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Abstract

This thesis contains a selection of the results on the shallow electron
states of quantum materials that I obtained as doctoral student of the
Scuola di Dottorato in Fisica, Astrofisica e Fisica Applicata at the Università degli Studi di Milano. I carried out my doctoral research activity
mostly at the TASC-IOM CNR laboratory, in the framework of the NFFA
and APE-beamline facilities (Elettra Sincrotrone Trieste), as well in dedicated sessions at the I09 beamline of the Diamond light source, Harwell
Campus, UK. To access the electronic properties of materials I specialised
myself in photoemission spectroscopy techniques. High quality samples
are a prerequisite for any attempt to study quantum materials so that a
major effort in my PhD project has been to master the growth of novel
quantum materials by means of Pulsed Laser Deposition (PLD). Given
that the PLD is integrated in the suite of UHV facilities attached in-situ
to the APE beamline, I directly characterised the electronic properties
of the PLD grown samples exploiting both the spectroscopic techniques
available at the beamline (ARPES, X-ray photoemission and absorption
spectroscopies: XPS and XAS), either ex-situ structural characterisation
tools (X-ray diffraction –XRD– and X-ray reflectivity, XRR).
Photoemission spectroscopy is a powerful and versatile experimental
tool for understanding the electronic properties of materials, providing
deep insight into various physical and chemical phenomena, ranging from
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electronic correlations to surface reactions. Angle-resolved photoemission spectroscopy (ARPES) provides direct insight in the dispersion of
extended valence electronic states. Its combination with spin selective
detection (spin-ARPES) gives access to the spin polarisation of the photoelectrons at specific points in the Brillouin zone, i.e. to the spin texture of the corresponding band structure. The photoemission intensity
is modulated by the "matrix element effects", which express the probability of photoelectron transition from the initial to the final state and
link the specific experimental geometry to the symmetry properties of the
electron states. This implies that a change in the light polarisation or incident/emission angle induce variations in the spectral intensity and can
be misleading in the interpretation of ARPES and spin-ARPES results.
In this scenario, a fruitful approach is the simultaneous detection of all
quantum numbers of the final state photoelectrons together with the exploitation of light polarisation and photoionisation cross-section tuning.
I directly addressed the matrix-element effects performing measurements
on the spin polarised states of NbSe2 single crystals while varying the photon energy and polarisation at the highly efficient apparatus for vectorial
spin-polarization analysis available at APE-LE beamline.
The second part of my thesis work was dedicated to the investigation of
the electronic properties of two oxide systems SrNbO3 and anatase TiO2,
whose peculiar properties are exploited in catalysis. While TiO2 is a very
well-known catalytic material, SrNbO3 has only recently been proposed
for applications due to visible- light photo-catalytic properties driven by
plasmonic resonances. Up to now, systematic experimental investigation
of such a system with X-ray/UV electron spectroscopies was missing. Xray absorption and photoemission spectroscopies were used to probe the
chemical states of the samples and the changes induced by different oxygen
pressure during the growth. I further performed detailed ARPES investigation of the electronic band structure of SrNbO3. I found that the Fermi
surface is made up by three bands mainly originating from t2g orbitals of
Nb 4d, as reported for 3d based perovskite systems. The experimental
results are consistent with the band dispersion predicted by bulk Density Functional Theory (DFT) calculations that I performed by means of
the open source QuantumEspresso software. The narrower bandwidth observed in the ARPES spectra with respect to calculations suggests mass
renormalisation arising from electronic correlations.
Anatase TiO2 is utilised in a number of applications ranging from
photocatalytic devices to sensors as well as solar cells. To efficiently tailor
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high performing devices, the understanding and control of carrier concentration in the material is a key aspect. I therefore investigate the role of
oxygen vacancy defects at the (001) anatase surface that are known to
induce extended metallic states on the surface of this nominally insulating material, by means of ARPES and Resonant-ARPES. I observed both
localised and metallic delocalised electronic states and investigated the
evolution of the spectral intensity as a function of varying oxygen vacancies. I found that the excess oxygen, provided by O2 dosing at the surface,
significantly quenches the localised states, whereas O2 reaction has weak
impact on the delocalised electronic states: the number of free carriers is
reduced but could not be suppressed. These results are very promising for
future applications as they may be exploited to tune the excess carriers’
concentration in novel anatase-based devices.
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Introduction

