted from
[34]), the main features of the experimental spectra have been indicated by the letters
“u” as unscreened and “s” as screened. In particular, the low binding energy feature is
the one related to the final state where the core hole is screened by charge moving in
from the quasiparticle states at the Fermi level. It is interesting to note that, although
RuO4 had always been classified as a band metal, the results of the fitting as in Fig.
1.25(b) suggest that it should be reconsidered as a strongly correlated 4d metal, with the
ratio between bandwidth and Coulomb interaction between electrons W/U = 2.0 [34].
The other proposed model, is the one we discussed in section 1.3.3, whose results for
ruthenats are presented in Fig. 1.25(b). A Ruy cluster is here employed (see inset of Fig.
1.25(b)), along with a reduces basis set of to, orbitals in order to effectively represent a
RuOg cluster in each of the four sites and four ¢34 electrons are considered in each of the
four sites. Three different curves are presented, each with a different ratio of number of
holes per site between the xy orbital (which is directed in the plane of the Ruy cluster)

and the yz and zx orbitals. n,,, : = 1:1 means that there is one hole per site in

Ny Ny )2
a xy orbital for each hole per siyte inya/ yz and zx orbitals. Each spectrum presents three
peaks: the one at the lowest binding energy is associated to a nonlocal screening process,
involving an electron moving to the site where the core hole from a neighbouring site,
in order to screen the potential induced by the core hole. The intensity of this process
is higher in the case of xy orbitals, which have a higher strong coupling between RuOg

units in the plane. By decreasing the n, ratio, what happens is that there are

" yz/za
less holes in the zy orbitals which can be yﬁlleg éy electrons moving in from neighbouring
sites, leading to a gradual suppression of the nonlocal screening channel. Going towards
higher binding energies, the other two peaks are related to local screening from the ligand
around the metal site where the core hole has been formed and to a final state where the
core hole is not screened. Although the author does not discuss this issue in its article,
in our interpretation of these theoretical data these three peaks are all related to the Ru
3ds 2 spin-orbit component. The nonlocal screened Ru 3d3/o, should be found around
285 eV, which means very close to the local screened 5/2 peak. We assume that in order
to avoid complications in the interpretation of the lineshapes, the author deliberately
neglected the spin-orbit splitting of this core level in his calculations. From a qualitative
point of view, the experimental spectrum of RuOs as reported in Fig. 1.25(a) seems

more similar to the n, 1 : 1 case of Fig. 1.25(b), with a strong nonlocal

in =
y  Lyz/zx

peak. It must be noticed that the peak which is associated to a locally screened final
state in Fig. 1.25(b), seems to correspond in position to the peak which is indicated as

unscreened in Fig. 1.25(a).

1.4.4 TiO,

We have seen how one of the advantages of performing photoelectron spectroscopy with
high photon energy is the enhancement of the probing depth. This has led to the
identification of so-called bulk-only features in the spectra of core levels from a number of
compounds based on transition metal elements. However, HAXPES makes also possible



Chapter 1. Photoelectron spectroscopy on transition-metals 39

to access a class of deep core-levels such as the 1s of transition metal elements, whose
spectra can display chemical shifts, multiplets, satellites and other fine structures which
can give additional information to those which can be obtained by means of valence
and /or shallow core level photoemission.

(as2,a/2,¢c/2)
—0

X

FIGURE 1.26: Anatase TiO5 crystal and body-centered-tetragonal (BCT) lattice struc-

ture. d,p, and d., represent the apical and equatorial length of the bond between O

and Ti atoms. The coordinate system (z,y, z) and the position of the Ti atom at the

centre of the cuboid (0,0,0) and at the vertex (a/2,a/2,¢/2) are also shown. Adapted
from [72, 73].

Among the materials which display photocatalytic properties, titanium oxide, TiO9, has
been long considered one of the most promising due to its high efficiency, chemical sta-
bility, nontoxicity and low cost of production [74]. Photocatalysis is a reaction in which
photons in the visible/ultraviolet range are used to activate a substance (the catalyst)
which modifies the rate of a chemical reaction without being involved in it. It occurs
when an electron-hole pair is generated upon absorption of a photon: since electrons are
reductants and holes are oxidants, redox reactions can be started at the surface of the
catalyst. TiO2 exists in nature as a mineral mainly in three different forms (polymorphs),
each displaying a different crystal structure, namely rutile, anatase and brookite. At the
moment, to the extent of our knowledge, only rutile and anatase have been exploited
in application based on TiOs. Rutile is the most abundant form of TiO2 and has been
extensively studied over the course of the years. It has been found out however that
concerning photocatalysis, anatase displays superior properties with respect to rutile
[75]. A crystal of anatase, along with its primitive cell are showed in Fig. 1.26. The
crystal lattice is body-centered tetragonal (BCT), with each Ti** cation in octahedral
coordination with six O?~ anions and each O?~ anion is in planar coordination with
three Ti*" cation, two equatorials (the relative bond is identified as d., in Fig. 1.26)
and one apical (d,p in Fig. 1.26). The lattice constants a and ¢ which characterise the
lattice (a is the side of the square and c is the height of the cuboid) are 3.78 A and
9.52 A, respectively [76]. When stoichiometric, anatase is insulating (Mott-Hubbard in-
sulator), with a band gap of 3.2 eV [77]; however this situation changes in the presence
of a significant concentration of oxygen vacancies (TiOs_gs). Calculations have showed
that the oxygen vacancies act like donors in a n-type semiconductor, which results in
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the formation of Ti*t states in the band-gap, which can overlap with the states at the
conduction band minimum, reducing the value of the gap [78]. Furthermore, the pres-
ence of oxygen vacancies seems to have an impact on the nanostructure of anatase TiO»
thin films, as it has been observed by high-resolution transmission electron microscope
(HRTEM) in the case of TiO2 thin films grown on LaAlO3 [79]. The presence of crystal-
lographic shear planes of oxygen vacancies with preferred orientations (101) and (103)
has been reported, where (101) orientation is predominant close to the interface with the
substrate, while (103) is more present in the body of the film. This is similar to what
observed in the well studied Ti,,O2,-1 Magnéli phases of rutile, where crystallographic
shear planes are related to a resistive switching phenomenon [80].

TITANIUM DIOXIDE TI0Z2 (RUTILE)
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F1GURE 1.27: Photoemission spectrum of the Ti 2p core level from rutile TiOy and
results of fitting with six Gaussians. The main peak and the associated satellites are
indicated by the letters a for the 2p3/, and b for the 2p; /5. Adapted from [81].

The lineshape of Ti 2p in TiOs rutile has been extensively studied since the 1970’s. In
an experiment performed on finely ground powders pressed on a gold substrate, eight
satellites have been identified, four for each spin-orbit component, six of which are shown
in Fig. 1.27 (the satellites of the 2ps/5 are indicated by the letter a in Fig. 1.27 and
those of the 2p; /o by the letter b) [81]. The first satellite is found at about 5 eV from
the main peak (so for the 2ps/y it falls under the 2p,, peak) and it was associated
to monopole charge-transfer excitations 1ta, = 2t94, while the second at about 13 eV
is related to 2e, = 3e, transitions. The other less intense satellite features at 26 and
47 (this one not shown) eV were identified as loss peaks. While the 13 eV satellite
is immediately recognisable, the 5 eV structure could only be identified by performing
the second derivative of the spectrum. A very similar study was performed in 1999 on
TiOq single crystal fractured in situ, where two satellite features at 3 and 13 eV were
identified in the Ti 2p spectrum following a fitting procedures with Voigt profiles [82].
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The authors claimed to be the first to observe the feature at 3 eV, although we have
seen that a very similar feature (at 5 eV) had been already identified in [81], a paper
which incidentally, the authors have cited. The discrepancy between the energy position
of the satellite may be attributed to the different fitting procedure or to the fact that
they are two different features.

By using higher excitation energies such as the Cu Kaj line (w = 8048 eV), it is
possible to measure the Ti 1s photoline. Since in this case the spin-orbit coupling is
absent, it should be easier to identify satellite structures, in particular the one around 5
or 3 eV from the main peak identified in [81] and [82], respectively. From measurements
performed on TiO2 powders, a satellite at 13.5 eV with respect to the main peak, same
as observed in the case of Ti 2p was found and also a plasmon-like peak at 26 eV from
the main line [83]. However, due to the intrinsic width of the Cu Ka; line (~ 2.3 eV),
it was not possible resolve any structure close to the main line. It was only recently
that Woicick et al. were able to identify a 5 eV satellite (along with the well known 13
eV satellite) in higher resolution measurements of the Ti 1s core level spectrum from a
cubic system, namely a SrTiOs single crystal [71]. The results are shown in Fig. 1.28,
where the Ti 1s and Ti 2p core level spectrum, recorded respectively with photon energy
hw = 5597 eV and hw = 4967 eV, are reported. The authors were able to give direct
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FiGURE 1.28: Ti 1s and Ti 2p core level photoemission spectra in the hard X-ray
regime. The 5 and 13 eV satellite structures are indicated by arrows. Adapted from
[71].

experimental evidence through the combination of resonant photoelectron and Auger
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spectroscopy in the hard X-ray regime, that the two satellites originate from the crystal-
field splitting of the Ti 3d states in tog and e, levels. In particular, they are associated

to charge-transfer monopole excitations:

e 5 eV satellite = ligand 2p t9, — metal 3d ta4;

e 13 eV satellite = ligand 2p e, — metal 3d e,.

The overlap of the metal 3d e, and ligand 2p e, orbitals is greater than that between
the metal 3d t2, and ligand 2p t9, overlap: this is due to the fact that the e, orbitals
are directed along the Ti-O axis, while the ta, orbitals are perpendicular to it. This
difference is the reason why the 13 eV satellite (e, transitions) is more intense than the
5 eV peak (toq transitions).

It would be interesting to verify whether similar features can be identified in the case of
anatase TiO9 and whether they are affected by the changing of the conduction properties
induced by a different level of oxygen vacancy concentration.
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Experimental methods

In this thesis work we have studied the role of correlation between d electrons in tran-
sition metal compounds by means of HAXPES, which can help highlight differences
between bulk and surface properties. As we have seen in the previous chapter, high
resolution HAXPES with reasonable count rate can only be performed at dedicated
beamlines of third generation synchrotron radiation facilities. We consider then impor-
tant to give some description of synchrotron radiation and how high intensity beam can
be produced for spectroscopy: this will be done in section 2.1. In section 2.2 will focus
on the facilities where the experiments related to this thesis work have been carried out,
namely the GALAXIES beamline of the SOLEIL synchrotron and the 109 beamline of
the Diamond light source.

2.1 Synchrotron radiation

In the previous chapter, it has been pointed out the importance of third generation
synchrotron radiation sources in performing HAXPES experiments. The photon fluxes
which can be achieved at these types of machines, have helped to balance out the effect
of diminishing photoionisation cross-section in the hard X-ray regime, yielding adequate
counting rates [35]. We will now briefly discuss the properties of third generation syn-
chrotron radiation sources and of the light they produce, following the considerations
reported in [84].

When a charged particle, such as en electron, is submitted to acceleration by a magnetic
field, loses energy emitting electromagnetic radiation, the so-called synchrotron radia-

1

tion.- The power radiated by a particle with energy E (and speed v) in this field is

significantly higher for particles with higher energies and scales as B2y2, where B is the
value of the magnetic field and

1 1
T AR JIooje

'If the accelerating field is electric, then the emitted radiation is called bremsstrahlung.

(2.1)

43
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is the Einstein relativistic factor (5 is the electron velocity in units of light velocity, c).
Initially seen as an un-desired by-product of high-energy experiments, nowadays it is
exploited in a number of facilities around the world, in fields including material science,
physics, chemistry and biology [84].
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FIGURE 2.1: Schematic map of the third generation synchrotron radiation facility

SOLEIL, showing the linac, the booster, the storage ring and the beamlines; for each

beamline is indicated whether the light is produced by a bending magnet or an insertion
device (wiggler or undulator). Adapted from [85].

In third generation synchrotron radiation sources, such as that schematically shown in
Fig. 2.1 electrons are generated by a linear accelerator (linac) and injected in a circular
accelerator, called booster, which in principle constitutes the “real” synchrotron. Here
the electrons are accelerated through radio-frequency (RF) cavities to a given energy
and then are sent into a storage ring, which is a structure made to circulate electrons for
as many turns as possible keeping the energy (and the current) stable. The synchrotron
light is produced when electrons pass through conventional bending magnets, which curve
the electron trajectories and also in so-called insertion devices, which are installed in the
straight sections of the storage rings. The energy lost by the electrons when they emit
radiation is recovered making the particles pass into RF cavities. Insertion devices, such
as the one schematically reported in Fig. 2.2, are periodic magnetic structures several
meters long in which a sinusoidal magnetic field perpendicular to the electron direction
with spatial period Ay and peak magnitude B, forces electrons to move in a sine-like
fashion around their initial velocity (as shown in Fig. 2.2) and then emit synchrotron
radiation. An exact derivation of the wavelength A of the radiation emitted in a similar
magnetic array is outside the scope of this thesis work; it requires the application of
spatial and electromagnetic field transformation from the observer frame reference to
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FI1GURE 2.2: Schematic representation of an electron trajectory between the magnetic
poles of an insertion device. The polarity of the permanent magnets is indicated by the
arrows. Adapted from [86].

the electron frame reference in the framework of the Einstein special relativity theory
[84, 86, and references therein]. Here we will limit ourselves to discuss only the final

e (1 s T (2.2)

result

where n is the integer which represent the higher harmonics of the electron oscillating
frequency induced by the field, @ is the angle between the photon emission direction and
the electron propagation direction, e is the fundamental electric charge and m is the
electron mass (this result is valid for small 6 values). The 0 angle can be defined as

0= 5y (2.3)
which for ultra-relativistic particles (8 ~ 1, v > 1), results to be very small: for example
in the case of electrons with 2.75 GeV kinetic energy, the resulting angle is # ~ 0.01°. The
fractional bandwidth of the harmonics emitted in the direction parallel to the insertion
device axis (# = 0) is given by

Ax 1
‘A aN’

where N is the number of periods of the magnet.

(2.4)

The second term of Eq. 2.2 is usually written in terms of a dimensionless parameter K,
called the undulator parameter and it is defined as
B
K =200 (2.5)

2mrme’

If a weak field is applied (K < 1), the insertion device is usually called undulator and it
can be shown that the emitted radiation spectrum is composed practically only by the
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fundamental harmonic, whose wavelength (along the undulator axis) is given by

_ Ao

=55 (2.6)

The value of the fundamental harmonic can be selected by changing mechanically the
distance between the magnetic poles of the undulator, the so-called gap, because by
changing the gap the value of the magnetic field is varied. For a U20 undulator, such as
those used at the HAXPES beamline GALAXIES of the French synchrotron SOLEIL
[87], the period of the magnetic array is A9 = 20 mm; with an electron beam energy of
2.75 GeV [88], by applying Eq. 2.6 we obtain a value of A\ ~ 3.5 A. This corresponds to
a photon energy of around 3600 eV.

We have seen that for ultra-relativistic particles most of the radiation is emitted in a cone
with a small aperture # around the electron velocity. As a consequence, it occurs that
the radiation emitted by the same electron in different points of the wiggling trajectory
inside the undulator interferes constructively. This means that the radiation intensity
grows as the square of the number of periods, N2.

In order to quantify the efficiency of radiation production by an undulator, it is conve-
nient to define a figure of merit, the so-called brilliance.? Brilliance corresponds to the
number of photons emitted per second, per a photon energy bandwidth defined as the
0.1% of the photon energy, per solid angle and per unit source size [ph s=! (0.1%BW )1
2

mm~? mrad—2]. “It determines how efficiently an intense flux of photons can be refo-

cused to a small spot size and a small divergence” [84]. In Fig. 2.3, the brilliance for
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FIGURE 2.3: Calculated brilliance for different types of undulators (U20, HU80, HU640
and HU256) used at the SOLEIL synchrotron compared with the brilliance of a bending
magnet (BM). Adapted from [89].

the various types of undulators used at the beamlines of the SOLEIL synchrotron is
reported, compared with the brilliance for a conventional bending magnet. It can be
seen that the peak brilliance for undulators is at least two orders of magnitude higher
than the one for a bending magnet. It has to be noted however, that while emission

2Brilliance is one among the many figures of merit which characterise large scale facilities such as
third generation synchrotron radiation sources.
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from a bending magnet covers the whole energetic range illustrated in the graph, the

undulators curves are sharper.

The radiation emitted from undulators is naturally linearly polarised when observed
in the orbital plane, with the electric field lying in the plane of the wiggling electron
trajectory. This is consequence of the symmetry of the electron trajectory within each
period of the insertion device.

2.2 Experimental setups for HAXPES at synchrotrons

The HAXPES experiments which will be discussed in the next chapter of this thesis,
have been carried out at two different beamlines, namely the GALAXIES beamline at
the SOLEIL synchrotron and the ID09 beamline at the Diamond light source. While
GALAXIES is strictly dedicated to spectroscopies employing photon energies > 2 keV,
109 offers a broader energy range which extends also in the soft X-ray regime, thank
to the use of two separated undulators. In the following we will briefly review the

characteristics of both beamlines.

2.2.1 GALAXIES beamline

Experimental Hutch 1 Optics Hutch 1

A A
- N A\

© i e w

ﬁ‘%?’ﬂﬁlL

FicURE 2.4: Layout of the GALAXIES beamline, where the light transport and

monochromatisation elements are explicitly indicated (PS for the primary slits, DCM

for double-crystal pre-monochromator, M1 for the collimating mirror, HRM for the

high resolution monochromator and M2A for the toroidal mirror. HAXPES indicates
the experimental chamber). Adapted from [90].