To see a World in a Grain of
Sand [...]
William Blake - Auguries of
Innocence

Electrons in solids
Each solid is formed by many atoms, of order 1023 cm−3 , and interatomic distances, likewise in molecules, range from 0.2 nm to 0.4 nm. Under these circumstances, one has to tackle a many-body problem to understand the behaviour of the bound electrons, as they are affected by each
other and from the hosting ionic lattice as well. Drastic approximations
are customarily done to classify the (huge) number of electrons contained
in any piece of condensed matter in two main subgroups: the valence
electrons and core electrons. The latter electrons are strongly bound to
the nuclei (EB >30 eV), occupying the inner orbital shells. The wavefunctions of those electrons are extremely localised near the nuclei, partially
screening the positive nuclear charges. Consequently, the core electrons
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display negligible energy dispersion and resemble the atomic-like wavefunctions with renormalised energies with respect to free atoms. Hence,
in first approximation core electrons can be considered only slightly affected by the surrounding environment (e.g. by crystal field splitting or
by the symmetries of the lattice), whilst they are a very sensitive probe
of the chemical properties (e.g. atomic species and oxidation states) of
matter. The valence electrons instead actively participate in the chemical
bonds, as the more extended electron wavefunctions of the atoms hybridise
each other and split into bands representing electron states ranging from
the extreme bonding and anti-bonding limits. The crystal symmetry determines the boundary conditions for the electron wavefunctions and the
resulting bands reflect all the symmetries of the crystal as well. As a result, even tiny variations in the local environment can strongly affect the
valence band structure.
The electrons are not independent from each other and from the solid
which hosts them, but their behaviour is the result of a thick net of manybody interactions. In such a many-body framework
A rigorous theoretical description of the valence electron is rather complex as electrons interact with each others, with the lattice and possibly
electric/magnetic fields. The outcome electronic bandstructure is therefore determined by the solutions for this many-body problem, and advanced discussions of the topic are given in several solid state physics text
books. [1–3] A much simpler picture is provided by the combination of the
Bloch’s theorem [4] and the Muffin-tin approximation [5]. The nuclei and
the localised core electrons form positively charged ions that act as attractive quantum wells for the valence electrons. The overall crystal field
(Vi ) arises from the sum of all the ionic potentials and follows the crystal lattice periodicity. Its shape is approximated to a muffin tin (panel
a of Figure 1), where each ion site occupies . The wavefunction of the
(delocalised) valence electrons ψ(r) must fulfil the Shrödinger equation:


~2 2
∇ + Vi ψn (r) = En ψn (r)
(1)
−
2m
where m is the effective electronic mass and Vi is the potential associated to the crystal field presented above. The n index explicitly links the
eigenfunction ψn (r) to the specific eigenvalue En . A general expression
for the eigenfunction of Equation 1 is given by a linear superposition of
P
Bloch’s wavefunctions ψn (r) = k eikr uk (r + R), being R the periodicity
of the crystal and k is the crystal wavevector associated to En . The result-
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ing set of electronic eigenvalues determines a energy spectrum interrupted
by ranges of forbidden energies (the band gaps) that is called the band
structure. The Fermi level EF separate the occupied bands from the nonoccupied electronic states. In the material’s ground state the electrons fill
the band structure up to EF and the whole set of wavevectors intersecting the Fermi level at kF identifies the Fermi surface. The Fermi surface
(i.e. the isoenergetic surface of the most energetic bound electrons in the
ground state) contains all the symmetry elements of the solid and of its
surface. As electronic excitations necessarily involves transitions towards
the non-occupied band structure, the Fermi surface is closely related to
the low energy-excitation of the materials. The spectrum of low energy
excitations is therefore highly characteristic of a solid and of a given solid
surface and provide deep insights in the low-temperature phase diagrams
of the macroscopic systems.

Figure 1: (a) The periodic arrangement of the ions originates a periodical potential characterised by a muffin-tin look. The valence electrons are delocalised
over the whole sample experiencing the periodical potential of the lattice. Their
wavefunction can be represented through a plane wave modulated by the lattice
symmetries, i.e. the (b) Bloch’s wavefuntion. (c) The set of energy eigenvalues
associated to the valence wavefunctions originates the band structure (E(k)) of
the solid. For the ground state configuration the bandstructure is filled up to
the Fermi level.
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Spectroscopy experiments with surface sensitivity are direct way to access the Fermi surface. Techniques such as electron scattering and direct or
inverse photoelectron spectroscopy allow to explore the inter-band/intraband transitions extending to very highly energetic empty band states, in
other words to investigate the electronic states of the solid.
Photoemission spectroscopies (PES) are very powerful experimental
techniques to investigate the electronic properties of matter. Exploiting
the photoelectric effect, PES probes the properties of bounds electrons
and carries information about the interactions within the correlated manybody electron system. XPS core electron spectroscopy is in first approximation used to estimate the presence and abundance of an atomic specie
in the solid. The element-specific binding energy also represents the local electrostatic field at the atom site, which reflects the kind, the number
and the spatial arrangement of the ligand neighbours. For example, chemical shifts and surface shifts can be deduced and analysed. On top of that,
the low-energy interband transitions across the Fermi level enters the XPS
core level spectra as energy loss spectrum lineshapes. High resolution electron spectroscopies directly explore also the low energy excitations across
the Fermi surface and determine the shape and size of the Fermi surface
itself. This is achieved through the proper choice of experimental conditions and the exploitation of highly performing detector apparatuses. The
accurate determination of the full set of quantum numbers of the final
photoelectron state (momentum k, energy E and spin polarisation P) is
mastered by the so called spin-ARPES or all-resolved PES. However, the
understanding of the measured intensities is a complex problem as these
are determined by the materials properties (what is usually called the "initial states" e.g. the electron bands in the ground state of the material)
and by the particular conditions of the specific experiment. These effects
can hinder the interpretation of the photoemission spectra and must be
carefully handled.
To successfully perform a PES experiment severe prerequisites must be
fulfilled. Firstly, a suitable light source providing monochromatic radiation
is mandatory to investigate the electronic band structure with adequate
energy resolution and reasonable statistics. Moreover, Ultra-High-Vacuum
(UHV) environment (i.e. background pressure below 10−9 mbar) must be
provided in the experimental chamber. Several reasons make UHV an
essential condition: it prevents the light beam to be scattered, it avoids
the loss of photoemitted electrons through interaction with air particulate
and it hinders the sample’s degradation caused by external contaminations
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adsorption. Finally, the sample preparation and survey represent crucial
and integral part of the experiment, particularly stringent for ARPES and
Spin-ARPES experiments. Two approaches are possible. The most common consists in the cleaning of sample’s surface (e.g. with sputtering and
annealing processes or cleaving methods). The second strategy involves
the sample is directly fabricated in-situ and transferred to the experimental chamber avoiding air exposure.
All these requirements are fully satisfied by the NFFA and APEbeamline facilities, where this thesis work has been mostly carried out.
[6] Synchrotron radiation in the ultraviolet and soft X-ray range and fully
tunable polarisation is provided by two independent Apple-II insertion
devices. The end-stations of the two branches are directly connected
each other throughout a multicomponent UHV transfer system. Chambers specifically devoted to the in-situ growth as well as surface preparation and characterization of the samples are attached to the same UHV
manifold. Overall the NFFA laboratory enables both to grow thin epitaxial films and to clean single crystals, whose electronic properties can be
directly assessed in-situ by means of advanced spectroscopic techniques
immediately after the sample preparation.

xvii

1. Photoemission

We break the surface tension
with our wild kinetic dreams
Curves and lines – of grand
designs
Rush - Grand Designs (1985)

1.1. The photoemission process
Photoemission spectroscopies are powerful tools to investigate the bound
electrons in a solid state system. [7] The term defines the class of "photonin electron-out" techniques exploiting the photoelectric effect.[8, 9] books
[7, 10] and reviews. [11–13] The main features are sketched in Figure 1.1. A
photon characterised by energy hν and possibly in a defined polarisation
state impinges on the surface of the sample with a particular angle α. For
suitable energies the photon is able to extract a bound electron from the
solid to vacuum and the sample is left in an ionized (excited) state. The
emitted electrons are called photoelectrons and are said to be photoemitted
from the material with kinetic energy Ek an angular distribution (Θ,φ)
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Figure 1.1: Scheme of the photoemission process leaving the sample in an
ionized state. The capability to resolve the whole set of quantum numbers
and to successfully relate them to the initial state gives access to the electronic
properties of materials

and spin. Finally, the photoelectrons ejected in the solid angle aperture
determined by the analyser geometry are collected and filtered. The full
description of the photoelectron’s final state is achieved by measuring the
whole set of its quantum numbers (i.e. kinetic energy, emission angle and
spin). Depending on the type of the analysis performed on the photocurrent, three spectroscopic techniques can be identify:
• data acquired filtering just the kinetic energy of the final state (i.e.
integrating both the angular dependence and spin) are commonly
defined photoelectron spectroscopy (PES)
• energy and momentum resolved spectra are named angularly resolved photo-electron spectroscopy (ARPES)
• full resolved photocurrent is achieved when spin polarisation analysis is combined with ARPES to get Spin Polarised ARPES (SpinARPES). The capability of spin-ARPES experiments to probe the
average spin polarisation of the initial state is ensured by the ΔS=0
dipole selection rule.
A photoelectron does not travel freely throughout the solid, but may
be inelastically scattered by interaction with other electrons or atoms as
well as with electric/magnetic fields. The average distance a photoelectron
covers without being scattered is named inelastic mean free path (λIMPF )
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and it is a function of the photoelectron kinetic energy Ek .[7, 14] For the
present work typical value of Ek are ~5-10 Å. As a result, photoemission
spectroscopy is inherently a surface sensitive technique as the probing
depth is spatially limited to this narrow region. Consequently, all the
surface’s contaminations (e.g. C, CO, O) must be carefully prevented to
measure the pristine band structure of clean, freshly prepared surfaces.
This is pragmatically achieved performing the experiments in Ultra High
Vacuum (UHV) controlled ambient.
The interpretation and analysis of the spectra rely on the level of detail
provided by the theoretical model. The so-called one-step model is the
most rigorous one. It treats the photoemission process as a whole and
demand the full calculation of the involved in the electron transition from
the bound initial state to the detection.[13, 15–17] The three-step model
is a much simpler phenomenological approach which will be described in
the next paragraph.