GALAXIES is a beamline of the French synchrotron SOLEIL which is equipped with two
experimental stations, one dedicated to HAXPES, the other to resonant inelastic X-ray
scattering (RIXS). The layout of the beamline is illustrated in Fig. 2.4; the RIXS hutch
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which is found further downstream (i. e. on the left side of the HAXPES end station in
Fig. 2.4) is not shown. The light source is an U20 undulator with 98 magnets made from
NdsFe4B with a period of 20 mm and a maximum 1.25 T magnetic field [91]. It can
provide photons in an energy range spanning from 2.3 to 12 keV; this spectral interval
is covered by a number of harmonics, which can be selected by properly choosing the
value of the gap of the undulator. The optical section is composed by a set of primary
slits (both vertical and horizontal, indicated as PS in Fig. 2.4) and a fixed-exit Si (111)
double-crystal monochromator (DCM) which makes a first energy selection. This pre-
monochromator is liquid nitrogen cooled, and its main function consists in reducing
the heat load which the actual monochromator crystals will be subject to, as this can
induce thermal distortions in the crystal structure which degrade the energy resolution.
The next optical element is placed inside the experimental hutch and it is a collimating
mirror (M1), which has two possible coating, depending on the photon energy range.
For photon energies below 6 keV, a C coating is used, which rejects the higher order
harmonics at the output of the DCM, while for energies above 6 keV a Pd coating is
used. After this mirror, a four-bounce high-resolution monochromator (HRM) is placed,
which houses a certain number of Si crystals, both symmetric and asymmetric, which
can deliver radiation in a bandwidth which ranges from 100 to 400 meV over the whole
photon energy range. The four-bounce geometry, which is schematically represented in
Fig. 2.5 allows to maintain a constant beam height when scanning the photon energy.
Thanks to the presence of the pre-monochromator, the heat load on the HRM crystal
is reduced to a power of a few mW/mm?, which means that no cooling is required
[92]. The photons emerging from the HRM are reflected on the sample position by a

b<1
[0}
Crystal B Crystal C

b>1

FIGURE 2.5: Geometry of a four-bounce crystal monochromator; on the right three

different orientation of the crystal surface with respect to the Bragg planes are showed.

b =1 is the case for which the crystal surface is parallel to the Bragg planes; b < 1 and

b > 1 are the case in which the bandwidth of the outgoing radiation is decreased and

increased, respectively. « is the asymmetry angle, 6;, and 6,,; are the incident and
exit angles, respectively. Adapted from [92].

toroidal mirror (M2A), which is Pd coated and has a focal length of 3.2 m: the size
of the spot at the sample position is 30pum x 100 pm (vertical x horizontal). The
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experimental chamber is constituted by a mu-metal shielded ultra-high-vacuum (UHV)
vessel with a base pressure which is of the order of 1078 Pa. The chamber hosts a
four-axes manipulator for sample positioning and a EW4000 VG Scienta hemispherical
electron energy analyser with a mean radius of 200 mm, mounted at a 90° angle with
respect to the photon beam direction, as schematically illustrated in Fig. 2.7. As we have
seen in the section regarding synchrotron radiation, the X-rays produced by undulators
are linearly polarised with the electric field vector lying in the orbital plane. This means
that the electric field is parallel to the lens axis, which allows to increase the detected
photoelectron intensity. In fact it is known [93] that if the case of photoemission from
free atoms with linearly polarised light, the photoionisation differential cross-section of
a given subshell identified by the principal quantum number n and the orbital quantum
number [ can be approximated as

dgnl(mu) _ Unl(hw)
dQ) 47

[1+ Bri(hw) Py(cos )] . (2.7)

In Eq. 2.7 0, is the cross-section for the subshell nl, Q is the solid angle, £,;(hw) is
the photon energy dependent asymmetry parameter for the subshell nl and Pa(cosy) =
(1/2)(3cos?y — 1) is the second order Legendre polynomial, with + defined as the angle
between the polarisation vector and the photoelectron direction. In the case of HAXPES,
for most subshells the value of f§,;(Aw) is positive, which means that the associated
differential cross-sections have a maximum in the direction parallel to the polarisation
vector (7 = 0), as it can be seen in Fig. 2.6, which reports the polar plot of the term in the
square brackets of Eq. 2.7 as a function of v. The EW4000 analyser is equipped with a
wide angle lens, which combined with a 2D detection system formed by a microchannel
plate (MCP) and a charged-coupled device (CCD), in principle allows a 60° parallel
detection. The same lens can be operated in a intensity optimised transmission mode,
where all the information regarding the initial angular distribution of the photoelectrons
is lost. In picture 2.7, also the four degrees of freedom of the manipulator are indicated:

ts, translation along the photon beam direction;

e tx, translation along the spectrometer axis;

tz, translation along the normal to the plane formed by the photon beam direction
and the spectrometer axis;

rz, rotation around the tz axis.

Using low rz values allows to maximise the photon flux on the sample (because of the
grazing incidence) and to work in almost normal emission geometry, which maximise
the information depth at a given photon energy. A configuration such as that shown in
Fig. 2.7 allows to vary the information depth by changing the angle while keeping the
photon energy fixed, a procedure which has been already used to analyse the competition
between screening-channels in the bulk with respect to the surface in cuprates [52].
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FIGURE 2.6: Polar plot of the term is square backets of Eq. 2.7, which is proportional

to the angular distribution of photoelectrons from free atoms for different values of the

asymmetry parameter 3,;(hw). The black line with arrow at both ends identifies the
vector of the electric field of the radiation.
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FIGURE 2.7: Experimental HAXPES geometry at the GALAXIES beamline. Adapted
from [90].
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2.2.2 109 beamline

The 109 beamline operated at the Diamond Light Source Ltd. (Didcot, United King-
dom) is dedicated to the analysis of the electronic and atomic structure of surfaces and
interfaces. The beamline offers the unique possibility to use both a hard and a soft X-ray
beam on the same sample. Due to the wide energy range, a multitude of experimental
techniques can be exploited, including X-ray photoelectron spectroscopy (both in the
soft and hard X-ray regime), near edge X-ray absorption fine structure (EXAFS), X-ray
standing waves (XSW) and photoelectron diffraction (PED) [94].

In-vacuum undulator (hard)
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nted by 1.3 mrad)
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;J//Re-focusing (HV) mirror (SM6a,b) Re-focusing (H) mirror (SMS5)
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FIGURE 2.8: Schematic layout of the 109 beamline of the Diamond synchrotron. Two

undulators produce photons in the soft and hard X-ray regimes, which follow different

optical paths (branch I for the hard X-rays, branch J and K for the soft X-rays). Soft

X-rays in the branch J are directed to the experimental station EH2 along with the
hard X-rays. Adapted from [95].

The layout of the beamline is represented schematically in Fig. 2.8. It is divided in two
branches, each one disposing of its own undulator, one for the hard X-rays and the other
for the soft X-rays. The undulator for the soft X-rays (a 2.3 m modified APPLE II) is
canted by 1.3 mrad with respect to the other (a 2 m in-vacuum U27), so that the light
produced by the two insertion devices follows different optical paths. The hard X-rays
travel in the so-called branch I to the experimental station in the second experimental
hutch (EH2). They are monochromatised with a Si (111) double-crystal monochromator,
which has a resolving power E/AE ~ 10000; this results in ~ 250 meV at hw = 2500 eV,
but at higher energies, as 6000 eV for example, the photon energy width is expected to be
around 600 meV, which limits the overall energy resolution for an HAXPES experiment.
The light can then be further monochromatised by using a channel cut Si (004) crystal,
which should yield a resolution of about 250 meV. The energy range in the branch I
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is 2.1 - 18 keV, with the lower limit imposed by the monochromator. The soft X-rays
are deflected in a different branch by a pre-focusing/collimating mirror (SM1). At some
point along this branch the light can be deflected by means of two focusing mirrors (SM3
a and b) in two different directions, namely branch J and K, which take the light to
two different experimental stations: in particular, the branch J forces the soft X-rays in
EH2 (almost collinearly with the hard X-rays), so that here one can dispose of the entire
energetic range of the two branches. The soft X-ray energy is selected by a plane grating
monochromator, using one of the different gratings with 300, 400 and 800 line/mm and
the resolution can be further tuned by selecting the correct size for the exit slits (see Fig.
2.8). During our experiment, when using the light from the soft X-ray branch, we used
the 300 line/mm grating in combination with a 20 pm slit size. Thanks to a series of
focussing mirrors, both beams can be focussed to 15 pm x 30 um (vertical x horizontal)
spot size at the sample position in the experimental chamber of EH2. The branch J can
cover the photon energy interval between 0.1 and 2 keV.

The experimental chamber is a UHV mu-metal shielded vessel with a base pressure of
10~® Pa, which hosts a motorised five-axes manipulator (three translational and two
rotational degrees of freedom, namely X, Y, Z, polar and azimuthal) and a VG Scienta
EW4000 electron energy analyser (same as in the GALAXIES beamline). The inside
of this chamber can be seen in Fig. 2.9. A GaggrMng 13As sample, Au polycrystalline
reference on the sample plate mounted on the manipulator, and the nose of the anal-
yser lens are indicated. As in the case of the GALAXIES beamline, the axis of the
spectrometer forms a 90° angle with the direction of the incoming photons.

2.3 Experimental aspects

In this section, some details regarding the samples studied for this thesis work and the
characterisation of their core levels by means of both hard and soft X-ray photoelectron
spectroscopy.

Exploiting the high photon energy available at the GALAXIES beamline (see paragraph
2.2.1), we have characterised the core levels of two different 38 nm (40 unit cells) anatase
TiOg2_s thin films grown on the same (001) of a LaAlO3 (LAO) substrate by pulsed
laser deposition (PLD) at the CNR - SPIN institute in Naples, Italy [79]. LaAlOgs has
been selected because of the small lattice mismatch with respect to TiO2 (0.1%), which
allows to grow thin films with a better crystallinity with respect to other substrates like
SrTiO3 [96]. The main difference between the two films is the O partial pressure at
which the substrate has been kept during deposition, as reported in Tab. 2.1, which
results in different oxygen vacancy concentration, hence different electrical conductivity
properties. From what we discussed in section 1.4.4, it is expected that due to the
lower concentration of oxygen vacancies, S14-139 is more insulating than S14-140. In
the graphs which will be shown in the following chapters, the labels which identify each
sample will be the nominal oxygen pressure during the growth, i. e. S14-139 will have
the label P(O2) = 10 Pa.
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FIGURE 2.9: Inside of the 109 UHV chamber as photographed from a viewport. The

sample holder mounted at the end of the manipulator is shown and the GaMnAs and

Au samples are indicated by the white lines. On the left side the nose of the electron
energy analyser lens can be seen. Picture courtesy of dr. A. Regoutz.

Sample | Oy partial pressure (Pa)
S14-139 10
S14-140 1073

TABLE 2.1: Values of Oy partial pressure during deposition of the two TiOs samples.
A lower values of pressure implies a higher concentration of oxygen vacancies, which
act as charge carriers.

Two photon energies have been selected for the measurements in order to change the
inelastic mean free path of the photoelectrons, with a nominal value of 6900 eV using
the symmetric Si (333) crystal of the high resolution monochromator and 2500 eV using
the asymmetric Si (111) crystal. In both cases in the analyser the slits have been set to
0.3 mm and the pass-energy to 100 eV, conditions which correspond to a theoretical res-
olution of the analyser of 75 meV, while the lens mode has been set to Angular 45, which
allows to work with an angular acceptance of £22.5° around the spectrometer axis. The
angle between the photon direction and the sample surface is 5°, while the angle between
the photoelectron direction and the surface is 85° (i. e. almost normal emission). The
measurement have been performed at room temperature, with the samples undergoing
no surface preparation, either in air or in-situ. The overall energy resolution at 6900 eV
(analyser 4+ beamline 4+ thermal broadening) has been estimated by fitting the Au 4f
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lineshape from a polycrystalline gold sample mounted on the same plate which hosted
the two anatase TiO9 samples. Two Voigt profiles have been used in order to reproduce
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F1cURrE 2.10: Fitting of the Au 4 f photoemission line from a polycrystalline Au sample

in electrical contact with the anatase TiOy samples. A Shirley background (pale blue

line) and two Voigt profiles (green for the 4f7,, and blue for the 4f5/,, component,

respectively) have been used. The hv — ¢ (where hv is the photon energy and ¢ is the

work function of the analyser) value has been obtained by imposing that the binding
energy for the 4f7/, peak is 83. 9 eV [97].

the 4f5/, and the 4f7 /5 spin-orbit doublet components as shown in Fig. 2.10 (blue and
green curve respectively), where the Gaussian FWHM, which represents the estimation
of the overall energy resolution, is 0.3 eV.

In a different experiment we have exploited the unique capability of the 109 beamline to
offer a broad range of photon energies, spanning both the soft and hard X-ray regime,
while maintaining a comparable energy resolution, to investigate the depth dependence
of the well-screened peak in the Mn 2p spectrum of Gaj;_,Mn,As and Laj_,;Sr,;MnOg
samples, two 3d compounds, as well as in the case of the Ru 3d line in the case of rutile
RuOa2, a 4d material.

In particular we have measured a Gaj_,Mn,As thin film grown on GaAs (001) substrate
by low-temperature molecular beam epitaxy (LTMBE), with a nominal Mn acceptor
concetration x = 0.13. Prior to measurements the sample has undergone a three minutes
ultrasonic bath in isopropanol, followed by a one minute and a half rinsing in 37%
diluted HCI and another rinsing in isopropanol, a procedure which is known to remove
the surface oxide layer [58]. In-situ surface preparation such as annealing has not been
performed in order to avoid effects such as the segregation of MnAs clusters at the surface
[7]. For the photoemission measurements, four photon energies have been selected, two
in the hard X-ray regime and two in the soft X-ray, namely 5940 and 2500 eV, and
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1000 and 800 eV, respectively. All the measurements which we will be presenting in the
following chapters have been performed at room temperature. For the spectra which
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FI1GURE 2.11: Example of the Fermi edge of the polycrystalline Au sample in electrical

contact with the Gag.g7Mng 13As sample at a nominal photon energy of 800 eV. The

open circles are the experimental data, the red curve is the fit with a function which is

the convolution between the Fermi-Dirac function and a Gaussian and the green line is
the residual.

we will be showing, the binding energy scale has been calibrated by measuring before
and after each of the spectra of interest the Fermi edge of a polycrystalline Au sample
which is mounted on the same plate next to the sample (see Fig. 2.9). By fitting the
data with a Fermi-Dirac function at a temperature T convoluted with a Gaussian, it
was possible to retrieve the value of the Fermi cutoff as well as the full width at half
maximum (FWHM) of the Gaussian, which we will be using as an estimation of the
overall experimental resolution. An example of such a fit is shown in Fig. 2.11 for the
nominal photon energy of 800 eV, where the empty circles are the experimental data,
the red line is the fit and the green curve is the residual. We can see that an overall
energy resolution of about AE = 230 meV is retained. Similar fittings have been carried
out at all the used photon energies, confirming an overall experimental energy resolution
below 300 meV over the whole fuw range.

In the case of La;_,Sr,MnOg, three 100 unit cells (about 40 nm) thick thin films grown
on three different substrates have been studied. The samples have been grown by molec-
ular beam epitaxy (MBE) at a dedicated chamber [98] located at the APE beamline of
the Elettra synchrotron radiation source (Basovizza, Italy) and have the same nominal
Sr concentration, x = 0.35, so they are expected to exhibit ferromagnetic ordering and
metallicity below the metal-insulator transition temperature (which corresponds to the
magnetic ordering temperature). Different substrates correspond to different values of
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lattice mismatch, § as it is reported in Tab. 2.2. The acronyms in parentheses in the
first column of Tab. 2.2 will used as tags in the next chapter to indicate the results
obtained from different samples. The depositions have been performed by keeping the
substrates at a given temperature in a Og environment: the values of O3 pressure and
substrate temperature for the three samples which have been studied are reported in
the last two columns of Tab. 2.2. They have been measured at the 109 beamline of the

Lattice mismatch, | Temperature, | Og pressure,
Substrate
(%) (K) (Pa)
SrTiOs3 (STO) 1.0 (tensile) 1013 5-107°
Lag.18510.82Alo.59Tap.41 03 0.0 5
(LSAT) (relaxed) 998 5-10
SrLaAlO, (SLAO) -3.0 (compressive) 1003 5-107°

TABLE 2.2: Substrate, lattice mismatch (and associated strain type), substrate temper-
ature and Og pressure during deposition of the three Lag g55r9.35MnO3 samples which
have been studied in this thesis work.

Diamond light source in nearly normal emission geometry at a temperature of 200 K
(in the ferromagnetic and metallic phase), which is achieved by flowing liquid nitrogen
in a open circuit cryostat and then heating with a Lakeshore 336 cryogenic temperature
controller. Also in this case we have studied the photon energy dependence of the well-
screened peak in the Mn 2p photoemission line, to see how its contribution to the total
lineshape changes as a function of the probed film thickness. The binding energy scale
has been calibrated by measuring before and after each spectra of interest the Fermi
edge of a gold polycrystalline foil mounted on the same plate of the samples. From a
fitting procedure similar to that shown in Fig. 2.11 we found out that an overall en-
ergy resolution between 250 meV and 300 meV is retained at the various used photon
energies.

Finally, two RuOq rutile samples, in the form of thin films with a thickness of 25 nm
and a surface roughness < 1 nm have also been measured at different photon energies.
The films have been grown on two different substrates, in order to retain a different
crystallographic orientation of the surface, as reported in Tab. 2.3. The samples have

Substrate | Lattice plane
TiO (111)
SrTiOs (100)

TABLE 2.3: Substrate and crystallographic orientation of the two RuOsy thin films
under investigation.

been inserted in the UHV chamber without sample preparation ez-situ or in-situ. The Ru
3d peak has been studied at three different photon energies, in order to see the variation
in relative weight of the screened and unscreened peak, as well as the valence band as
a function of the kinetic energy of the photoelectrons. All the measurements have been
performed in nearly normal emission. As in the previous case, from the fitting of the
Fermi edge measured from a polycrystalline Au foil in thermal and electrical contact with



Chapter 2. Ezperimental methods 57

the samples, as in Fig. 2.11, we were able to estimate that the overall energy resolution
at the three used photon energies is in the 250-300 meV range and to calibrate the

binding energy scale.






Chapter 3

Experimental results

In this chapter we will focus on the experimental results which have been obtained by
applying HAXPES to the study of the core level spectra of three different 3d transition
metal compounds along with with one 4d system. One of the main objectives of such
study is the identification and characterisation of low binding energy satellites associ-
ated to bulk screening channels which are suppressed at the surface, revealing a different
degree of correlation between electrons. In section 3.1 and 3.2, the photon energy de-
pendence of the low binding energy nonlocal satellite in the Mn 2p spectrum of two
different Mn based compounds, namely diluted magnetic semiconductor Gaj_,Mn,As
and ferromagnetic perovskite Laj_,Sr,MnQOg, is studied in order to estimate the critical
thickness at which the screening channel associated to the peak “sets in”. These results
have been compared with those obtained from a representative of a different class of
materials, namely the 4d rutile oxide RuQOs, which is known to display a intense well-
screened peak in the Ru 3d spectrum already in the soft X-ray range. The data regarding
RuO4 are presented in section 3.3. In section 3.4, the satellite structure of Ti 1s and
Ti 2p photolines from anatase TiOs thin films with different conduction properties has
been characterised using two different photon energies, in order to evaluate differences
between bulk and surface properties.