1.1.1. The three step model
The three step model is the simplest and very intuitive picture to describe the photoemission process.[7, 12, 18] It consists in three independent
steps also reported in panel a of Figure 1.2
• The bound electron identified by the binding energy (EB ), momentum (ki ) and spin state S absorbs a photon of energy hν. For suitable
energies, the photon excites a bound electron into a Bloch bulk state
of the solid. In this scenario the energy is strictly conserved, while
the three dimensional momentum vector is conserved within multiple reciprocal lattice vector G provided that the photon momentum
is negligible. Spin is conserved in the excitation process thanks to
the ΔS = 0 dipole selection rule.
• The excited electron propagates in the crystal towards the surface.
Given the short λIMFP , the travelling electron possibly undergoes
several inelastic scattering processes. These photoelectrons lost the
information about their initial state and simply contribute to the
spectral background. The multiple scattering processes also produce
secondary electrons which contribute to the final intensity of the
spectra too.
• Photoelectron with suitable kinetic energy is transmitted through
the surface potential barrier (Φ) into a final free vacuum state with
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kinetic energy (Ek ), final momentum (kf ) and spin polarisation (S).
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Figure 1.2: a) Cartoon representing the three steps model. b) Photoelectron
momentum in the material (red) and momentum of the photoelectron travelling
in vacuum (green) after surface refraction.

The binding energy EB of the initial bound electron state can be unequivocally related to the kinetic energy Ek of the detcted photoelectron
thanks to the energy conservation law[9, 13]: Ek = hν- |EB | - Φ. Φ is the
surface potential barrier that prevents the bound electrons to be freely
released in vacuum by the solid.[9] It is also called work-function and is
characteristic of the material’s surface (of the order ~5 eV).
To retrieve the initial electron momentum ki is not straightforward and
it should be treated carefully.[7, 12, 19] As mentioned above, the infinitesimal spatial translation symmetry is broken according to lattice periodicity
and the momentum is conserved within multiple of the reciprocal lattice
vector. However, this scenario holds just inside the solid. The spatial lattice symmetry is broken as the photoelectron cross the interface between
the material and the vacuum. As a result, only the projections parallel
to the surface plane of the final momentum (k||,f ) are strictly conserved
and can be related to the respective initial state momenta k||,i by the
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equations:
√
k||,i = k||,vac =

p
2me Ekin
1
sin θ ' 0.5 Ekin [eV ] sin θ
~
Å

(1.1)

where Θis the emission angle (measured from the surface normal) of the
photoelectron in vacuum with kinetic energy Ekin . On the other hand, the
momentum component perpendicular to the sample’s surface (k⊥ ) is not
conserved due to the symmetry breaking imposed by the interface of the
crystalline material with the vacuum. However, it may be retrieved with
some assumptions. The surface potential lowers the Ekin of the photoelectron. Due to the conservation laws, only the k⊥ component is affected and
the ejected electron is refracted at the surface as depicted in panel b of
Figure 1.2. [11]
√
2me Ekin cos θ2 + V0
(1.2)
k⊥i =
~
V0 is celled the inner potential and it is a material dependent constant
value (commonly in the range from 10 eV to 18 eV).[7, 13] Finally, the
photon momentum may be disregarded in conventional ARPES (i.e. for
photon energies hν< 120 eV). Otherwise, it must be explicitly included
in the equations considering the photon transferred momentum. [12] Although this simple picture allows to efficiently describe the photoemission
data, the assumption of dividing the single process into three independent
steps is quite rough and miss a lot of information. Only the photoelectron is considered, while the remaining N-1 excited system is generally
neglected as this model discards the de-excitation channels of the ionised
sample. On the other hand, the sample is a many-body system that is
involved as a whole in the photoemission process. All the variations in
the photoemission spectra arising either from the system’s relaxations or
many body effects are not caught by this simple model. Therefore, a
more rigorous one-step model, treating the process as a whole, has to be
considered.