3.1 GaO.87Mn0.13As

We will now introduce the spectra which have been collected on a diluted magnetic
semiconductor Gaj_,Mn,As sample at different photon energies, ranging from 800 to
almost 6000 eV. In Fig. 3.1 we present the survey spectra measured at 800 and 5940 eV
nominal photon energy (black and red curve, respectively) normalised at the height of
the Ga 3p peak, in order to show how the change of the photoionisation cross-section as
a function of photon energy influences the relative weight of the various photoemission
lines. In particular we can notice that the C 1s and O 1s significantly increase when
lowering photon energy: although it is true that for fiw = 800 eV we are more surface
sensitive so that an increase of contamination can be expected, this may not be the case
for our sample as we will now discuss. In Fig. 3.2, the spectra measured at different

59
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F1GURE 3.1: Survey spectra of the Gag.g7Mng 13As sample acquired at 800 and 5940
eV nominal photon energy (black and red curve, respectively). The main photoemission
lines are marked by the arrows.
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FIGURE 3.2: Comparison of the As 3d (high binding energy side) and Ga 3d (low

binding energy side) spectra measured on Gag g7Mng 13As as a function of the photon

energy. The spectra have been normalised to the same area after a Tougaard back-
ground subtraction, while a vertical offset has been added for clarity.



Chapter 3. Ezperimental results 61

photon energies of the shallow core levels As 3d and Ga 3d are displayed. The two
sets of spectra are presented after an integral background subtraction and subsequent
normalisation to the same area. The bottom axis has been split in order to . It is known
that in the presence of an oxide layer, both peaks should present high binding energy
structures typical of untreated Gaj_,Mn,As, associated to AseO, (x = 3,5) and GagO,
(x =1,3) [99]. Such features are not visible in the data reported in Fig. 3.2 not even at
800 eV photon energy. The increase of the high binding energy feature in the spectra of
As 3d at lower photon energies is probably due to the increase of elemental As, since it
is known that the etching procedure is preferential for Ga [99, 100].

In Fig. 3.3 a), the spectra of Mn 2p core level from the Gagg7Mng 13As thin film at the
four different photon energies are presented. The curves have been normalised to the
same total area after a Tougaard background subtraction and a vertical offset has been
added for clarity. We see how the spectrum at the maximum photon energy, apart from
the main peak, displays a clear feature at lower binding energies, labelled extra-peak
(in Fig. 3.3 a) a relative binding energy scale is used, taking as zero the position of the
extra-peak, in order to facilitate the comparison with the theoretical calculations in the
bottom panel) which, as we discussed earlier, is interpreted as a well-screened satellite,
due to a nonlocal screening channel typical of the bulk [54]. We can follow its evolution
as a function of the photon energy and we can see how its contribution to the total area
of the Mn 2pj3/5 line diminishes steadily when the photon energy is reduced, i. e. as
the surface sensitivity increases. On the high binding energy side with respect to the
main peak, other features can clearly be seen, which are attributed to charge-transfer
and multiplet contributions. The experimental spectra are compared with theoretical
calculations [7] as a function of the hybridisation V' among d" configurations reported in
Fig. 3.3 b): we note that for V' > 3 the “valley” between Mn 2p3/2 and 2p; 5 has quite
a low intensity, while the experimental spectra measured at photon energies higher than
1000 eV are quite structured. We can then qualitatively assign (as in [7]) the HAXPES
spectrum at 5940 eV to a hybridisation V' = 2.5; it can be seen that by lowering the
V value, the high binding energy features increase with respect to the extra peak, as it
is the case for the experimental data when lowering the photon energy. On the other
hand, the calculated extra peak remains always a prominent feature in the spectrum,
while in the measured spectra it becomes less and less intense, since it appears as a little
more than a shoulder at 800 eV photon energy. We can then notice that the suppression
of the hybridisation shows the same behaviour as the decrease of the photon energy,
suggesting that when the surface has a strong contribution, the hybridisation between
the d"™ configurations is quite reduced.

To explain the decrease of the low binding energy feature in the Mn 2p spectra when
decreasing the photon energy, it can be assumed the presence of a layer of a given
thickness at the surface where the screening channel associated to the peak is suppressed,
as in the case of the electron doped Ndy_,Ce,CuOy4 cuprate [52]. In order to give an
estimate of the thickness of this layer, we have to evaluate the contribution of the low
binding energy peak at each photon energy. For this reason, we performed a fitting of
the Mn 2ps /5 spin-orbit component (because here the well-screened peak is much more
visible with respect to the Mn 2p, /5) of the four spectra shown in Fig. 3.3 a). In Fig. 3.4
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FIGURE 3.3: a) Comparison of the Mn 2p spectra from GaggzMng 13As thin film
measured at four different photon energies; the spectra have been normalised to the
same total area after the subtraction of a Tougaard background. The main and extra
peak of the 2p3/, component are indicated by arrows. b) Theoretical spectrum as a
function of the hybridisation parameter V among d™ levels as adapted from [7].
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FIGURE 3.4: Fitting of the Mn 2p3/, of the Gags7Mng.13As sample measured at a
photon energy of fuw = 5940 eV. Six peaks have been used, a Voigt for the extra peak
and five Gaussians to reproduce the remaining area.

it is reported the example of the fitting for the spectrum measured at the highest photon
energy (hw = 5940 eV). Six components have been used, a Voigt (Peak 1, with filled
area) which represents the well-screened peak and five Gaussians, which is the minimum
number of components which allowed to reproduce the lineshape, after the subtraction
of an integral background. In particular Peak 2 and Peak 3 reproduce the main peak.
The values of the ratio between the area of Peak 1 and the total area have been plotted
as black spheres in Fig. 3.5 (left axis) as a function of the mean escape depth at the
different kinetic energies of the 2p3/5 photoelectrons, which have been calculated simply
as the product of the inelastic mean free path obtained from the TPP-2M formula for
GaAs [43] and the cosine of the angle between the normal to the sample surface and
the photoelectron direction (6 ~ 3°). To each point it has been associated an error bar
corresponding to the +5% of the value of the ratio. The experimental data have been
fitted with an exponential attenuation curve of the form

I(\) = Aexp (—B/)\), (3.1)

where X is the mean escape depth of the photoelectrons, while A ad B are fit parameters
whose meaning will be explained briefly. As we have introduced earlier, one way to
interpret these data is to assume that exists a layer of thickness B close to the surface
where the screening channel which is associated to the extra peak is absent. This layer
will then attenuate the signal coming from the “bulk”, i. e. from the region of the
sample where the screening channel associated to the extra peak is active (because of
the higher delocalisation of the 3d electrons). The open triangles (right axis) in Fig.
3.5 represent the value of the contribution of a layer of thickness B (as obtained from
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FIGURE 3.5: Weight of the well screened peak (Peak 1 in Fig. 3.4) to the total area of

the Mn 2p3/5 line (filled squares, left axis) as a function of the mean escape depth of

photoelectrons fitted with an exponential law (see text for details) and contribution of
a layer of thickness 12 to the photoemission signal (open triangles, right axis).

the fitting) to the total photoemission signal. The more the thickness of the layer is
similar to the information depth at a given photon energy, the higher the contribution
of the surface layer to the total photoemission signal will be, corresponding to a more
significant suppression of the extra peak. Increasing the photon energy and hence the
information depth, the peak will be less and less attenuated, because the layer will be a
small fraction of the information depth. The parameter A of the fit indicates which is
the value of the contribution of the extra peak to the total area of the Mn 2p spectrum
when the thickness of the attenuating layer is negligible with respect to the information
depth. From the fitting shown in Fig. 3.1, we obtained as values A = 0.18 &£ 0.01 arb.
units and B = 12+ 1 A; we notice that B is quite close to the 15+ 5 A found in the
case of the electron doped Nda_;Ce,CuOy4 cuprate [52].

In Fig. 3.6 the energy separation between the main and extra peak of the Mn 2p3 /5 core
level as a function of the photon energy is reported, showing a decrease when increasing
the photon energy, until a sort of saturation is reached at energies higher than 2500
eV. The values in Fig. 3.6 have been calculated assuming that the main peak can be
reproduced by the sum of Peak 2 and 3 and taking the maximum of the resulting curve
as position of the main peak. The solid line is only a guide for the eye.
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FIGURE 3.6: Energy separation between extra and main peak (obtained as the sum of
Peak 2 and 3) as a function of the photon energy. The solid line is a only guide for the
eye.

3.2 La0_65Sr0.35Mn03

Laj_;Sr,MnQOsg is the first 3d systems where a low binding energy satellite in the 2p
HAXPES spectrum of a transition metal element has been reported [6]. The survey
spectra measured at 5940 eV photon energy of the three manganite thin films grown
with different tensile condition are presented in the left panel of Fig. 3.7. The main pho-
toemission lines have been indicated by the arrows and the curves have been normalised
to the intensity of the O 1s core level. In the right panel of Fig. 3.7, the expanded view
of the spectral region between 300 and 250 eV binding energy is presented, to compare
the C 1s peak to the La 4s and Sr 3p photolines, showing that the contribution of surface
contamination is negligible in HAXPES spectra. In Fig. 3.8 we show the results of the
photon energy dependence of the Mn 2p spectrum measured on the manganites. In the
panel a) we can see the Mn 2p lineshapes acquired at a photon energy fuwv = 5940 eV
on all three the samples; we can immediately recognise the presence of a well-screened
feature around 639 eV binding energy for all the three spectra. Similarly, around 651 eV,
the well-screened peak of the Mn 2p; /; line can be seen as a small bump. Also, around
665 eV we can recognise the charge-transfer satellites of the 2p; (the equivalent satel-
lites for the 2p3/; peak are superimposed to the 2p; /, main peak) [101]. Another feature
is visible around 643 eV, which is usually attributed to a Mn** derived state [6]. The
curves have been normalised to the same area after the subtraction of a Tougaard back-
ground to account for electron energy-loss; a vertical offset has been added for clarity.
In panel b) the photon energy dependence of the Mn 2p photoemission line from the
strain-relaxed sample (grown on LSAT substrate) is presented. It can be immediately
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FIGURE 3.7: Survey spectra acquired from the three manganite thin films at a photon
energy hw = 5940 eV and a temperature T = 200 K. The main core levels have been
indicated by arrows and the curves have been normalised to the intensity of the O 1s
photoline. (Right panel) Expanded view of the spectral region of the C 1s, to show the
negligible contribution of surface contamination to the HAXPES spectra.

seen how, at least from a qualitative point of view, these results are different from what
we observed for the Ga;_,Mn,As sample. In this case even at the highest used photon
energy the extra-peak has a small intensity with respect to the main peak and also seems
to disappear completely already at a photon energy hw = 1000 eV. For these curves the
same normalisation as in the graph of panel a) has been performed. A very similar
photon energy dependence (not shown) is seen in the case of the sample with tensile
strain (grown on SLAO substrate), except for the fact the intensity of the low binding
energy peak seems to be lower. This is better underlined in Fig. 3.9, where the Mn 2p3 5
spectra at hiw = 5940 eV of the three samples are shown. These spectra are a “cut” from
the complete curves which are reported in Fig. 3.8 a), meaning that they are normalised
to the intensity of the whole Mn 2p line (of course in this case no vertical offset has been
applied). We can see that when going from tensile to compressed strain the intensity of
the well-screened peak is progressively reduced, especially when passing from relaxed to
compressive, while the difference between tensile and relaxed seems to be very small as
it can expected since the lattice mismatch for the tensile strained film is only 6 = 40.01.
On the tensile and relaxed sample we tried to perform the same analysis as in the case
of the Ga;_;Mn;As compound we showed in the previous section, fitting the Mn 2ps 5
lineshape and extracting the contribution of the well screened peak to the total area. In
this case we used six Gaussians and a integral background to reproduce the spectrum as
showed in Fig. 3.10 in the case of the strain relaxed sample, where the extra peak is the
one with the filled area and is labelled as Peak 1. In Fig. 3.11 the mean escape depth
dependence of the well screened peak is reported for the relaxed (black squares) and
strain compressed sample (red circles) along with fitting using an exponential function
as that reported in Eq. 3.1. The values of the A and B parameters as extracted from
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FIGURE 3.8: a) Comparison of the Mn 2p photoemission spectra from the three man-

ganite samples measured at the highest photon energy achievable hiw = 5940 eV. b)

Photon energy dependence of the Mn 2p photoemission line from the sample grown on

LSAT (strain relaxed). In both graphs the curves have been normalised to the same
area after subtraction of a Tougaard background.

the fit are reported both in Fig. 3.11 and Tab. 3.1; it can be seen that for both films
B ~ 40 A. Although there seems to be a small difference between the absolute values for
the thickness of the attenuating layer of the two samples (specifically it is smaller in the
case of the strain relaxed specimen), the two numbers are practically identical within
the associated uncertainty. The main sources of uncertainty in this analysis are related
to the subtracted integral background and to the determination of the area of the extra
peak at the lower available photon energy where, as it can be seen in Fig. 3.8 b), the
peak is practically not visible. From these data it seems that even at the highest photon
energy the feature is still strongly attenuated from the layer where the screening channel
is absent. In fact, as it can be seen by the open triangles in Fig. 3.11, the contribution
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FIGURE 3.9: Comparison of the Mn 2p3 /5 spectra measured at fw = 5940 eV for tensile
strained (STO substrate), strain-relaxed (LSAT substrate) and compressive strained
(SLAO substrate) Lag ¢5Mng.35MnOs thin films. The curves have been normalised to
the area of the total Mn 2p photoemission line after a Tougaard background subtraction.
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FIGURE 3.10: Fitting of the Mn 2p3,5 spectrum from the strain relaxed sample mea-
sured at T' = 200 K with a photon energy of fiw = 5940 eV. Six Gaussian and a integral
background have been used to reproduce the lineshape.
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FIGURE 3.11: Contribution of the extra peak to the total area of the Mn 2p3 /5 lineshape
for the strain relaxed (black squares) and the strain compressed sample (red circles)
as a function of the mean escape depth of photoelectrons at different photon energies
(left axis). An exponential attenuation law has been used to fit the experimental points
and the values of the parameters as extracted from the fit are reported in the graph.
The open triangles represent the value of the contribution of a layer of thickness 40
A to the photoemission signal (right axis) as a function of the mean escape depth of
photoelectrons.

Strain, 6 (%) | A (arb. units) | B (A)
Compressive, -3 0.09 £0.01 414+7
Relaxed, 0 0.07 + 0.02 39+ 11

TABLE 3.1: Values of the fitting parameters A and B for the attenuation of the Mn
2p3 /o extra-peak of relaxed and compressive strained manganite samples.

of a layer with thickness 40 A to the total photoemission intensity is already ~ 43% at
hw = 5940 eV.

On these samples we have also measured the Mn 3s core level: the spectra acquired at
the maximum used photon energy (~ 5940 eV) are shown in Fig. 3.12: the splitting
which can be seen is not due to spin-orbit, but to the interaction between the spin of
the 3s core hole and the uncoupled spin of the 3d band (this effect is known as multiplet
splitting) [102]. The lower binding energy peak corresponds to a high-spin state, while
the higher binding energy line is related to a low-spin configuration (the small vertical
lines indicate the position of the low-spin component at all photon energies). On mixed-
valence manganites, an empirical linear relation has been found between the value of the
exchange splitting and the formal valence of the Mn ions in these oxides [103]. It is also
interesting to note how on the low binding energy side of the high spin component, a
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small shoulder can be seen, which in a previous work has been identified as an extra-peak,
completely equivalent to the case of Mn 2p3 /5 [104].
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F1cUrE 3.12: Comparison of the Mn 3s spectra measured on the three samples with
different strain conditions (tensile black, relaxed red and compressive green) at T' = 200
K and Aw = 5940 eV photon energy. The curves have been normalised to the same area
after the subtraction of a Tougaard background and a vertical shift has been applied
for clarity. The position of the low-spin component is indicated by a small vertical line.

Mn 3s spectra at different photon energies for the relaxed and compressive strained
samples are shown in Fig. 3.13 a) and b) respectively. All the curves have been nor-
malised to unit area after a Tougaard background has been subtracted. We can see that
in the case of strain relaxed sample (Fig. 3.13 a)), both the separation between the
high and low-spin peaks and the relative weight of the high-spin feature increase when
lowering the photon energy; both effects, only less pronounced, can also be seen in the
compressive strained sample (Fig. 3.13 b)). A more quantitative analysis is made by
fitting the Mn 3s spectra with five Voigt profiles and a integral background, as it can be
seen in Fig. 3.14 where the fitted spectrum at 2500 eV photon energy from the strain
relaxed sample is shown as example. The difference between the position of the features
labelled as Peak 1 and Peak 2 has been used to evaluate the exchange splitting and the
following empirical linear formula

Van = 9.67 — 1.2TAEs,/eV (3.2)

as reported in [105], has been used to calculate the Mn valence vz, as shown in Tab.
3.2.
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FIGURE 3.13: Mn 3s spectra from the strain relaxed (a) and compressive strained (b)
sample at two different photon energies, fiw = 5940 eV (solid line) and fiw = 2500 eV
(dashed line). A Tougaard background has been subtracted and a normalisation to the
same total area has been performed.

AE3; (eV) Mn valence
Strain, 6(%) hw = 2500 eV | hw = 5940 eV | hw = 2500 eV | hw = 5940 eV
Compressive, -3 4.7 4.4 3.7 4.1
Relaxed, 0 4.8 4.4 3.6 4.1
Tensile, +1 — 4.5 — 4.0

TABLE 3.2: Values of exchange splitting AFE3s obtained from the fitting of the Mn 3s
spectra and of the Mn valence as calculated using Eq. 3.2.
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F1GURE 3.14: Fitting of the Mn 3s spectrum from the strain relaxed sample at 2500
eV photon energy with five Voigt profiles and a integral background.