1.1.2. Many-body interactions, the sudden approximation and
the A(k,ω)
The one-step framework not only describes the removal of one electron from a bound state, but also includes all the possible de-excitation
processes of the remaining N-1 electrons in the ionised solid. [10] The process can be regarded as the transition between an initial many-body state
(identified by the wavefunction ΨN i ) to the final state described by the
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N-electrons wavefunction ΨN f . According to the Fermi’s Golden Rule, the
photoemitted intensity is thus proportional to the probability amplitude
of the initial many-body state to be scattered into the upon the interaction
with the interacting Hamiltonian Hint :
N 2
2
Pf−i = | hΨN
f |Hint |Ψi i | f ()δ(Ef − Ei − hν) = |Mf−i | f ()δ(Ef − Ei − hν)
(1.3)
The Fermi-Dirac distribution f(ε) has been included to explicitly express
photoemission probes only the occupied states. The Dirac delta distribution δ(Ef - Ei - hν) account for the energy conservation law and states that
the scattering between the initial and final state is allowed provided that
the photon energy matches the energy difference between the two states.
The interaction matrix element Mf-i in Equation 1.3 bears all the details of
the many-body nature of the system and all the possible responses of the
latter to the photo-excitation. For simplicity, the sudden approximation
is introduced in the model.[12, 13, 19] It assumes that the time required
by the photoelectron to escape the solid is significantly shorter than the
recovery transient necessary to the ionised system to relax. If this request is fulfilled the consider N-body system can be regarded as composed
by two non-interacting parts. The single photoelectron and escaping the
sample after photon absorption and the left (N−1)-body system, being N
the total number of electrons in the initial ground state of the solid. This
is mathematically expressed with the factorisation of the wavefunctions
involved in the matrix element Mf−i of Equation 1.3 which becomes:
2

|Mf−i | ∝ hφf |Hint |φi i hΨfN−1 |ΨiN−1 i

2

(1.4)

The explicit definition of the interaction matrix element of Equation 1.4
states that the transition probability do not uniquely relies on the wavefunction of the single electron excited into the vacuum, but it also contains
information on the other N-1 electrons and their interaction with the photoexcited electron. The photoelectron is no more sufficiently described as
a single free particle, but the so called quasiparticle must be considered
instead. The quasiparticle is dressed by all the possible interactions between itself and the surrounding system (i.e. both electrons and ions). In
particular, the N-1 body cross-product states the probability that the hole
creation in the i-th level will result in the specific excited f-th final state.
[13] When the interactions of the system are discarded, the cross-product
reduces to a delta function peaked on the initial state and the three step
model is recovered. Conversely, the one-particle Green’s function formalism G(k,E) is usually introduced to describe the photoemission process.
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[20, 21] In this framework, the cross product of Equation 1.4 is expressed
by means of the so called spectral function, A(k,E). It is a functional defined from the imaginary part of the Green’s function and describes the
probability to add/remove an electron from the ground state of a many
body electronic system. It thus comprises all the possible responses of the
many-body system to the excitation. [10, 13, 19] A explicit expression for
the spectral function is given by Equation 1.5 and it can be achieved by
introducing the self energy Σ= Re(Σ) + iIm(Σ), which represents the energy of the interacting electron system as a whole. In particular, the real
part accounts for the system’s energy renormalisation in respect to the energy of the non-interacting system (E0 ) and the imaginary part quantifies
the lifetime of the quasiparticle.
A(k, E) =

Im(Σ)
1
π (E − E0 − Re(Σ))2 + Im(Σ)2

(1.5)

The spectral function of Equation 1.5 can be computed through ab
initio calculations based on the Green’s function formalism (e.g. GW or
GW0 ). However, the measured ARPES signal contains even more information than A(k,E). As expressed in Equation 1.4, the spectral function
signal is weighted by the one-electron hφf |Hint |φi i term. It is strongly affected by extrinsic factors through the perturbative Hamiltonian, namely
the experimental geometry, the photon energy and the light polarisation as
well. Besides, it reflects the symmetries of both the initial and final state
electronic distributions too. The overall modulation of the photoemitted
intensity experimentally detected is generally known as matrix element
effects. [12, 13, 22, 23] A detailed and quantitative interpretation of the
matrix element is not straightforward. Nevertheless, simpler qualitative
prediction can be done in the dipole approximation by considering the
light polarisation and the orbital symmetries of the sample. A final state
phtoemitted by the (0,0) BZ must have even spatial distribution to be
detected with a finite probability. Hence, the vector Hint |φi i = A · p |φi i
must be even too otherwise the scalar product is zero and no photoemitted intensity would be detected. Hence, linearly polarised light may be
exploited to probe the symmetry of the occupied states. Figure 1.3 reports as an example the dxy orbital. Two orthogonal mirror planes can be
identified: xy and yz. Both the light polarisation vectors (A) and the orbital under investigation possess well-defined symmetries in respect to the
planes. The dx,y orbital has always odd reflection symmetry. Linear horizontal polarised light (LH) is even(odd) when reflected about the yz(xz)
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planes. For linear vertical polarised light (LV) the situation is reversed.
Hence, when the electronic state is probed with LH the photoemitted intensity is zero for the kx =0 axis (the yz plane) as the scalar product is odd
(even A· odd |φi i). On the other hand, LH polarisation has both even
and odd components when the xz plane is considered. For the orbital
under investigation the even component of LH gives zero intensity in the
photoemission spectra, whilst the odd one gives finite matrix element. As

x
y

LH
LV

z
x

y

LH
LV

z

Figure 1.3: Symmetry selection rules for a dx,y orbital. Both the light polarisation vectors and the orbital possess well-defined parity in respect to the yz
and xz mirror planes
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mentioned above, LV presents the opposite situation. The vector A lies in
the xz plane (even symmetry) and zero intensity (odd scalar product) is
found along the ky =0 axis in case of odd orbitals such as dx,y . Conversely,
the vertical polarisation is odd under reflection in respect to yz and an
overall even scalar product is obtained.
Finally, the dipole selection rules still hold and determine their conditions for a non-zero single-electron matrix element. The most important
one requires the single electron satisfies Δl=±1 and Δm=0,±1. In case
the spin degeneracy is lifted by spin-orbit coupling, similar laws are defined for the total angular momentum. In particular, Δmj =0 for linearly
polarised light and Δmj =±1 circularly polarised light. The spin quantum
number is left unaffected ΔS=0.

1.2. Revealing the electronic character:
Resonant Photoemission
Resonant photoemission spectroscopy (ResPES) a powerful and elementselective technique to investigate the orbital character of the valence states.[19]
The keystone of ResPES is the exploitation of the chemical selectivity intrinsic of photon absorption. When the photon energy is tuned at
an absorption edge of one of the material’s elements (i.e. at resonance),
a secondary process can verify beside normal photoemission. A naive
description is sketched in Figure 1.4, where the ResPES proccess is represented by two separated steps. The first step is the core excitation,
the photon is absorbed by a bound core electron. The electron is transferred to the empty conduction states and the system is highly excited
because to the presence of the core hole. The second step is an Auger
process. The excited electron decays and the released energy is exploited
to emit a secondary electron from the valence bands. As for conventional
photoemission, the picture presented above is oversimplified and the whole
process should be coherently described by a one-step model. Yet, this very
basic framework already shows that the ResPES’s initial and final states
coincide with those of the conventional photoemission process reported
in Figure 1.1. Hence, the two process interfere and the photoemitted intensity from the valence state is strongly enhanced at resonance. More
precisely, the dipole selection rules hold and only the portion of the elec-
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tronic bands originated from the orbitals of the element involved in the
absorption intensify.
The power of this technique is best exploited in complex materials (i.e.
where more than one atomic species are present). The ResPES capability
to select the chemical specie (absorption edge) and the orbital character
(dipole selection rules) disentangles the contributions of the single elements to the whole band structure. Finally, band structure originated by
different oxidation states of the same element can be tracked by exploiting
the chemical shift of core levels for different valency states.

AUGER
DECAY

Figure 1.4: Resonant photoemission can be regarded as a 2-step process. In
the first step a core electron is excited in an empty state near the Fermi level
through photon absorption. The subsequent electron decay leads to the emission
of a secondary electron (Auger decay).
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2. Methods

Le travail était là.
On travaillait bien.
Il ne s’agissait pas d’être vu ou
pas vu. C’était l’être même du
travail qui devait être bien fait.
Charles Peguy - L’argent
(1913)

In this chapter the experimental setup used in this thesis work are described. The main activity has been performed at the Nanofoundries and
Fine Analysis (NFFA) facility that includes the Advanced Photoelctric Effect (APE) beamline in the experimental hall of the Elettra synchrotron
radiation facility in Trieste.[6, 24] The techniques exploited for this work
among those available at this open-to-users facility are illustrated in the
first section of this chapter. The second section is dedicated to the description of the I09 beamline of the Diamond Lightsource (UK) radiation
facility. This beamline has been employed to investigate the electronic
properties of TiO2 and their evolution following in-operando molecular
oxygen adsorption at the sample’s surface. Finally, the last section is
dedicated to a brief description of the theoretical calculations performed
during this thesis work.
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2.1. In-situ experiments with synchrotron
radiation: the APE-NFFA laboratory
The main features of the APE beamline were described by Panaccione
and collaborators.[24] Two fully independent lines constitute the APE laboratory, each of them receives photons generated from one of two independent dedicated APPLE-II undulators.[25, 26] The latter are mounted in
a chicane configuration on the same straight section of the Elettra storage
ring (i.e. between two bending magnets). The electron trajectory between
the undulators are bent by ~2 mrad angle to obtain the entirely independent double branch scheme sketched in Figure 2.1. The two branches
exploits different photon ranges. Low Energy one (APE-LE) is served
with VUV photons (hν= 15-90 eV) and it is dedicated to high-resolution
spin and angle resolved photoemission spectroscopy. The second branch
receives photons in higher energy range (hν= 140-1500 eV) and is thus
named High Energy branch (APE-HE). It is used to investigate low dimensional magnetic systems and has been recently equipped with a cell
to study surface reactions under atmospheric pressure conditions. Finally,
both the APPLE-II sources provide full light polarisation tuning (i.e linear
horizontal LH, linear vertical LH, circular right CR, and circular left CL).
The two end-stations are mutually connected through a suite of communicating UHV transfer chambers. Moreover, thin film deposition chamber as well as surface preparation and characterisation tools are available
without breaking the UHV conditions. The whole infrastructure therefore
supports the manipulation and characterization of the samples directly
connected to surface-sensitive probing technique using Elettra synchrotron
facility. All the surface related problems were therefore circumvented by
allowing the synthesis and the characterization within the same UHV manifold (in-situ).