We have also measured the valence band spectra of the three manganites as reported in
Fig. 3.15 a) for fuw = 5940 eV and T = 200 K. Five main structures can be seen, which
can be identified as in [106, 107]:

e around 7.5 eV, there is a structure assigned to hybridisation between O and Mn
derived states (actually this structure is not reproduced in the calculations showed
in [106], authors did this assignment without elaborating on it, while in [107],
which cites the previous paper among the references, the structure is labelled as
O 2p* in the pictures, but is not referred to in the text);

e at about 6 eV, we have the O 2p band;
e at about 4 and 2.5 eV, there are O 2p—Mn 3d to4 hybridised states;

e close to the Fermi level, there is the small band associated to the Mn 3d e, levels.

In Fig. 3.15 b), the valence band photoemission spectrum for three different photon
energies measured on the strain relaxed film is shown: we can see that decreasing the
photon energy, the structure around 7.5 eV binding energy seems to be suppressed, while
one of the two bands associated to O 2p—Mn 3d ty4 hybridised states (the one with lowest
binding energy) significantly increases in intensity, as well the Mn 3d e, derived band.
The same measurements have been performed on the compressive strained sample (not
shown), displaying a very similar behaviour to what reported in Fig. 3.15.
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FIGURE 3.15: a) Comparison of the valence band photoemission spectrum acquired
on the three different manganite thin films (black tensile strain, red strain relaxed
and green compressive strain) at 7' = 200 K and a photon energy fiw = 5940 eV.
The main features are labelled as in [106, 107].
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seen for the compressive strained film, not shown).

3.3 A 4d system: RuO,

b) Evolution of the valence band

We will now present a HAXPES study performed on two rutile RuOs thin films grown

on two different substrates with distinct crystallographic orientations. An example of

survey spectra measured on the two samples at 5940 eV photon energy is presented in

Fig. 3.16. We have indicated by arrows the main photolines (including the Sr 3s from

the substrate in the case of the sample grown on SrTiOs) and the curves have been

normalised to the intensity of the O 1s peak. It can be noticed that the Ru peaks seem

more intense in the spectrum measured on the sample grown on the SrTiO3 substrate.
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F1GURE 3.16: Comparison of the survey spectrum measured at 5940 eV photon energy
on the two ruthenates. The curves have been normalised to the intensity of the O 1s
peak.

In Fig. 3.17, the photon energy dependence of the Ru 3d core level spectrum is reported:
starting from the curve measured at 5940 eV on the sample grown on TiOs, we can
identify at least four features, two for each component of the spin-orbit doublet. In the
analogue spectrum acquired on the other sample, the small peak around 279 eV is the Sr
3p3/2 photoline from the substrate (SrTiO3). The peak at the lowest binding energy is
considered the screened peak, although there is still debate whether the screening is due
to electrons from a quasiparticle states at the Fermi level [34] or from a neighbouring
metallic site (nonlocal screening) [33].! The curves have been normalised to the intensity
of the screened Ru 3d3/, peak after the subtraction of a Tougaard background; also an
offset has been added for the sake of clarity. it can be seen that by changing the
photon energy, the ratio between the screened and unscreened peak 5/2 peaks varies.
In particular, the screened peak increases with respect to the unscreened one.

We have also measured the evolution of the valence band spectrum for both samples,
which is shown in Fig. 3.18. Three main feature can be seen and the spectra have been
normalised to the intensity of the big component close to the Fermi level. In analogy
with another rutile oxide, namely IrO5, whose valence band displays three structures
similar to those reported in Fig. 3.18 [108], the peaks can be considered the result of
photoemission from states deriving from the overlap of the metal (Ru in our case) d and
oxygen 2p levels namely, starting from lower binding energy, 7 antibonding, = bonding

n Fig. 3.17, we have indicated the four most visible features, dividing between screened and
unscreened. This is what is done in the article by Kim et al. [34], but has we have shown previously, the
peak around 282 eV which we indicate as unscreeened, in the work of van Veenendal [33] is associated
to a local screening. The use of the notation as in Fig. 3.17 is made only for the sake of simplicity, not
because we are leaning more towards the quasiparticle screening model.
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FIGURE 3.17: Photon energy dependence of the Ru 3d core level spectrum measured
on the two ruthenates. The curves have been normalised to the intensity of the screened
Ru 3ds/7 line after subtraction of a Tougaard background.

and o bonding states. However, the main contribution to the spectra is given by the Ru
4d states, since at the used photon energies the photoionisation cross-section for Ru 4d
electrons is significantly larger than the one for O 2p electrons [109].

3.4 TiO, ;

We present now the results obtained on two different anatase TiOo samples, presenting
different conduction properties as a consequence of the different oxygen vacancy concen-
tration induced by growing the films at different Oy pressures (see Tab. 2.1). Survey
spectra at 6900 eV and 2500 eV have been acquired and are reported in Fig. 3.19 and
3.20, respectively, after being normalised to the O 1s peak, and given a vertical offset
for the sake of clarity. Both graphs are displayed with the binding energy scale (bottom
axis) and the corresponding kinetic energy scale (top axis). C 1s peak due to surface
contamination can be seen in the spectra of both samples at both energies, although it
seems more pronounced in the case of the P(O2) = 10 Pa spectra. Since we have not
measured some Au 4f photoemission peak at 2500 eV, we have aligned the spectra at
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F1cURE 3.18: Photon energy dependence of the valence band measured on the two
ruthenates. The solid line curves are the spectra acquired on the sample grown on
SrTiO3, while for the specimen grown on TiOs, small open circles are used.
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FIGURE 3.19: Survey spectra from the P(O3) = 10 Pa sample (black curve) and the
P(O3) = 1073 Pa sample (red curve), normalised to O 1s peak at 6900 eV photon

energy. The main peaks have been labelled in the figure.



Chapter 3. Ezperimental results 77

Kinetic energy (eV)

1800 2000 2200 2400
- T T T T T T T T p—
2 01 TiO/LaAlO, (001)
5 L Survey i
S _ Ti2p hv = 2500 eV
s Ti2s N Ti 3s
> N C1s Tizp -
8 | /k’\l & lO 2s |
e /
| g WA
S
£ ——P(0,)=10Pa
3 [ ——P(0,)=10°Pa
Is]
e
o r /M .
I ) ) ]
1 N 1 " 1 N 1 " 1
800 600 400 200 0

Binding energy (eV)

FIGURE 3.20: Survey spectra from the P(O3) = 10 Pa sample (black curve) and the
P(O3) = 1072 Pa sample, normalised to O 1s peak at 2500 eV photon energy. The
main peaks have been labelled in the figure.

this photon energy by assuming that the binding energy of the C 1s peak is the same
as in the spectra at 6900 eV photon energy. From a qualitative point of view, by com-
paring the ratio of the Ti 2p peaks of the two samples at 6900 eV photon energy with
the correspondent ratio at 2500 eV photon energy, we can see that at 6900 eV there
is more Ti in the P(O2) = 10 Pa sample (which means less O), while at 2500 eV the
situation is inverted. Generally one would expect the P(O3) = 1073 Pa to have a lower
O concentration, which is what we see at 2500 eV but not at 6900 eV. Since the spectra
at 2500 eV are surely more surface sensitive than those at 6900 eV (inelastic mean free
path of 35 A and 94 A at the kinetic energy of the O 1s photoelectrons at the two
different photon energies [43]), maybe this is due to the fact that O diffuses toward the
surface (more “efficiently” in the sample with a lower concentration of oxygen vacancies,
P(O2) = 10 Pa).

We can clearly see in all the spectra reported in Fig. 3.19 and 3.20, that both the
spectra of the Ti 2s and 2p core levels display a rich variety of features at higher binding
energies with respect to the main peak. With a photon energy of 6900 eV we can also
measure a core level as deep as the Ti 1s (binding energy of 4966 eV for atomic Ti [110],
not shown in the survey), which is expected to have the simplest shape, since it has no
spin-orbit splitting and also the exchange-splitting is expected to be small, because the
overlap of the 1s core level with the 3d valence levels should be negligible. It can help
us to identify features which could be hidden in more complicated spectra of photolines
such as Ti 2p. By using two different photon energies, we can probe whether there are
any difference between bulk and surface. Of course at 2500 eV photon energy it will
not be possible to measure the Ti 1s. In Fig. 3.21 the comparison between the Ti 1s
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FIGURE 3.21: Comparison of the Ti 1s acquired at 6900 eV photon energy from sample

P(O3) = 10 Pa (black curve) and P(O2) = 1073 Pa (red curve). The peaks have been

normalised to the height of the main peak and a vertical offset has been added for

clarity. In the inset, the vertical scale has been expanded and the vertical offset has

been removed, in order to show the three satellites, indicated by Roman numerals, I,
IT and III.

spectra acquired from the two sample is presented; the curves have been normalised to
the height of the main peak after the subtraction of a Tougaard background [111] and a
vertical offset has been applied to facilitate the comparison. In the inset the same two
curves are reported (without vertical offset this time), but the vertical scale has been
expanded in order to emphasise the weak satellites features. We can identify, beside the
main peak, at least three features, at about 5, 13 and 25 eV higher binding energies with
respect to the main peak, whose positions have been marked by the Roman numerals I,
IT and III, respectively. From now these we will use these labels when referring to the
three satellites peaks. In Fig. 3.22 a), we show a comparison of the Ti 1s and Ti 2p
lineshape measured on the P(O3) = 1073 Pa sample. To facilitate the comparison, the
spectra have been arbitrary aligned to the energy of the main peak, which in the case
of the Ti 2p spectra is the 2p3/, and the position of the satellites which have been seen
in Fig. 3.21 are indicated by the dashed lines. The 2p; /5 peak can be seen at around
5 eV from the 2p3/; and it is quite broad, which means that it sits right on top of the
satellite I which we had identified in the Ti 1s spectra of Fig. 3.21. Satellite II is easily
recognisable at about 13 eV, along with its spin-orbit doublet “companion” around 18
eV, while the presence of satellite III can be guessed as a small bump around 25 eV (also
its spin-orbit doublet companion should be present, but it is very difficult to clearly see
it with this scale). In the panel b) of Fig. 3.22, we report the Ti 2p spectra acquired
at the two different photon energies of 6900 and 2500 eV: they have been normalised to
the intensity of the Ti 2p3/5 peak after the subtraction of a Tougaard background and
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FIGURE 3.22: a) Comparison of the experimental spectrum of Ti 1s (black curve) with
those of Ti 2p at 6900 and 2500 eV photon energies (red and green curve, respectively)
from the P(O2) = 1072 Pa sample. The spectra have been normalised to the intensity
of the main peak after subtraction of a Tougaard background. A vertical offset has
been added for the sake of clarity. Three different satellites are indicated as I, IT and
III. b) Comparison of the Ti 2p spectra acquired on the same sample at two different
photon energies (6900 and 2500 eV): the curves have been normalised to the intensity
of the Ti 2p3/, main peak after the subtraction of a Tougaard background.
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we can immediately notice how the intensity of Satellite IT and III with respect to that
of the main line increases when passing to a lower photon energy. Furthermore, also the
intensity of the Ti 2p; o is higher at fuw = 2500 eV: this may be due to the presence of
Satellite I. In the case of the P(O2) = 10 Pa specimen (graph not shown), the differences
between the spectra acquired at different photon energies are less pronounced. In order
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FIGURE 3.23: a) Fitting of the Ti 1s lineshape acquired at 6900 eV photon energy
from the P(O3) = 1073 Pa sample. b) Same curve as in panel a) with an expanded
y-scale in order to show the small satellite around 5 eV from the main line.

to try to disentangle the various contributions to the lineshapes, we performed a fitting
procedure of the spectra, as it is shown in Fig. 3.23 a) for the Ti 1s photoline measured
from the P(O2) = 1072 Pa specimen. Since the main line is much more intense than
the satellites, in Fig. 3.23 b) we reported the experimental curve and its fit along with
the peak associated to the satellites on an expanded y-scale. By looking more closely,
we can see that along with the peaks associated to Satellite I, IT and III, (Peak 2, 3
and 5, respectively) there is also a small satellite around 1884 eV, about 40 eV from
the main line, labelled as Peak 6 in the fitting. The sum of seven peaks and an integral
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background has been used to replicate the experimental spectrum; in particular, the
peaks associated to the main line (Peak 1 in Fig. 3.23), to Satellite II (Peak 3) and to
Satellite ITI (Peak 5) have an asymmetric line shape. Furthermore, in order to reproduce
the low kinetic energy side of the main line and of Satellite 1I, along with Peak 1 and
3, another component is necessary, Peak 7 and 4, respectively. Since the curves of the

Sample Respect to main line | Satellite I | Satellite II | Satellite I1I
_ Distance (eV) 4.9 13.4 25.1
_ 3
P(02) = 107" Pa Amplitude 0.08 1.07 1.28
B Distance (eV) 4.8 13.4 25.1
P(0,) =10 Pa Amplitude 0.11 1.03 1.52

TABLE 3.3: Values of the energy separation and area ratio between the satellites and
the main line for both anatase specimens as obtained from the fitting of the Ti 1s
spectra.

P(O2) = 10 Pa sample are very similar to what reported in Fig. 3.23 for the other
specimen, the related picture will not be shown. However, we report in Tab. 3.3 the
values of energy distance and the amplitude ratio of Satellite I, IT and III with respect
to the main line for both samples as obtained from the fitting procedure. We notice
immediately that the differences, if any, are very small.

A similar analysis was performed on the Ti 2p spectra for both samples and two photon
energies (2500 and 6900 eV). In Fig. 3.24 and 3.25, the curves obtained by the fitting
procedure are shown for the P(Os) = 1072 Pa sample, at 6900 and 2500 eV photon
energies, respectively.
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FiGURrE 3.24: Fitting of the Ti 2p lineshape acquired at 6900 eV photon energy from
the P(Og2) = 1072 Pa sample.
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FiGURE 3.25: Fitting of the Ti 2p lineshape acquired at 2500 eV photon energy from

the P(Oy) = 1073 Pa sample

Finally valence band spectra for the two specimens at the two different photon energies

were measured: the data for the P(Og) = 1073 Pa sample are shown in Fig. 3.26,

compared with the molecular-orbital bonding structure for anatase TiO2 (based on a

TiOg cluster) [73]. Since no binding energy calibration is available for both energies, the
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FIGURE 3.26: a) Valence band photoemission spectra of the anatase TiOs sample
grown with P(O3) = 1073 Pa at 6900 and 2500 eV photon energy. In this graph the
binding energy scale has been aligned to the maximum of the fiw = 6900eV spectrum.
b) Molecular-orbital bonding structure for anatase TiOs; the dashed and solid lines
represent a weak and intense contribution of the orbital to the levels, respectively.

Adapted from [73].
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spectra have been aligned to the most intense feature of the 6900 eV curve, which means
that 0 is not the Fermi level. The valence band of anatase TiO3 is usually decomposed
into three contributions [73], which are represented by the grey rectangles in Fig. 3.26
b):

e in the upper region (i. e., closer to the Fermi level) there are P, nonbonding states
derived from the O 2p levels;

e in the middle energy region, 7 bonding states formed by Ti to;, and O 2p levels are
found;

e in the lower region, o bonding states originated from Ti e, and O 2p, levels are
present.

o and 7 identify covalent bonds that are formed when atomic orbitals overlap “head-on”
and when two lobes on one orbital overlap two lobes of the other orbital, respectively.

The most significant modification of the spectra of Fig. 3.26 a) upon changing the
photon energy from 6900 to 2500 eV is the apparent splitting of the feature in the upper
region.






Chapter 4

Discussion

The possibility to measure with high resolution core level spectra on strongly correlated
3d systems with bulk sensitivity offered by performing HAXPES at undulator based
beamlines of third generation synchrotron radiation facilities, has put in evidence the
presence of structures which were not seen in spectra acquired at lower photon energies,
which have been called extra-peaks. They are a spectral evidence of the strong electron
correlation between the 3d electrons, which is also the basis of the many macroscopic
properties that this class of materials in known to show. Before the advent of HAXPES,
these features were known only in the spectra measured at lower photon energies, in
strongly correlated systems based on 4d and 4f elements. For example, in the case of
Ce-based compounds, the initial core-hole could be screened in two ways, namely by
a delocalised conduction electron or a localised 4f electron. These different screening
channels would give rise to a poorly and a well screened feature, respectively, the second
having a lower binding energy than the first [28]. This phenomenological model was put
on a more quantitative ground by Gunnarssonn and Schonhammer, which developed
a model based on the single impurity Anderson Hamiltonian [27], which allowed to
calculate all the possible configurations of the 4f levels in the final state. Despite well
established, this model proved to be inadequate to describe the presence of well screened
features observed by HAXPES in 3d based transition metal compounds, like manganites.

The first interpretation of these “new” well screened features was given by introducing
in the Anderson Hamiltonian another term due to the presence of an additional state,
usually called coherent state, close to the Fermi level, which opens a new screening
channel [6]. A different explanation has been given on the base of a competition between
local and nonlocal screening channels, as obtained by using a bigger cluster with respect
to the one used in the previous model, involving more than one metallic site [33]. In this
case the presence of the extra peak is associated to a nonlocal screening channel, with
the charge screening the core hole moving in from another metallic site. The debate is
still open as to which approach is more adequate to explain this class of features as well
as the question whether it is possible to effectively map these two models one into the
other or not. Since then, extra peaks in strongly correlated 3d systems such as vanadates,
manganites and cuprates have been widely studied, and have been connected to both
metallic and ferromagnetic properties. It has been highlighted that these features are
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visible for the materials in the metallic phase and are suppressed when the systems
enter the insulating phase. This can be expected, since it is known that the character
of the valence or conduction electrons is different between a metal and an insulator,
which means that also the screening processes will be different. Furthermore, extra-
peaks in the core levels of 3d based transition metals have not been detected at low
excitation energies, which hints to a different screening behaviour of the surface with
respect to the bulk. Despite the extensive experimental [7, 52, 104] and theoretical
[6, 33] work carried out with HAXPES on strongly correlated 3d materials, there are
issues which must be addressed. For example, it would be useful to evaluate the critical
thickness at which well-screened structures appear in the core-level spectra of different
materials. Once such values are known, by tuning the photon energy in such a way
to obtain the desired information depth, one could for example use the presence or
absence of these features as a benchmark of magnetism and/or metallicity in samples
produced for device applications. In this chapter we will make some considerations
regarding the experimental results which have been previously presented. In particular
we have measured the photon energy dependence of the so-called extra-peak in the Mn
2p core level spectrum of two different Mn compounds, namely GaggrMng13As and
Lag.g5510.35MnO3. In the case of the latter, three different samples grown on different
substrates have been investigated, each with a different lattice mismatch at the interface
which propagates to the surface without relaxing. In section 4.1 we will address the
characterisation of the surface of Gaj_,Mn,As, which can be a delicate issue since a
chemical etching procedure is performed to remove an oxide layer. In section 4.2, we
will examine the photon energy dependence of the low binding energy nonlocal satellite
in Gag.g7Mng 13As and Lag 551 .35MnQO3 thin films, which highlights a different evolution
of the feature as a function of the probing depth for the two materials. Assuming that
for both compounds this feature arises from a screening channel which is suppressed in
a layer of given thickness close to the surface of the films, it results that the thickness
of this layer is larger in the case of the Lag g55rg.35MnO3 samples. While well-screened
peaks have been identified in the 3d based materials only with the help of HAXPES,
similar structures had already been identified in the core level spectra measured with soft
X-rays in another class of systems, namely the 4d transition metal compounds, such as
RuO2 [34]. In this case, well screened peaks are the dominant features of Ru 3d spectra;
by measuring the photon energy dependence of this core level, we have been able to
show how the ratio between well screened and unscreened features increases when using
higher photon energies, as discussed in 4.2.