2.1.1. APE-LE
The APPLE-II undulator of the APE-LE branch was appositely designed with a quasiperiodic arrangement of the magnets.[26] This choice
was made to suppress the higher harmonics and obtain high spectral purity
in the monochromatic photon beam over a large photon energy range.[24]
A dispersive monochromator with three interchangeable gratings allow to
tune the photon energy between hν= 15 eV to 90 eV. The optical path
continue with an exit slit followed by a toroidal refocusing mirror. The
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Figure 2.1: APE laboratory scheme showing double branch beamline strucutre
and the interconnected UHV system, which allows to perform in situ surface
experiments on as-grown samples. Adapted from NFFA web-page[6]

E
best photon resolution is found to be dE
= 30000 corresponding to phophoton
11
ton flux > 2 × 10 < s . The scheme of the Spin-ARPES setup is
reported in Figure 2.2. The photon beam impinges on the sample at 45°
off-normal angle and with average spot size of 150 × 50µm2 . [6, 27] The
sample is hosted on a manipulator with five-degrees of freedom (i.e. x,
y, z, polar and tilt angles). The axis coordinates are chosen to have the
z axis along the sample normal (i.e. aligned with the analyser axis) and
the x direction aligned with the manipulator vertical axis. Rotations of
the sample around the x (polar) and y (tilt) axes allow to explore wider
portion of the reciprocal space. Moreover, the manipulator is equipped
with a cryostat allowing sample cooling down to about 15 K by circulating liquid helium. The photoemitted electrons are collected by the Scienta
DA30 hemispherical analyser [28], capable to resolve both energy and momentum distribution of photoelectrons within ~30° cone acceptance. The
hemispherical analyser consists in two main parts: a straight section (i.e.
the nose) and the hemispherical body. The nose is made by a series of
axially symmetrical electrostatic lenses and a set of extra electrodes that
resolve the emission angle of the photoelectrons. The electrostatic lenses
also tune the electrons kinetic energy to match the pass energy (Ep ).
Then the electrons travel through the hemispherical condenser that acts
as a energy pass-band filter with resonance frequency equal to Ep . The
applied voltages fix the energy window EΔ = Ep ±Δ. The kinetic energy
of a focused photoelectron must matches EΔ to reach the exit slit without
hit the hemispherical plates. In particular, the faster the electrons the
larger possible orbit will be performed and vice versa. The photoelectrons
that passed through the exit slit are then projected onto the exit plane and
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Figure 2.2: Scheme of the Spin-ARPES setup installed on the APE-LE endstation. Sample Red lines represent the electron beam trajectory inside the
analyser reaching the MCP together with their angular vs energy dispersion.
Black hemispherical trajectories indicate the electron beam path to the VLEED
scattering chamber.

multiplied by a two Micro Channel Plates (MCP) stacked in Chevron configuration and excite the phosphorous screen. The screen fluorescence is
finally recorded through a window by the CCD camera placed in air. The
MCP are formed by a dense matrix of electron multipliers, each of them
exploiting the secondary emission processes to amplify the signal. This
position-sensitive signal amplifier allows to simultaneously resolve the kinetic energy distribution of the photoelectrons on the axis defined by the
energy band EΔ and their angle of emission Θ(readily converted to k|| )
along the entrance slit. The formed image consists in a two dimensional
map of energy vs momentum (k|| ) dispersion. The data are therefore acquired in display mode, according to the selected interval of photoelectron
energies and momenta. In the geometry of APE-LE, the analyser slit is
aligned with the manipulator rotation axis (i.e. the x direction in Figure 2.2). The extra electrodes present in the DA-30 analyser can suitably
select the incoming photoelectron directions included in the acceptance
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cone of the cylindrical lenses (30° at maximum) to obtain (kx , kx ) isoenergy maps. Moreover, a vectorial spin polarimeter has been implemented
on the ARPES analyser. The vectorial polarimeter is based on the Very
Low Energy Electron Diffraction (VLEED) which exploits the exchange
coupling between the photoelectrons’ spin and a ferromagnetic target in
a reflection geometry (see ref. [29] and reference reported therein). The
two VLEED scattering chambers are mounted at 90° with respect to each
other as sketched in Figure 2.2. Each one of the chambers receives the
energy/momentum filtered photelectrons from a dedicated variable aperture placed in the exit plane of the analyser. Two independent set of
electrostatic (i.e. non affecting spin) lenses and retarding potentials focus
the photoelectrons onto the VLEED targets and tune their kinetic energy to the maximise the reflectivity. The near-normal reflectivity is then
measured by channeltron amplifiers. In such a way the vectorial the spin
polarisation can be reconstruct upon measuring all the three components.
The VLEED-B polarimeter measures the spin component aligned with
the y-axis (perpendicular to the analyser slit, parallel to the sample surface). VLEED-W probes the other in-plane spin polarisation component,
i.e. aligned with the analyser slit. Finally, both the VLEEDS measure
the out-of-plane component (aligned with the z axis, namely the surface
normal), which allows to cross-normalise the data. The APE-LE chamber
is also provided with a Low Energy Electron Diffraction (LEED) setup to
in-situ probe of sample surface crystal quality.
All the ARPES experiments conducted at APE-LE were performed
at a base pressure < 10−10 mbar. The samples were cooled at Nitrogen
temperature and the overall energy resolution was set to ~40 meV for conventional ARPES and ~110 meV for Spin-ARPES experiments, angular
resolutions were 0.2° and 0.5°, respectively.