A separated section is devoted to the study of Mn 3s and valence band spectra (4.3). In
particular, we have evaluated how the exchange splitting in the Mn 3s spectrum changes
as a function of the photon energy, which in turn can be related via an empirical formula
to the valence state of the Mn ions [? ]. We have found out that in both the strain relaxed
and compressed samples the valence on the ions increases when passing at lower photon
energies, suggesting an increase in the electron population on the atoms. This evidence
is supported also by the photon energy dependence of the valence band spectrum, were
a significantly large increase of the feature associated to the eg levels close to the Fermi
level is registered upon lowering the photon energy.
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Another interesting class of satellite peaks which appear in the core level spectra of 3d
based oxides, even at more conventional photon energies, are the high binding energy
charge-transfer satellites, which are related to the screening of the core hole on the metal
site by charge moving in from the ligand. In particular, electrons are transferred from the
2p ligand levels to the 3d metal states, who are responsible for the screening [71]. In this
field, one of the most widely studied systems is the rutile TiO2, whose Ti 2p spectrum
presents many interesting features. However, the interpretation of such structures is
hampered by the presence of the spin-orbit Ti 2p; /5, which may be superimposed to
one of the satellites [81, 82]. The less investigated, but potentially more interesting,
due to the enhanced photocatalytic properties, counterpart of rutile TiOz is one of its
polymorph, anatase TiOq [77]. In section 4.4 the high binding energy satellite structure
due to charge-transfer observed in the Ti 1s and Ti 2p photoemission spectra of anatase
TiOg9 thin films with different conduction properties will be discussed.

4.1 Surface characterisation

One of the main advantages in performing HAXPES experiment is that true bulk sen-
sitivity can be achieved, which in turn allows to relax the serious constraints on the
surface quality which are necessary to obtain reliable information at more conventional
lower photon energy ranges. On the other hand, prior to HAXPES measurements the
Gaj_,Mn, As sample underwent a chemical etching procedure to remove the superficial
oxide layer and no further in-situ was performed. By measuring at each used photon
energy the Ga and As 3d core levels which have been shown in Fig. 3.2, we were able
to establish that the procedure was successful in getting rid of the surface oxide layer.
This can be seen by the lineshapes of Ga and As 3d, which do not present the high
binding energy feature which is associated to the presence of oxidised species [99], even
at the most surface sensitive photon energy. Atomic force microscopy (AFM) images
have been acquired both on the as-received and etched sample, as shown in Fig. 4.1
on a 10 x 10pm? area. The image of the as-received sample (Fig. 4.1 (a)), shows the

b)

3.2nm 12.7 nm

-5.5 nm -16.6 nm

0.0 Height 10.0 ym 0.0 Height 10.0 ym

FIGURE 4.1: 10 x 10pm? AFM images of the Ga;_,Mn,As sample surface of the (a)
as-received and (b) etched sample. Figures courtesy of dr. M. Cavallini.
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presence of outgrowths (structures with lateral size ranging between 100 and 500 nm
and thickness between 3 and 12 nm) on the surface: the value of root mean squared
roughness is 1.1 £ 0.2 nm (if the measure is made in the space between the outgrowths,
it reduces to 0.4 = 0.1 nm). After the etching procedure, a reduction of the number of
outgrowths can be seen (those remaining have a lateral size ranging between 100 and
200 nm and a thickness between 3 and 10 nm), while the roughness increases, passing
to 1.5 £ 0.3 nm (1.2 £ 0.2 nm, if measured between the outgrowths), as it can be seen
in Fig. 4.1 (b) [112].

On the other hand, by estimating the area of the Mn 2p, Ga and As 3d core level peaks
shown in the previous chapter at each used photon energy and taking into account
the photoionisation cross-section for these photolines [109], we made a semiquantitative
assessment of the surface composition. The results of such analysis are reported in

Gay_,Mn,As %t;)mlc N([:;)lncentrAatslon Laj_,Sr,MnOs f:tomlg :onclei/rllrtlratlog
Nominal 0.87 | 0.13 1.00 Nominal 0.65 | 0.35 1 3
hw =2800eV | 0.96 | 0.04 1.00 — — - — —
hw = 1000 eV | 0.93 | 0.07 1.00 hw = 1000 eV | 0.40 | 0.60 | 0.09 | 3.91
hw = 2500 ¢V | 0.90 | 0.10 1.00 hw = 2500 eV | 0.51 | 0.49 | 1.06 | 2.94
hw = 5940 eV | 0.92 | 0.08 1.00 hw =5940 eV | 0.54 | 0.46 | 0.55 | 3.45

TABLE 4.1: Elemental composition of the etched Gaj;_,Mn,As and the strain relaxed
Laj;_,Sr,MnOj3 samples as a function of the photon energy compared with the nominal
stoichiometry.

Tab. 4.1. We can immediately see that at the lowest available photon energy, the
concentration of Mn appears to be lower with respect to the bulk, suggesting the presence
of a Mn depletion region at the surface. On the other hand the bulk values, i. e. for
energies larger than hw = 2500 eV, are closer to the expected value of substitutional
Mn, which is around 7% with a nominal doping of 13% [54].

For Laj_,Sr,MnQOs, in Tab. 4.1 we report a similar semiquantitative analysis made for
the strain relaxed sample: by using the La 4d, Sr 3d, Mn 2p and O 1s core level peaks,
we notice that at the surface the atomic concentration of Mn is quite lower than the
nominal value, suggesting also in this case a depletion of Mn in the surface region.

4.2 Well-screened satellites in 3d and 4d compounds

In section 3.1 and 3.2 we have seen how the Mn 2p spectra of GaggrMng13As and
Lag 6551035 MnOj3 thin films display a low binding energy satellite structure which has
a different evolution as a function of the used photon energy for the two compounds.
This is particularly evident for the satellite structure of the Mn 2p3/5. Incidentally we
note that the relative satellite of the Mn 2p; /5 component is less pronounced, appearing
at most as a broad shoulder. In the case of Lag.g55rg.35MnQg, calculations have indeed
suggested that the 2p; /5 satellite should be broader than the 2p3 /5 one, making it more
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difficult to discriminate from the 2p; /, main peak, which is in turn is quite broad, being
the result of the convolution of many multiplet structures [113].

In the case of GaggrMng13As, a diluted magnetic semiconductor, which is known to
exhibit ferromagnetism below T ~ 180 K due to net magnetic moment of the unfilled
d band of the substitutional Mn ions, the spectrum of the Mn 2p core level at room
temperature with a photon energy of 5940 eV reveals a very intense extra-peak on the
low binding energy side of the Mn 2p3/; peak. From the photon energy dependence
we have presented in the previous chapter (see Fig. 3.3), we can clearly see how the
intensity of this feature changes drastically with respect to the main peak when lowering
the photon energy. For example, it is interesting to notice how, despite being only a
shoulder, in our data the peak it is still visible at a photon energy as low as 800 eV, while
until now reports of photoemission spectroscopy on Gaj_,Mn,As, and more in general
on 3d transition metal compounds, have pointed out that such satellites were not visible
in the soft X-ray regime. For example in the measurements at ESRF performed by Fujii
et al., the spectrum measured at 900 eV photon energy showed a large bump in the
region of the Mn 2ps 5 line, with no evident structures [7] (see also Fig. 1.19). One may
be tempted to ascribe these discrepancies to the different energy resolution; however this
may not be the case, since the spectrum at hw = 900 eV in Ref. [7] was measured with
an overall energy resolution of 250 meV, which is compatible with what we obtained at
the 109 beamline (between 230 and 310 meV over the whole exploited photon energy
range). Furthermore, the extra-peak in their HAXPES spectrum is visible already with
a resolution of 400 meV. So other explanations must be taken into consideration. One
aspect which must be carefully taken into account when measuring core level spectra
with soft X-rays is the quality of the surface. For example, it must be recalled that
before being inserted inside the load-lock of the 109 experimental chamber, the sample
has undergone an etching procedure, in order to remove the surface oxide layer which
is formed during the deposition of the film [54]. Our PES measurements of the Ga and
As 3d lineshapes (see Fig. 3.2), where there is no trace of the peaks associated to the
oxide layer [99], suggest that the procedure was successful. Furthermore, AFM images
of the sample surface acquired before and after etching, have proved that the procedure
reduces the number of outgrowths, while maintaining the surface roughness between
1 — 2 nm. So our data suggest that with an adequate ez-situ surface preparation and a
spot size of few tens of microns, the extra-peak of Ga;_,Mn,As can be observed also in
the soft X-ray regime. An inadequate surface preparation could be responsible for the
absence of the extra-peak in the fuw = 900 eV spectra in Ref. [7].

By a comparison with the calculations as in Fig. 3.3 this suggests that a certain degree
of hybridisation between the d" configurations is retained also close to the surface (the
information depth of Mn 2p photoelectrons for Aiw = 800 eV is about 21 A). However,
although the peak is visible at all the used photon energies, it is evident from our spectra
that the ratio with respect to the total area of the whole Mn 2p3 /5 changes sensibly. Our
hypothesis is that exists a layer with a certain thickness close to the surface, where the
nonlocal screening channel associated to the extra-peak is suppressed with respect to
the bulk of the film. This should in turn be related to the different degree of localisation
of the Mn 3d orbitals which are involved in the screening of the core-hole. By acquiring
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spectra at different photon energies, i. e. different information depths, it can be expected
that the signal coming from the bulk (the extra-peak) will be more attenuated by this
layer when the information depth has a similar value to the thickness of such slab. By
plotting the value of the ratio of the well-screened peak with respect to the total area
of the peak as a function of the mean escape depth of Mn 2p photoelectrons and fitting
the points with an exponential attenuation law, an estimation of the thickness of the
attenuating layer can be obtained.

In order to estimate the contribution of the extra-peak to the total photoemission sig-
nal, a fitting procedure of the lineshapes is required: since the extra-peak in the Mn
2p1 /2 component is not very well resolved, we restricted our analysis to the case of the
Mn 2p3/5. Of course the photoline is the result of the superposition of various peaks
associated to different oxidation states as shown in Chapter 1 (d*, d® and d° are the
most important, with the latter associated to the well-screened peak), which in turn
are mixed by hybridisation and display a multiplet structure, which in the experimental
spectra is not resolved. We started our analysis from the spectrum acquired at 5940
eV which displays the most intense extra-peak which we tried to reproduced such peak
with a Voigt profile: we succeeded only by using a Gaussian FWHM which is double
(0.52 €V) of what we expected from the estimation of the energy resolution by the Fermi
edge fitting. We managed to account for the rest of the lineshape by using five Gaussian
lines (see Fig. 3.4). As a first attempt we left the parameters of the peaks free when
passing from a photon energy to another as reported in Tab. 4.2. As detailed in Fig.
3.4, Peak 1 represents the extra-peak, while Peak 2 — 6 mimic the rest of the Mn 2p3/,
lineshape. We also performed another attempt and blocked the values of the Gaussian
FWHM for the spectra at 2500, 1000 and 800 eV to the values obtained for 5940 eV.
Only the Gaussian FHWM of Peak 1 was left free to account for small differences in
energy resolution upon changing photon energy. This approach resulted in a different
estimation of the integral background parameters (which are fitted as well) at the two
lowest photon energies. As a consequence the experimental values of the ratio between
area of Peak 1 (satellite) and the total area of the Mn 2p3/, peak proved to be different
as shown in Fig. 4.2. Since the value of the y? for the case of blocked parameters is
more than twice that of the free parameters case, so we decided to stick with the latter.
The error bar of the mean escape depth is mostly due to the uncertainty on the values
of the inelastic mean free path as calculated with the TPP-2M algorithm [43]. On the
other hand, regarding the uncertainty on the value of the ratio of Peak 1 with respect
to total area, the main contribution derives from the determination of the background,
which can drastically change the estimation of the peak areas at the two lowest photon
energies used, as we have shown in Fig. 4.2.

From the fitting procedure we just illustrated we obtained a value of 124+1 A as estima-
tion of the thickness of a layer where we have assumed that the degree of localisation of
the Mn 3d orbitals is different with respect to the bulk. As shown in Fig. 4.3, assuming
that we are probing in the direction of the z axis, this corresponds to slightly more than
two unit cells of Gaj_,Mn,As, which has a zinc blende structure with a cell parameter
of a = 5.7 A [114]. Tt must be noted that at all the used photon energies the informa-
tion depth, which is the distance normal from the surface from which the 95% of the
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FIGURE 4.2: Comparison of the attenuation of the extra-peak as a function of the

photon energy as obtained by two different fitting procedures of the Mn 2p3 /5 spectra

from Gag g7Mng 13As, with blocked (black squares) and free Gaussian FHWM of the
five components representing the main peak (see text for details).

FIGURE 4.3: Crystal structure of Gag.g7Mng 13As and schematic of the thickness of the
attenuating layer. For the sake of simplicity, only substitutional Mn atoms have been
considered (it is known the incorporation of interstitial Mn atoms in Gaj_,Mn,As thin

films).
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Gag.g7Mng.13As, Mn 2p3 /9

Ph. en. (eV) | Peak | Pos. (eV) | Amplitude | Gaus. FWHM (eV) | Lor. FWHM (eV)
1 638.99 1.00 0.52 0.20
2 639.68 2.26 1.42
300 3 640.60 3.38 1.61
4 641.55 7.56 2.55 0
5) 643.31 6.38 3.24
6 646.28 7.60 4.75
1.00 638.80 1 0.57 0.15
2 639.50 1.11 1.604
3 640.36 1.28 1.77
1000 4 641.38 1.45 2.59 0
5 643.24 1.63 3.13
6 645.89 1.78 4.09
1 639.10 1.00 0.52 0.27
2 639.91 2.18 1.53
3 640.44 2.47 1.96
2500 4 641.39 4.16 2.59 0
5 643.34 3.79 3.19
6 645.84 3.52 4.33
1 639.13 1.00 0.52 0.25
2 639.95 0.98 1.32
3 640.64 1.00 1.65
5940 4 641.79 1.00 2.39 0
5) 643.72 1.01 2.80
6 646.00 1.01 3.70

TABLE 4.2: Fitting parameters of the four Mn 2p3/, spectra from Gag.g7Mng.13As.
Peak 1 represents the low binding energy satellite feature.

photoemission signal is obtained is always larger than the thickness of the attenuating
layer: for example at hiw = 800 eV is around 21 A and at fiw = 5940 eV is about 260
A. This means that at all photon energies we can expect to have a contribution to the
photoemission signal from the “bulk” of the film where the nonlocal screening channel is
present, and this is the reason why also at ~iw = 800 eV we can see an extra-peak in the
Mn 2p3 /5 spectra. Of course in order to observe an extra-peak with this photon energies
an adequate surface preparation is needed, which is our case as we have confirmed by
AFM and PES measurements. We can then affirm that in the case of Gagg7Mng 13As
thin films, the electronic properties are compatible with the one of the bulk when there
are at least three unit cells.

We applied a similar approach to the case of the fitting of the Mn 2p3 /5 measured from the
Lag.65510.35MnOg3 spectra in the metallic phase (7' = 200 K). We can notice by looking at
Fig. 4.4 how the extra-peak in these Mn 2p spectra seems to have a different dynamics
with respect to the case of GaggrMng13As. In fact while for GaggrMng.13As we can
identify a low binding energy satellite all the used photon energies, for Lag g55r9.35MnO3
at the lowest used photon energy (1000 eV in this case) we can no longer see the peak.
The data presented in Fig. 4.4 are those regarding the strain relaxed sample (grown on a
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FIGURE 4.4: Comparison of the photon energy dependence of the Mn 2p spectrum
measured on the a) GaggrMng.13As and b) Lag g5510.35MnO3 strain relaxed sample.

LSAT substrate), but for the strain compressed sample (grown on a SLAO substrate) we
have a very similar behaviour. For these samples we have measured the Mn 2p spectrum
only at three photon energies, because due to the “disappearance” of the well-screened
peak it would have been useless to further lower the photon energy. In this case when
fitting the lineshapes, other than the evaluation of the integral background, a major
source of uncertainty derived from the determination of the area of the satellite peak at
1000 eV, where the feature it is not resolved. As for the case of Gaj_,Mn,As sample, the
fitting parameters have been left free to move. The parameters obtained from the fitting
procedure are shown in Tab. 4.3, 4.4 and 4.5 for the tensile (for which only one photon
energy has been measured), relaxed and compressive strained sample, respectively. The
values of the area of the extra-peak with respect to the total Mn 2p3 5 have been plotted
with respect to the mean escape depth and fitted with an exponential attenuation curve
such as shown in Fig. 4.5 both for the strain relaxed and compressed sample, where
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the blue triangle represents the value for the spectrum measured on the tensile strained
specimen at hw = 5940 eV. It turned out that, with a small difference between the two
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FIGURE 4.5: Attenuation of the extra-peak of the Mn 2p3z/, line for strain relaxed

(black squares) and strain compressed (red circles) Laj_,Sr,MnQOg3 thin films. For the

strain tensile sample, only the value corresponding to an excitation energy of iw = 5940

eV is shown (blue triangles). The exponential fitting and the resulting parameters for
the strain relaxed and strain compressed specimens are also displayed.

samples, the thickness of the attenuating layer results to be around 40 A, significantly
larger than for the Gag g7Mng.13As and corresponding to about ten unit cells. This could
be due to the presence of the so-called dead-layer, a interfacial layer showing insulating
and nonmagnetic behaviour at all temperatures without a metal-insulator transition
[115, 116]. X-ray magnetic scattering in resonant conditions (XRMS) measurements on
Lag g75rg.33MnQOg thin films on TiOs-terminated SrTiOg3 have revealed the presence of a
~ 17 A dead layer when measured at a temperature 7 = 200 K [116], which is the same
measurement at which our HAXPES measurements have been carried out.

The role of electron correlation in 4d oxide rutile RuOy was considered negligible and
the compounds was defined as a band metal [117]. However, Ru 3d spectra, already
in the soft X-ray range, show some hints of the strongly correlated character of 4d
electrons in this compound [33, 34]. As we have shown in Fig. 3.17, Ru 3d spectrum
shows at least four features, that can be divided into two screened peaks around 281
and 285 eV binding energy and two unscreened peaks around 282 and 287 eV binding
energy as in [34]. In this interpretation the screened peaks correspond to a final state
where the core hole is screened by quasiparticles at the Fermi surface. On the other
hand, another possible explanation is a nonlocal screening mechanism, with electrons
coming from a neighbouring metallic site: in this case the feature a 282 eV, which in
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La0,65Sr0,35Mn03/STO, Mn 2p3 2
Ph. en. (eV) | Peak | Pos. (eV) | Amplitude | Gaus. FWHM (eV)

1 639.71 1 0.62
2 641.72 4.2 141
3 640.57 3.1 1.62

5940 4 642.57 4.0 2.02
5 643.60 6.0 2.64
6 645.60 2.6 314

TABLE 4.3: Fitting parameters for the Mn 2p3 /5 spectrum measured at T = 200 K
on the Lag g55rg.35MnOj3 tensile strained sample. Peak 1 identifies the well-screened

satellite.
La0.65Sr0.35Mn03/LSAT, Mn 2p3/2
Ph. en. (eV) | Peak | Pos. (¢V) | Amplitude | Gaus. FWHM (eV)

1 639.43 1 0.66
2 641.37 65 1.50
3 640.38 53 1.73

1000 4 642.42 73 1.73
) 643.77 52 2.21
6 645.57 32 3.07
1 640.01 1 0.57
2 641.83 9.3 1.48
3 640.75 6.1 1.47

2500 4 642.83 14 1.95
) 644.21 10 2.31
6 645.85 6.5 3.08
1 639.58 1 0.63
2 641.75 4.4 1.48
3 640.80 4.5 1.95

5940 4 642.91 4.7 1.85
) 644.09 4.0 2.36
6 645.86 1.9 2.81

TABLE 4.4: Fitting parameters for the Mn 2p3 /5 spectra measured at 7' = 200 K on the
Lag.g55r0.35MnOg3 strain relaxed sample. Peak 1 identifies the well-screened satellite.

the previous case was seen as the unscreened Ru 3ds5/, would be associated to a final
state where the core hole is screened by charge moving from the ligand around the
metallic site (local screening). The same holds for the structure around 287 eV, which
is then the local screened Ru 3d3/, peak [33]. The unscreened peaks for both spin-orbit
components would be at higher binding energies, not discriminated by the background
in the experimental spectrum.

It is interesting to notice that the low binding energy feature of the two spin-orbit
components, are the dominant structures of the Ru 3d spectra reported in Fig. 3.17

!The author of [33] seems to not include spin-orbit splitting in his calculations, he just presents
calculated spectra with three components, which we interpret as those of the Ru 3ds 5.
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La0A65Sr0,35Mn03/SLAO, Mn 2p3 2
Ph. en. (eV) | Peak | Pos. (eV) | Amplitude | Gaus. FWHM (eV)

1 639.47 1 0.66
2 641.17 52 1.50
3 640.24 29 1.73

1000 4 642.26 61 1.73
5 643.56 44 2.21
6 645.28 27 3.07
1 639.65 1 0.57
2 641.41 13 1.48
3 640.25 4.5 1.47

2500 4 642.48 17 1.95
5) 643.82 11 2.31
6 645.43 6.4 3.08
1 639.42 1.0 0.63
2 641.40 4.4 1.48
3 640.60 4.6 1.95

2940 4 642.43 9.5 1.85
5 643.67 5.6 2.36
6 645.52 24 2.81

TABLE 4.5: Fitting parameters for the Mn 2p3/, spectra measured at 7' = 200 K on
the Lag.g5Srg.35MnO3 strain compressed sample. Peak 1 identifies the well-screened
satellite.

already in the soft X-ray regime. This is different from what observed in 3d systems
such as Gaj_,Mn,As and La;_,Sr,MnQOs3, where for excitation energies lower than 1
keV the extra-peak is only a small shoulder or is not visible at all, respectively.

4.3 Depth dependent valence change and metallicity in
manganites

In manganites compounds in the metallic phase, the conduction is ascribed to the hop-
ping of electron occupying the e, level on a Mn 3" ion to a similar unoccupied level
on a Mn 4% ion separated by an oxygen ion (double exchange). The measurements we
performed on the valence band for the strain relaxed and compressed sample as illus-
trated in Fig. 4.6 for the case of the strain relaxed sample, but a similar behaviour
can be observed for the compressive strained film, show a feature close to the Fermi
level that in the literature is associated to the e, band. It is interesting to notice how
decreasing the photon energy there is an increase in the intensity of this feature, which
may suggest a higher occupation of the e, levels, which in turn could imply a reduction
of the hopping probability and hence a reduction of the metallicity. The fact that the
electron population on the Mn atoms becomes higher when more surface sensitivity is
achieved is suggested also from the Mn 3s spectra. This core level in fact, due to a
strong superposition with the valence 3d orbitals, displays an exchange splitting of few
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strain relaxed

eV, which can be used to evaluate the oxidation state of the Mn atoms. We measured

two photon energies (5940 and 2500 eV) apiece for the strain relaxed and compressed

specimen and one (5940 eV) for the tensile strained specimen. From the results of a

fitting procedure of these spectra (see Fig. 3.14) we were able to show that the va-

lence of the Mn ions increases when lowering the photon energy for both samples, as

reported in Tab. 3.2, which suggests an increase of the electron population on the Mn

ions (a higher ion valence implies that the ion is more positively charged). The fitting

parameters we obtained for the Mn 3s spectra are reported in Tab. 4.6, 4.7 and 4.8 for

the tensile strained, strain relaxed and compressive strained samples, respectively; the

peaks are those displayed in Fig. 3.14. By looking the Mn 3s spectra measured at the

La0.65SI‘0.35MIlO;3/STO, Mn 3s

Ph. en. (eV) | Peak | Pos. (eV) | Amplitude | Gaus. FWHM (eV) | Lor. FWHM (eV)
1 84.34 1.00 1.21
2 88.82 1.94 3.60
5940 3 82.73 0.71 1.54 1.09
4 85.93 0.23 0.71
5) 95.005 0.76 9.26

TABLE 4.6: Fitting parameters for the Mn 3s spectrum measured at 7' = 200 K on the
Lag.g55r0.35MnO3 tensile strained sample. The energy positions of Peak 1 and Peak 2

have been used to calculate the exchange splitting AF3;.

highest used photon energy of 5940 eV (see Fig. 3.12), we can identify as shoulder on

the low binding energy side of the high spin component. This feature has already been

seen in previous HAXPES measurements [104], also in the case of the Mn 3p line, and
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Lao_65Sr0_35Mn03/LSAT, Mn 3s

Ph. en. (eV) | Peak | Pos. (eV) | Amplitude | Gaus. FWHM (eV) | Lor. FWHM (eV)
1 84.49 1.00 1.23
2 89.25 1.21 2.98
2500 3 83.08 0.37 1.65 0.80
4 86.18 0.17 0.76
) 94.29 0.13 4.68
1 84.17 1.00 1.01
2 88.60 2.28 3.61
5940 3 82.59 0.91 1.53 1.17
4 85.66 0.37 0.93
5 94.67 0.88 10.27

TABLE 4.7: Fitting parameters for the Mn 3s spectrum measured at 7" = 200 K on
the Lag g5510.35MnOg strain relaxed sample. The energy positions of Peak 1 and Peak

2 have been used to calculate the exchange splitting AFE3;.

La0,65Sr0,35Mn03/SLAO, Mn 3s

Ph. en. (eV) | Peak | Pos. (eV) | Amplitude | Gaus. FWHM (eV) | Lor. FWHM (eV)
1 84.13 1.00 1.23
2 88.87 0.80 2.98
2500 3 82.57 0.22 1.65 0.80
4 85.88 0.14 0.76
5) 93.48 0.08 4.68
1 83.99 1.00 1.21
2 88.44 1.83 3.60
5940 3 82.37 0.63 1.54 1.09
4 85.61 0.23 0.71
) 94.38 0.51 9.26

TABLE 4.8: Fitting parameters for the Mn 3s spectrum measured at T'= 200 K on the
Lag.¢5510.35 MnO3 strain compressed sample. The energy positions of Peak 1 and Peak

2 have been used to calculate the exchange splitting AFE’s;.

has been interpreted as a well screened satellite as in the case of the Mn 2p. The Mn
3s lineshape is more spread out in energy with respect to the 2p as due to multiplet
effects and this makes more difficult to resolve the extra-peak. A similar effect has been
found in another 3d systems, namely VoOgs, whose V 2p peak presents a well-resolved
low binding energy satellite for both 3/2 and 1/2 spin-orbit component and a similar
but less resolved feature can also be seen in the spectra of the shallower core level V 3p
[22]. So both in manganites and vadanates, low binding energy satellites in the metal
2p HAXPES spectra have been identified, as well as for less bound core level, where on
the other hand they appear less intense and display a different energy distance from the
main line. These differences can be induced by the different degree of overlap between
the core levels and the valence orbitals involved in the screening of the core hole [45].

The decrease of the Mn ion valence when lowering the photon energy as suggested by the
results of the fitting of the Mn 3s spectra, along with the observation of an increase in
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the structure associated to photoemission from the e, band in the valence band spectra,
suggest that the relative concentration of Mn?+ and Mn*t changes with the probing
depth. A lower valence implies that the ions are less positively charged and there are
then more electrons on the ions, which can be hosted only in the e, levels. However,
if these states are already filled, it is not possible to fill them with electrons coming
from a neighbouring ion, as in the double-exchange mechanism, which is the base of
the electrical conduction mechanism in manganites. One could then suggest that the
system is less metallic at smaller probing depth, but this is also what one observe with the
photon energy dependence of the extra-peak in the Mn 2p3 /5 spectrum, which decreases
when the photon energy is decremented.

4.4 Charge-transfer satellites in TiO,

In section 3.4 we have characterised the core level spectra of two anatase TiO2 thin films
grown with two different oxygen vacancy concentration, which yields different conduction
properties. A different oxygen concentration is induced by the growth conditions of the
films, in particular by the oxygen pressure in the deposition chamber. TiOs core levels,
especially the Ti 2p have been extensively studied over the years especially for the rutile
polymorph, which is the most stable form of titania. However, the interpretation of the
Ti 2p spectrum can be made difficult by the spin-orbit splitting, which can hide some
small feature, such as a 5 eV satellite which should fall directly below the Ti 2p; 5.
Thanks to the high photon energy achievable at the GALAXIES beamline (fiw = 6900
eV) it was also possible to investigate a deeper but simpler core level, namely the Ti
1s, which however is quite rich in features on the high binding energy side as shown in
Fig. 3.21. By looking at the two spectra reported in that picture, it can immediately be
noticed, by a comparison with similar data presented on SrTiO3 by Woicick et al. [71]
(see also section 1.4.4), the intensity of Satellite I with respect to the main line in our
data is quite smaller, appearing as a small bump while in the data by Woicick the peak
is well defined. SrTiOj3 belongs to the class of perovskites and at room temperature
exhibits a cubic unit cell with a lattice constant a = 3.905 A [118], which corresponds
(in the absence of distortions) to a metal-oxygen distance dp;—o = 1.9525 A (it is half
the lattice constant). On the other hand, in anatase TiO2 we have that the metal-metal
distance is reported to be 5.35 A [73], which results in dr;_o = 2.675 A (also in the
case of anatase TiOy six oxygen ions are octahedrally coordinated to a central Ti ion).
So the overlap between orbitals is expected to be smaller in the case of anatase TiO2,
meaning that the transitions between to, orbitals associated to Satellite I, already not
very intense in the case of SrTiOg, will be further suppressed. In Tab. 4.9 and 4.10
we report the parameters of the fitting of the Ti 1s lineshape for the P(O3) = 10 Pa
and P(O3) = 1073 Pa sample, respectively, while in Tab. 4.11 and 4.12 are shown the
parameters for the fitting of the Ti 2p spectra, two photon energies for each specimen.
The values reported in the amplitude (area of the peak) column have been normalised
to that of the main peak (Peak 1). The fitting of the Ti 1s on both samples have been
performed by imposing a slight asymmetry on the peaks reproducing Satellite IT and IIT
(Peak 3 and Peak 5, respectively). Peak 2 reproduces the small bump close to the main
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TiO2/LAO, P(O3) = 10 Pa, Ti 1s, fw = 6900 eV
Peak | Asym. | Pos. (eV) | Amplitude | Gaus. FWHM (eV) | Lor. FWHM (eV)
1 0 1923.83 1.00 0.34
2 1918.99 0.11 1.93
3 0.04 1910.48 1.03 1.71
4 0 1905.91 0.26 0.36 2.64
) 0.14 1898.76 1.52 5.17
6 0 1883.61 0.39 4.85
7 1921.75 0.05 1.06

TABLE 4.9: Fitting parameters for the Ti 1s spectrum measured on the P(O3) = 10
Pa sample at Aw = 6900 eV.

TiOs/LAO, P(O3) = 1073 Pa, Ti 1s, iw = 6900 eV
Peak | Asym. | Pos. (eV) | Amplitude | Gaus. FWHM (eV) | Lor. FWHM (eV)
1 N 1924.55 1.00 0.32
2 v 1919.69 0.11 1.56
3 0.04 1911.17 1.07 1.73
4 0 1906.47 0.19 0.36 2.17
5 0.14 1899.48 1.28 4.68
6 0 1883.95 0.26 4.91
7 1922.23 0.03 0.74

TABLE 4.10: Fitting parameters for the Ti 1s spectrum measured on the P(Og) = 1073
Pa sample at hw = 6900 eV.

TIOQ/LAO, P(OQ) =10 Pa, Ti 2p
hw = 2500 eV
Peak | Asym. | Pos. (eV) | Amplitude | Gaus. FWHM (eV) | Lor. FWHM (eV)
1 0.07 2035.07 1 0.09
2 0.07 2029.33 1.04 0.72
3 2021.55 1.12 1.51
4 2015.94 1.12 0.35 2.06
5) 0 2009.40 1.44 3.86
6 2003.49 0.56 2.91
7 1996.37 0.02 3.80
hw = 6900 eV
Peak | Asym. | Pos. (eV) | Amplitude | Gaus. FWHM (eV) | Lor. FWHM (eV)
1 0.06 6433.59 1.00 0.09
2 0.04 6427.88 1.22 0.73
3 6420.12 1.80 1.97
4 6414.30 1.45 0.31 2.01
5 0 6407.61 2.86 4.49
6 6401.34 1.13 4.49
7 6394.20 0.86 3.70

TABLE 4.11: Fitting parameters for the Ti 2p spectrum measured on the P(O2) = 10
Pa sample at 2500 and 6900 eV photon energy.
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TiOs/LAO, P(O3) = 1073 Pa, Ti 2p
hw = 2500 eV
Peak | Asym. | Pos. (eV) | Amplitude | Gaus. FWHM (eV) | Lor. FWHM (eV)
1 0.08 2035.65 1.00 0.13
2 0.04 2029.96 1.00 0.72
3 2022.11 1.08 1.47
4 2016.59 1.16 0.32 2.10
) 0 2010.23 1.38 3.69
6 2004.22 0.70 3.14
7 1997.88 0.02 1.01
hw = 6900 eV
Peak | Asym. | Pos. (eV) | Amplitude | Gaus. FWHM (eV) | Lor. FWHM (eV)
1 0.06 6434.23 1.00 0.08
2 0.03 6428.56 1.23 0.70
3 6420.71 1.80 1.90
4 6415.03 1.37 0.30 1.92
) 0 6408.84 2.63 4.43
6 6402.76 1.30 3.41
7 6394.66 0.79 4.25

TABLE 4.12: Fitting parameters for the Ti 2p spectrum measured on the P(Og) = 1073
Pa sample at 2500 and 6900 eV photon energy.

peak, at a distance of about 4.8 eV for both samples. In the case of Ti 2p spectra for both
excitation energies of 6900 and 2500 eV, the 3/2 and 1/2 main peaks are reproduced
using asymmetric lineshapes, Peak 1 and 2, respectively. While Satellite II and III are
reproduced in the fitting for both spin-orbit components, 3 and 5 for the 2p3/; and 4 and
6 for the 2p, 9, respectively, we were not able to introduce a component to reproduce a
satellite between the 3/2 and 1/2 main peaks, (corresponding to Satellite I in the case
of the Ti 1s) as suggested by [81] in the case of rutile TiOs.






Chapter 5

Perspectives

In the last ten years, HAXPES has been established as a technique of choice for the study
of the electronic properties of materials, exploiting the enhancement in probing depth

due to the increase in the kinetic energy of the analysed electrons in order to obtain

information about the electronic structure of materials with true bulk sensitivity. How-

ever, a deeper insight into the physical properties of solid state materials, can be gained

only when information about electronic structure is combined with the investigation of

elementary processes such as collective excitations. Phenomena like electron-electron in-

teractions, electron-coherent phonon coupling and electron-phonon coupling, take place
on the so-called wultrafast time scale, usually less than 1 ps [119]. On the other hand
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FI1GURE 5.1: Time scale of some chemical and physical processes compared with the
typical time scales of XFEL and third generation light sources. Adapted from [119].

chemical reactions are the results of various elementary processes that occur over a wide

103
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range of time scales. Indeed while bod-breaking and bond-making take place in the fs
regime, there are other aspect such as surface diffusion, formation of reaction interme-
diates and desorption which take place on time scales longer than ps. In Fig. 5.1 are
reported the time scales typical of some physical and chemical processes, compared with
the temporal properties of the radiation generated at third generation light sources and
at new fourth generation facilities, the so-called X-ray Free Electron Lasers (XFELs).
It becomes clear that to investigate thoroughly chemical reaction, time-resolved spec-
troscopies over a time window spanning from fs to ms are required. Time-resolved
photoelectron spectroscopy (tr-PES) has been developing in recent years especially in
the soft X-ray regime, thanks to advance in the design and realisation of novel light
sources, allowing to study various phenomena, ranging from ultrafast demagnetisation
process in magnetic samples [120], ultrafast melting of charge density waves in Mott
insulators [8], relaxation of surface photovoltage effect on semiconductor surfaces [121],
to the dynamics of surface reactions [122, 123]. These experiments are performed in the
so-called pump-and-probe configuration, which is schematically represented in Fig. 5.2
compared with conventional “static” PES: two radiation pulses are used, one at the time
t = 0 which “pumps” energy into the system (which for example in a metal can allow
electronic transition at levels above the Fermi level) and the other at a given delay At
which probes the properties of the excited material. On the base of these considerations,

a b
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< %,

FIGURE 5.2: Schematic representation of a conventional a) and time-resolved b) pho-
toelectron spectroscopy experiment. In the inset the energy level diagram of sample
and analyser is shown.

it seems only fit to give some indications on the possible future developments of HAX-
PES with time resolution, by presenting an example of experiment on one of the same
Laj_;Sr,MnQOg thin films which have been previously discussed and by discussing the
properties of some instruments for the realisation of dedicated electron energy analysers.

5.1 Time-resolved HAXPES on La;_,Sr,MnO;

A first example of Tr-HAXPES experiment with synchrotron radiation has been per-
formed at the BL19LXU beamline of the SPring-8 light source (Hyougo, Japan) on one
of the Laj_,Sr,MnO3 samples which have been discussed earlier, namely the strain re-
laxed one (grown on LSAT). We have tried to measure the evolution of the extra-peak
in the Mn 2ps3/, as a function of the delay between pump and probe pulse. The pump
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pulse is given by a 1.5 eV laser, with a repetition rate of 1 kHz; on the other hand the
X-ray probing pulses have a repetition rate of about 208 kHz, which means that in order
to match the lower value of 1 kHz of the pump laser a chopper must be used. In this
way, we are selecting only a small part of the available X-ray intensity, which means
that when collecting spectra in time-resolved mode, longer counting times with respect
to conventional HAXPES are needed. In Fig. 5.3, we show the comparison between the
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FIGURE 5.3: Comparison of the Mn 2p3 /5 spectra from strain relaxed Lag.65510.35MnO3

thin film measured at a 100 ps delay from the pump pulse (red curve) and without laser

pumping (black curve). Each experimental spectra, has been reproduced as the sum

of four Gaussian profiles. At the bottom the difference between both the experimental
and fitting curves is shown.

Mn 2p3/, spectrum measured at a delay At = 100 ps between pump and probe (red
curve) and the one measured in the absence of the pump pulse (blue curve). The differ-
ence between the two spectra is also plotted, showing a spectral weight transfer between
the case of “hot” (the pumped one) and “cold” sample. Spectra have been collected at
five different delays between pump and probe pulses; for each “pumped” spectrum a cor-
responding one measured without pump pulse has also been acquired. By fitting these
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curves with four Gaussians as shown in Fig. 5.3 and plotting the value of the intensity
of the extra-peak (the width of the peak is the same in all the fittings and plotting the
intensity is equivalent to plotting the area) as a function of the delay, a curve as the one
reported in Fig. 5.4 is obtained. The blue stripe represents the value of the intensity
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FIGURE 5.4: Intensity of the extra-peak of the Mn 2p3 /5 spectrum from a strain relaxed

Lag.¢5510.35MnO3 sample as a function of the delay between pump and probe pulses.

The blue stripe indicates the value of the intensity of the extra-peak for the spectra
measured without pump.

of the extra-peak for the spectra measured without pumping. The detailed analysis of
the lineshapes of the Mn 2p3/y is still undergoing and the full comprehension of the
behaviour shown in Fig. 5.4 requires sophisticated modelling of the laser/sample inter-
action, which is outside the scope of this thesis work. These measurements however show
that the extra-peak can be used as a fingerprint to follow the dynamics of the system
following laser illumination. On the other hand, details regarding the screening process
associated to the peak occur faster time scales (fs) and cannot be investigated with time
resolved HAXPES using synchrotron radiation, due to the intrinsic time duration of the
X-ray pulses, around 40 ps. Such a study could only be undertaken by exploiting the
characteristics of the radiation at the new XFEL, which have been discussed earlier in
this paragraph.
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5.2 TOF spectrometers for time-resolved HAXPES

Tr-PES could receive an additional boost from the advent of XFELs, which can provide
pulses in the soft and hard X-ray regime, with a time duration inferior than 1 ps.
However, a new effort in the design and realisation of dedicated electron spectrometers in
order to take advantage of the properties of these light source is mandatory, exactly how
happened in the early 2000’s in the case of static HAXPES [41]. The pulsed structure
of these light sources is particularly adapted to be used in combination with time-of-
flight (TOF) spectrometers, which require a time reference. In this class of analysers the
energy selection is performed by measuring the flight time of particles between a sample
and a detector, which is a known function of the particle kinetic energy, ¢(F). The
simplest design, a drift tube where electrons fly in a field-free space, is unfortunately
not suitable for use at high electron kinetic energies, due to the severe degradation
of the energy resolution. In first approximation, the energy resolution AE of a TOF
spectrometer can be simply written as the product

AE = |F(E)|At, (5.1)

where At is the overall time resolution (pulse duration, time resolution of the detector,
time spread of monochromatic electrons) and F'(FE) is the so-called differential energy
resolution of the analyser, defined as F(F) = (dt/dE)~!, whose inverse, the time-energy
dispersion, quantifies the difference in flight time for electron with different kinetic en-
ergies. For non-relativistic electrons the kinetic energy is written as E = mv?/2, where
m is the electron mass and v its velocity: in the case of a drift tube of length L, v is the
ratio between the length of the tube and the time necessary to cover a distance equal to
L, which implies E = m(L/t)?. By inverting this relation we can write ¢ as a function of
the kinetic energy E and calculate the time-energy dispersion as dt/dFE, whose inverse
yields the differential energy resolution, which in the case of the drift tube results

F(E) = — (2)1/2 EZQ. (5.2)

Since we have seen in Eq. 5.1 that the energy resolution is proportional to the modulus
of F(F) and from Eq. 5.2 results that F'(EF) increases going to higher electron kinetic
energies, it is clear that in the HAXPES regime the energy resolution of a drift tube
deteriorates with respect to the soft X-ray range. To give some order of magnitude,
we consider an overall time resolution At = 0.1 ns and invert Eq. 5.2 to calculate the
length necessary to retain an energy resolution of 100 meV with electrons of 10000 eV
kinetic energy. The result is L ~ 1.2 km, which does not require further discussion. One
thing that must be noted, is that in this simple treatment, we have assumed as overall
time resolution a value which is the typical time resolution which can be expected for
detectors based on delay anodes. We will call At; the time resolution of the detector.
However, in general the overall time resolution may be limited by another factor, which
is the time spread of electrons with the same energy which follow different trajectories
inside the drift tube: we will define this value as Ats. So in first approximation, the
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overall time resolution of a time-of-flight spectrometer should be written as

At = \/At1? + Aty?. (5.3)

On the other hand, energy resolution is not the only problem of simple drift tubes: since
there is no retarding of the electrons, it is clear that all the particles which are emitted
in the acceptance cone of a drift tube are able to reach the detector: this may result in
saturation problems at high intensity light sources such as XFELs.

In this chapter we want to present two alternative approaches of a TOF spectrometer
suitable for core levels HAXPES experiments at pulsed X-ray sources, based on the two
designs:

e a retarding cylindrical lens;

e a spherical mirror.

In both systems, voltages are applied to create a retarding field in the path of electrons,
which helps in improving the energy resolution; on the other hand, the chromaticity in
the case of the lens and the dispersive power in the case of the spherical mirror, allow
to select only a part of the kinetic energy spectrum (i. e., a defined window of flight
times). Both spectrometers are optimised in such a way to be compatible with the time
structure of a source such as the European X-Ray Free Electron Laser (EXFEL), which
is currently under construction in Hamburg. It is expected to deliver 27000 pulses/s with
a duration of 2 - 100 fs also in the hard X-ray photon energy range [124]. Due to the
particular time structure of the electron bunches in the linear accelerator of EXFEL,
shown in Fig. 5.5, although there 27000 pulses/s, it does not mean that there is a
pulse each 1/27000 s. Indeed, in a second 10 bunch trains are produced, each with a
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FI1GURE 5.5: Projected time structure of the electron bunches and radiation pulses at
the EXFEL. Adapted from [125].

duration of 600 us and containing 2700 electron bunches. In each of this bunch trains,
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the separation between bunches is around 220 ns, which corresponds to a repetition rate
of 4.5 MHz.

Both spectrometers have been characterised by means of electron trajectory simulations
using the SIMION®) software package: given a certain electrode configuration, on the
basis of the applied potentials the program calculates the electric field in the space. At
this point it is possible to “fly” beams of charged particles with the possibility to control
the initial configuration (kinetic energy, take-off angle, extension of the source...).

5.2.1 Linear time-of-flight spectrometer

The first system we propose is based on a cylindrical retarding electron lens shown in
Fig. 5.6: it is composed by six electrodes with a total length of 100 cm and a inner
diameter of 10 cm. By properly biasing the electrodes, it is possible to make the transit

FIGURE 5.6: Schematic cross-section of the cylindrical retarding lens showing electron
trajectories and potential contour lines. The six electrodes are labelled as Eq, Eo, ...,
Eg. Figure courtesy of dr. G. Greco.

time of electrons much longer with respect to the case of a drift tube with the same
length. Of course this implies retarding electron to lower kinetic energies, but due to
the chromaticity of the lens, it means that only a set of kinetic energies could be acquired
in parallel. In order to acquire a wider kinetic energy range it will be necessary to scan
the potential of the electrodes, as it is done in conventional hemispherical electron energy
analysers.

We have studied this system for electrons with kinetic energy around 10000 eV. At first
we have chosen a point-like source and evaluated the best potential configuration by
measuring at each iteration the transmission curve as a function of the kinetic energy
for the accepted angle of ~ 50 msr. We have selected the set of potentials which allowed
us to retain a transmission of 100% in the widest possible kinetic energy range, which
resulted to be as wide as ~ 110 eV. The values of the potentials for the six electrodes
are reported in Tab. 5.1. At this point we have tried to evaluate the properties of

Electrode E;q Es E; E4 E5 Eg
Potential (kV) | 0.0 | -7.3 | -5.0 | -9.0 | -9.5 | -9.9

TABLE 5.1: Values of the optimised potentials of the six electrodes of the cylindrical
lens for analysing electron kinetic energies around 10000 eV.
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the spectrometer with initial conditions as close as possible to a real photoelectron
spectroscopy experiment at a source like EXFEL. We have chosen a disk source of 0.5
mm radius (to simulate a beam with finite spot size), from which 50000 electrons are
emitted in a cone of aperture £7° (corresponds to a solid angle of ~ 50 msr) with the
axis around the normal to the disk. The starting position on the disk and the emission
angles of each of the 50000 electrons are randomly chosen. The 50000 value was selected
because it was the highest number which allowed to provide a statistically significant
result while maintaining a reasonable computation time. On the other hand, the source
size was chosen higher than what expected for the EXFEL (radius between 15 and
30 um), because it is known that by increasing the spot size is possible to reduce the
energy broadening of features in photoemission spectra due to space-charge effects, which
can be a serious issue at high intensity light sources [126, 127]. In Fig. 5.7 a) we show
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FIGURE 5.7: a) Transmission curve and b) average time-of-flight as a function of the

electron kinetic energy for the cylindrical lens. The horizontal black line in panel a)

represent the 20% threshold below which we arbitrary assume that the signal cannot

be distinguished from the instrumental noise. The solid lines between the points are
just a guide for the eye. Adapted from [128].

the transmission curve of the cylindrical lens as a function of the electron kinetic energy:
the most prominent feature is the plateau of constant 100% transmission of ~ 110 eV
around a central energy of about 10260 eV. In Fig. 5.7 b) we report the dependence
of the transit time of electrons from the source to a 25 mm radius detector: it must
be noticed that the value reported in this curve are average value over all the electrons
which have reached the detector. In principle electrons with the same energy which have
followed different trajectories will have a different time-of-flight. We arbitrary define as
effective kinetic energy band-pass, the energy interval for which a transmission above
20% is retained (represented by the black horizontal line in Fig. 5.7 a)): the energy
range for which this is verified corresponds to a time-of-flight range of about 30 ns. We
will use only this range for calculating from the time-of-flight curve ¢(E) the differential
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energy resolution F'(E) by numerically evaluating the first derivative of ¢(£) and taking
the inverse. From the product between F'(E) and the time resolution At (see Eq. 5.2)
one can then obtain the energy resolution and so the resolving power E/AFE, which is
reported in Fig. 5.8 as a function of the initial kinetic energy of the detected electrons.
The difference between the curves in the graph must be ascribed to the value of overall
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FIGURE 5.8: Values of resolving power of the cylindrical lens as a function of the elec-

tron initial kinetic energy in the case of overall time resolution equal to the detector time

resolution (filled circles) and when considering also the time spread of monochromatic
electrons following different trajectories (open squares).

time resolution At which has been considered:

e for the filled circles in Fig. 5.8 (Only detector), we have taken At = At; = 0.1 ns,
considering then only the time resolution of the detector (Aty);

e for the open squares in Fig. 5.8 (Detector + spread), At = /At + Aty?, also
the contribution of the time spread for monochromatic electrons (Ats) has been
taken into account.

When considering only the time resolution of the detector, we see that the resolving
power monotonically decrease at higher kinetic energy, due to the fact that the time-
of-flight of the photoelectrons increases as a function of the electron kinetic energy. At
10250 eV, which is an energy in the center of the transmission plateau, the resolving
power has a value of ~ 6800. Since Aty > Aty for all the considered initial electron
kinetic energy, it is more correct to take also Ats into account when evaluating the
resolving power of the instrument. Aty is calculated as the standard deviation of the
time-of-flight distribution of electrons with the same energy which have reached the
detector. We notice that in this case the resolving power shows practically no dependence
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from the kinetic energy, although the value is quite less than the previous case: at 10250
eV we retain [inserire valore]. However, if one could use a position sensitive detectors,
with a suitable matrix correlating time-of-flight and impact position to the trajectory of
electrons with given kinetic energy and emission angle it should be possible to calculate
a correction on the time-of-flight and reduce Aty to a value comparable or inferior to
Atl.

We now briefly recap the main results obtained for the cylindrical lens and kinetic
energies around 10000 eV:

e accepted solid angle of ~ 50 msr;

e plateau of 100% transmission in a range of ~ 110 eV around a ~ 10260 eV central
energy;

e 30 ns time interval of the electron bunch with a transmission > 20%;

e resolving power of ~ 6800 at kinetic energy of 10250 eV in the best case scenario
where the overall time resolution is equal to the detector time resolution.

With a plateau of accepted kinetic energy of more than 100 eV it is possible to acquire
in parallel with constant transmission the full lineshape of core level spectra, without
having to scan the potentials of the electrodes. 30 ns can be interpreted as the duration
of the electron bunch which is produced by a single XFEL photon pulse: this value makes
the analyser suitable for measurement at EXFEL where the time separation between two
consecutive X-ray pulses is expected to be ~ 220 ns. On the other hand, a resolving
power of 6800 at a kinetic energy of 10250 eV corresponds to a energy resolution of
about 1.5 eV, which is about one order of magnitude worse than what can be achieved
nowadays at synchrotron based HAXPES beamlines.

5.2.2 Spherical reflector based time-of-flight spectrometer

Although very attractive due to mechanical simplicity with respect to other spectrom-
eter designs, we have seen that a cylindrical lens such as the one we have presented in
the previous section offers a poor energy resolution. We now present a different type
of TOF analyser which exploits the capability of a spherical electron mirror to separate
the trajectories for electrons with different kinetic energy. One of the most interesting
properties of a spherical geometry is that it allows the analytical calculations of the
electron trajectories [129, 130]. It is formed by two concentric spherical segments, the
inner one with radius R and the outer with radius Re between which a potential dif-
ference —U, is applied (U, > 0, it is also called the retarding potential) and a series of
guard rings set to a certain tension as shown in Fig. 5.9. The outer hemispheres Rs
has a radius of 2000 mm and the ratio between the radii of outer and inner electrode
is Ry/R; = 20: as we will be showing briefly, the size of the spectrometer is directly
related to the achievable energy resolution in a given range of electron kinetic energies,
so we chose this dimensions in order to retain an energy resolution around 100 meV for
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FIGURE 5.9: 3D view of the spherical mirror showing the main features of the spectrom-
eter: the outer and inner hemispheres, the guard rings and the external hemispherical
shield.

electron kinetic energies around 5000 eV (a resolving power of 50000). Thanks to the
presence of the rings, in the space between the two hemispheres it can be established
an electric central field equivalent to that induced between two concentric whole spheres
of equal dimensions. Meanwhile the volume delimited by the inner surface of the inner
electrode is field-free; in fact, although it cannot be seen from the picture, the inner
sphere is a grid (i. e., it allows particles to pass through it), which for a sake of simplic-
ity is considered to have 100% transmission for all electron kinetic energies. It must be
noticed that the complete spectrometer includes also a hemispherical shield (grounded)
and a planar shield in front, which in the picture has been removed in order to show the
elements within, as well as a detector with a pupil in front of it (not shown in Fig. 5.9).
The shields are used to limit stray fields which could affect the electron trajectories,
while the pupil is used to reduce the transmitted band-pass, as we will be discussing
later.

It can be shown that in order to retain a good energy resolution at high kinetic energies
(around 5 keV), it is necessary to have both a large outer electrode and radii ratio as
it can be seen in Fig. 5.10, where the calculated values of differential energy resolution
(left axis) and energy resolution (right axis) for a value of retarding potential U, = 5037
V are shown as a function of the radius of the outer sphere for different ratios between
the radii of the two concentric electrodes. The values are calculated for a point-like
source and a single trajectory with a starting angle for which the trajectory results to
be symmetric with respect to the axis of the analyser. The energy resolution AFE is
calculated considering only the detector time resolution. The value of the potential
has been chosen following theoretical considerations by Artamonov et al., which showed
that for a spectrometer with large radii ratio, the energy resolution can be optimised by
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FIGURE 5.10: Values of differential energy resolution (F, left axis) and energy resolu-
tion (AFE, right axis) as a function of the outer electrode radius for different values of
the ratio between the radii of the hemispheres. Adapted from [128].

choosing as ratio between the central transmitted energy and the retarding potential,
a value m = 0.943. From the calculations reported in Fig. 5.10 we understood that in
order to retain an energy resolution around 100 meV, it was necessary to have a large
outer electrode and a large radii ratio.

The choice of the shape and size of the pupil proved to be a very delicate issue, since it
plays a fundamental role in determining the energy band-pass of the spectrometer. As we
have seen in the previous section, a given energy window corresponds to a certain time-of-
flight range, which must be shorter than the separation between two consecutive EXFEL
photon pulses (~ 220 ns) to perform measurements in a pulse-by-pulse fashion. To
achieve this goal, we had to fine tune the characteristics of the pupil, until a configuration
was found with a rectangular 3.20 x 0.86 mm? for a 0.5 mm source radius and an accepted
solid angle of ~ 4 msr, which allowed to retain a time range of about 200 ns for electron
with a transmission > 20%. The choice of such a small solid angle was once again
dictated by the constraints on the accepted time-of-flight range: with a larger accepted
solid angle a larger range of electron time-of-flight would be transmitted, because the
beam waists would become so large that at different energies they would be practically
superimposed, making the pupil ineffective. Although such as a reduction of the accepted
solid angle from a certain point of view is a limitation, it can however help in some
measure to reduce space-charge effects [127]. In Fig. 5.11, the trajectories of 1000
monochromatic 5020 eV electrons are shown in the azimuthal plane of the spectrometer,
with a zoom of the region of the detector and the pupil. The electrons start from a source
which is located at a distance R;/2 from the centre of the hemispheres and travel freely
until they cross the surface of the inner hemisphere. Once inside the volume between the
two electrodes, the particles experience the central field and are reflected back until they
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FIGURE 5.11: Cross section of the spherical mirror showing trajectories for 5020 eV
kinetic energy electrons and a zoom of the region of the pupil and detector.

pass again through the inner electrode. At this point they propagate freely until impact
on the detector or are intercepted by the pupil. The pupil is placed in proximity of what
is called the waist of the electron beam: in general the pupil is effective because the
position of the beam waist changes depending on the energy of the electron beam. Fig.
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FIGURE 5.12: Position of 1000 electrons at the pupil plane at 4900 (left panel) and
5020 eV (right panel) kinetic energy: the value of the transmission is also indicated. YV
and Z are the axes in the SIMION® workbench. Adapted from [128].

5.12 shows the position of 1000 electrons (black fots) on the pupil plane (the pupil is the
white rectangle) at 4900 and 5020 eV kinetic energy for a 3.20 x 0.86 mm? rectangular
pupil. At 5020 eV, most of the electrons (97%) are transmitted through the aperture;
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at 4900 eV, the position of the beam waist moves to more negative z values and only
a fraction of the electrons (1sim17%) pass through the pupil. The transmission and
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FIGURE 5.13: a) Transmission and b) average time-of-flight (left axis) and differential
energy resolution (right axis) as a function of the electron kinetic energy for the spherical
mirror in the case of a 0.5 mm radius source and 4 msr accepted solid angle.

the average time-of-flight curve for electrons flying in a spherical mirror from a 0.5 mm
radius source in a 4 msr solid angle are shown in Fig. 5.13 a) and b), respectively. Their
shapes are quite different from what we have seen in Fig. 5.7 a) and b) in the case
of the cylindrical lens. In particular, the transmission curve presents a very sharp fall
on the high kinetic energy side: this is due to the fact that when the energy is higher
than a certain threshold value, the electrons are not reflected back before they hit the
inner surface of the outer electrode. In Fig. 5.13, along with time-of-flight curve (circles,
left axis), it is shown the differential energy resolution F'(E) (triangles, right axis). We
see that the time-of-flight increases when the electron kinetic energy is higher: this is
due to the fact that electrons with higher kinetic energy will penetrate more in the
retarding field region, so that the time necessary to reflect them back will be longer.
By using the values of F(E) obtained from the derivative of the time-of-flight we can
evaluate the energy resolution, again in the two cases where only the time resolution
of the detector (At; = 0.1 ns) is considered and when also the time spread (Aty) of
monochromatic electrons is accounted for. From our calculations it turns out that we
have a resolution of ~ 70 and ~ 200 meV at a 4980 eV kinetic energy in the first and
second case, respectively.

The results obtained from the simulation of electrons with kinetic energies around 5000
eV flying in a spherical mirror with inner sphere radius Ry = 10 ¢cm and radii ratio
Rs/ Ry = 20 are hereby reported:

e accepted solid angle of ~ 4 msr;
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e > 90% transmission in a range of ~ 40 eV around a ~ 5020 eV central energy;
e 200 ns time interval of the electron bunch with a transmission > 20%;

e resolving power of ~ 71000 at kinetic energy of 4980 eV in the best case scenario
where the overall time resolution is equal to the detector time resolution.

In the 40 eV plateau the transmission value changes from ~ 98% to ~ 93% (from the
high to the low kinetic energy side): the analyser can then be exploited to acquire in
parallel core level spectra from most elements, without modifying the applied potential
between the hemispheres. By properly tuning the characteristics of the pupil, the energy
range of electrons with a transmission higher than 20% corresponds to a time-of-flight
interval of ~ 200 ns, which is less than the separation between photon pulses at EXFEL.
A resolving power of 71000 at 4980 eV kinetic energy, corresponds to a energy resolution
of ~ 70 meV: for comparison, the Scienta EW4000 hemispherical analyser used at the
GALAXIES beamline of the SOLEIL synchrotron, which is dedicated to HAXPES,
offers a theoretical resolution of 75 meV with 100 eV pass energy and a circular slit with
diameter 0.3 mm [87].

5.2.3 Comparison

We now briefly compare the characteristics which have been obtained from the SIMION®)
simulations of two different TOF spectrometers, one based on a cylindrical lens and the
other on a spherical mirror.

Starting from the transmission properties, the cylindrical lens offers a larger accepted
solid angle of ~ 50 msr with respect to the ~ 4 msr of a spherical mirror. In order
to increase this value for the latter, one could try to reduce the size of the analysers,
which of course will cause the energy resolution to degrade. In both cases these values
are small with respect to the maximum of ~ 308 msr which is the number quoted for a
commercial system like the ArTOF, however for a maximum electron kinetic energy of
1 keV [131]. However, this may prove not to be a limitation, since it has been reported
that a small accepted solid angle may help in reducing the energy spread due to space-
charge effect [127]. From the transmission curves 5.7 a) and 5.13 a), it can be seen that
while for the cylindrical lens there is a plateau of 100% transmission which extend for
110 eV, for the spherical mirror there is a 40 eV interval where the transmission varies
from ~ 98% to ~ 93%. In both cases, these characteristics make the spectrometers
compatible with the measurement in parallel of core level spectra from most elements.
However, the spherical reflector appears to be more efficient in suppressing undesired
kinetic energies, especially on the high energy side, where it exhibits a sharp cut-off.

If we calculate the resolving power for the two analysers taking into consideration only
the time resolution of the detector (At; = 0.1 ns) we obtain a resolving power of 6800 and
71000 at the central transmitted energy for the cylindrical lens and the spherical mirror,
respectively. This can be a realistic case only if the analysers are used in combination
with a position sensitive detector, because then it would be possible to reconstruct a
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matrix which correlates the measured parameters (time-of-flight and impact position)
to the trajectory of electrons with given kinetic energy and emission angle [132]. With
this matrix it would be possible to evaluate a correction to the measured time-of-flights
and reduce Aty to a value comparable or lower than At;.
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FIGURE 5.14: Time structure of the photoelectron pulses generated by the photon
bunches in one of the bunch trains at EXFEL which are transmitted in the TOF
analysers. The photon bunches are represented as Gaussian curves (whose width is not
to real scale) and the correspondent electron pulses are depicted as rectangles for the
cylindrical lens and ellipses for the spherical mirror with the same pattern.

From the time-of-flight curves 5.7 b) and 5.13 b), it was possible to evaluate the com-
patibility of the spectrometers for shot-to-shot measurements at a pulsed X-ray source
like EXFEL. We will explain this with the help of Fig. 5.14, where some of the X-ray
pulses contained in one of the bunch trains of EXFEL are schematically represented as a
sequence of Gaussian curves with a time separation of 220 ns (note that the width of the
Gaussians is not to scale). For each photon pulse there are two photoelectron packets,
which are represented by rectangle and ellipse for the cylindrical lens and the spherical
mirror, respectively, having the same pattern as the corresponding Gaussian. The size
of the rectangles and ellipses corresponds to the time-of-flight range of electrons with a
transmission larger than 20%. For the cylindrical lens the value is 30 ns and 200 ns for
the spherical mirror: in both cases the electron pulses are well separated and there is
enough time after one pulses has been detected for the detector to get ready to accept
a new one. Of course the detector must have a sampling speed of about 4.5 MHz.
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The core of this thesis work consists in the application of hard X-ray photoelectron
spectroscopy (HAXPES) to investigate the satellite structure in the core level spectra of
different 3d strongly correlated materials, whose behaviour is dictated by the localised
nature of the 3d electrons of the transition metal element.

It is known that from the study of such satellite features, which arise from the screening
of the core hole by part of the valence or conduction electrons, it is possible to extrap-
olate information about the correlation between electrons. In particular, HAXPES has
proved capable of revealing in 3d transition metal compounds such as oxides and diluted
magnetic semiconductors, a class of bulk-only features which are particularly intense and
well resolved in the 2p spectra of the transition metal elements [6, 7] and are not visible
at surface sensitive excitation energies. These well screened satellites have been related
to both metallicity and ferromagnetism; they have been observed to disappear when a
system passes into the insulating phase and are not detected when low kinetic energy
electrons are employed. This suggests that in the bulk and surface of materials, the
screening of the core holes behaves differently. The description of these peaks required
a new theoretical framework, which includes an additional screening mechanism from
coherent or doping induced states which are at and near the Fermi level [21]. On the
other hand, a different class of calculations based on a multi-site cluster model involving
a nonlocal screening channel, have offered a alternative way to interpret these spectra
[33]. It is still not clear which of these two models is best suited to explain the observed
extra features and whether they could be mapped one into the other or not. From the
experimental point of view, it would be interesting to understand whether the presence
or absence of these features could be used to reveal through spectroscopy the presence of
metallicity in materials at conditions close to the metal to insulator transition. On the
other hand, since it is now clear that these features appear only when a determined set
of conditions are met, it could be possible to use them as a fingerprint of good quality
of samples produced for device applications [5]. Of course, before this approach can be
considered to be reliable, it must be established the value of the critical probing depth
at which these feature are revealed in different materials and if they appear suddenly or
in a more gradual way.

Performing HAXPES at different photon energies while maintaining a comparable en-
ergy resolution, allows to probe the evolution of well screened peaks as a function of the
probing depth. A broad photon energy range must be exploited from more than 6000 eV
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to less than 1000 eV, retaining a energy resolution as good as 300 meV, which at the mo-
ment is currently possible at few synchrotron based beamlines all over the world, such as
the 109 beamline of the Diamond synchrotron radiation facility. Here we have measured
the Mn 2p spectra of a diluted magnetic semiconductor Gaj_,Mng As in the paramag-
netic phase (room temperature) and of two perovskite manganites Laj_,Sr,MnOj3 thin
films with different strain conditions in the ferromagnetic and metallic phase (7" = 200

The Mn 2p spectra of both materials shows a well-screened feature on the low bind-
ing energy side which is more intense and well resolved for the Mn 2p3,, peak. For
Gaj—_,Mn,As, in the spectrum measured at fiw = 5940 eV the peak is the predominant
structure: lowering the photon energy it becomes smaller with respect to the rest of
the 2p3 /9 spin-orbit component, but it does not disappear even at fiw = 800 eV. This
was the first time that the extra-peak in Gaj_,Mn,As was observed in a soft X-ray Mn
2p spectrum. In the case of the Laj_,Sr, films, at a 5940 eV photon energy, the 2p3/,
well screened peak can be seen as a well resolved but low intensity feature with respect
to the main line. The difference with respect to the previous case, is that already at
1000 eV photon energy, the structure has become so small that it is longer visible in
the spectrum without a fitting procedure. This is verified for both the strain relaxed
and the compressive strained sample. For both classes of samples a fitting procedure of
the Mn 2p3 5 spectra at the different photon energies has been performed. The ratio of
area of the extra-peak respect to the total area of the photoline has been plotted as a
function of the mean escape depth at the different photon energies. From the fitting of
these dependences with with an exponential attenuation curve, we estimated the value
of the thickness of an attenuating layer in which the screening channel associated to
the extra-peak is absent, obtaining in the case of GaggrMng 13As dependence a thick-
ness of the layer a value of 12+ 1 A which corresponds to a little more than two unit
cells. In the case Lag gs5Srg.35MnOg3 from a very similar analysis we obtained a higher
value of 40 + 9 A, which corresponds to about ten unit cells.On the other hand, on
the 4d system RuQOy which is a more metallic system with respect to Ga;_,Mn, As and
Laj_,Sr,MnQOj3, whose electrical conductivity is related to hole doping with Mn ions,
the Ru 3d spectra present a well-screened peak which is the dominant structure for both
spin-orbit components, already at an excitation energy of 1000 eV. By increasing the
photon energy, the ratio between this feature and the unscreened peak increments. This
is quite different from what has been observed in the case of La;_,Sr,MnQOg, where the
well-screened peak on the low binding energy side of the Mn 2p3,, photoline becomes
less intense as the excitation energy is decreased, resulting no longer visible at Aiw = 1000
eV. It is also different from the case of Gaj_,Mn,As, which however seems a intermedi-
ate situation between ruthenates and manganites, since the extra-peak is quite intense
in the HAXPES spectra and decreases in intensity when lowering the photon energy,
although it remains visible also at the lowest used photon energy of 800 eV. From these
observations, one can conclude that the depth of the surface layer in which electronic
properties are different with respect to the bulk depends on the materials. The different
evolution with photon energy of the well screened peaks in various materials can be
ascribed to both intrinsic and extrinsic properties of the systems. For example, surface
preparation plays a major role at the low photon energies, as it suggested by the fact
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that in Gaj_;Mn,;As we are able to see the extra-peak at photon energies lower than
former studies [7]. On the other hand, if one compares the surface layer with different
properties with respect to the bulk to space-charge depletion of semiconductors [133],
different charge carrier density can be an additional parameter that may influence the
probing depth dependence of well-screened features.

We have also applied HAXPES to the study of the satellite structure of the Ti 1s and 2p
spectra in anatase TiO2 thin films grown with different oxygen vacancy concentration,
which should yield different conduction properties. In this case we were not looking for
extra peaks on the low binding energy side, but more “conventional” satellites which
have been observed in analogue HAXPES spectra from the SrTiO3 compounds and
have been associated to monopole charge-transfer transitions from the O 2p levels to
the crystal-field split Ti 3d orbitals. These satellites are found in the Ti 1s spectrum at
around 4.8 and 13.4 eV higher binding energy with respect to the main peak as resulted
from a fitting procedure of the lineshapes, which is quite compatible with what reported
in the case of SrTiOs; however, due to the ~ 5 eV spin-orbit splitting in the Ti 2p, we
were to identify in the fitting of the spectra only the satellite at about 13 eV and not
the one at 5 eV. Also, in the case of Ti 1s the ratio between the satellite at 5 eV and the
main peak is quite smaller for anatase TiOy with respect to SrTiOs, which is possibly
due to the smaller overlap between the ¢y, orbitals on Ti and O sites.

New possibilities for HAXPES appear with the development of fourth generation syn-
chrotron radiation facilities, also called X-ray Free Electron Lasers (XFELs), able to
provide short (few tens of fs) but intense (peak brilliance up to 8 order of magnitude
higher with respect to third generation storage rings). With the radiation produced
by this type of sources it could be possible to perform time-resolved experiments to
study the ultrafast dynamics of processes such as chemical reactions or demagnetisation.
Time-resolved photoelectron spectroscopy is already performed by exploiting the pulsed
nature of the synchrotron radiation produced in third generation storage rings, although
with a time resolution limited by the width of the pulses, which is some tens of ps. We
have acquired time resolved Mn 2p3 /2 spectra from the strain relaxed Lag g55r0.35MnQOs3
sample and have demonstrated that the extra-peak decreases when the measurements
is made after a certain time interval from the laser pump pulse.

In order to perform time-resolved HAXPES at XFELs with a reasonable compromise
between energy resolution and counting rates, it is necessary to design and build a new
class of spectrometers. Due to the pulsed nature of the XFEL light sources, it could
be appropriate to use time-of-flight electron energy analysers instead of conventional
hemispherical spectrometers. Apart from a good energy resolution (i. e. few hundreds of
meV for kinetic energies of several keV), it would also be desirable that such an analyser
would be able to discriminate between electron bunches generated by different photon
pulses. We have characterised by means of electron trajectory simulations two different
TOF spectrometers for core level HAXPES at the European X-ray Free Electron Laser
(EXFEL) light source which is currently under construction at Hamburg. Both are
based on quite conventional designs, namely a cylindrical lens with six separately biased
electrodes and a spherical reflector. Our results showed that the cylindrical lens can
offer a wider angular acceptance with respect to the spherical mirror (more than three
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times larger) and both systems present a transmission plateau wide and flat enough to
record in parallel core level spectra from most atomic species. The one for the cylindrical
lens is more than twice broader than the one of the spherical mirror, which means that
the second can suppress undesired energies more efficiently. Furthermore, from the
simulations it resulted that the resolving power of the spherical mirror is more than one
order of magnitude larger than that of the cylindrical lens. Finally, both spectrometers
result to be compatible with the time structure which is expected at a pulsed light
source like the EXFEL, meaning that the duration of the single electron bunches which
are transmitted to the detector is shorter than the time separation between consecutive
photon pulses, so that the detector can unambiguously assign to each photon packets
its correspondent electron bunch. This is true for both systems, but in the case of the
spherical reflector this comes only if particular care is taken in choosing the size and
position of the pupil.
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