2.1.2. APE-HE
The High-Energy (HE) experimental endstation of APE beamline is
served by an APPLE-II type undulator, which provides full polarisation
control and tunable photon energy in the range from 150 eV to 1600 eV
E
E
> 8000 at hν= 400 eV and dE
> 3000
[25]. The optimum resolution is dE
10
at hv > 900 eV. The photon flux is ~5 × 10 photons/s and the beam spot
on the sample is about 500 × 200µm2 size. The sample is hosted on a 4
axis manipulator equipped with a cryostat for sample cooling down to 50 K
X-ray Absorption Spectroscopy (XAS) is performed in total electron yield
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(TEY). In the absorption process and the subsequently de-excitation generate a number of photoelectrons (mainly Auger and scattered secondary
electrons). The photocurrent is directly proportional to the absorption
probability and it will be higher in correspondance of chemical absorption edges. The TEY spectra is obtained by measuring the drain current
that flows from the ground to neutralise the ionised sample with a picoamperometre. X-ray Photoemission Spectroscopy (XPS) spectra were acquired by a hemispherical Omicron EA125 electron energy analszer. The
detector is equipped with 7 channeltrons and the global resolution was set
to ~500 meV.

2.1.3. Thin film growth technique: Pulsed Laser Deposition
Pulsed laser light had been exploited for materials’ ablation since 1965.
[30] However, the investigation boom triggered by high-temperature superconductors [31] fully revealed the flexibility, versatility, and speed of
the Pulsed Laser Deposition (PLD) process and its capability to fabricate
high-quality samples. [32–36] The processes involved in the deposition are
complex and a full description goes beyond the aim of this manuscript.
Detailed theoretical study [37] as well as extensive reviews [35, 38] can be
found in the literature. A intuitive and schematic picture is given in the
following. The main features of a PLD experimental setup are sketched
in Figure 2.3. A laser beam is focused on a target containing the exact
composition of the material to be grown, either as polycristalline powder or single crystal. For suitable laser’s power density, the material is
unable to dissipate the absorbed energy via thermal conduction. As a
consequence atoms are ablated from the target’s surface and form the so
called "plume". It is the plasma produced by the interaction between the
laser pulse and the evaporated species accelerated along the target surface
normal. [36] The laser used in this work is an UV excimer laser with
10 ns pulse duration. Therefore, a power density of ~50-100 MW cm−2
is needed to successfully ablate single atoms from the target. [35]. An
iris may be introduced in the laser’s optical path to tune the laser fluence. Eventually, the expanded plume condense on a single crystalline
substrate. Stoichiometric, substrate-driven crystalline growth may occur
if the physical-chemical nature of the substrate and the kinetic conditions
are met. The substrate is hosted on an heating stage to improve the
mobility of the adsorbed atoms and to provide higher crystal quality.
Background gases (e.g. O2, O3, N2, Ar) may be introduced in the
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Figure 2.3: Sketch of the main features involved in a PLD process

chamber during deposition to prevent the re-evaporation of the volatile
species from the film. However the optimal background pressure must
be carefully set not to compromise the film stoichiometry. Background
pressures exceeding 10−2 mbar increase the collision rate of the ablated
species. As a result, the plume deviates from the cos(Θ) distribution and
turns into an elliptical shape. The ablated atoms may decelerate until they
reach the stopping distance where the plume is thermalized. In this scenario, the substrate has to be placed in correspondance to the thermalised
edge of the plume. No growth will occur for farther distances. On the
other hand shorter distances may cause the substrate to be sputtered by
the incoming fast elements. In the case of complex oxides, O2 background
pressure is a powerful tool to tune the amount of the oxygen vacancies in
the sample.[39, 40]
The PLD apparatus available at APE-NFFA laboratory is directly connected to the UHV manifold of the APE-NFFA suite. The as-grown samples can, thus, be transferred to both the beamline’s endstations without UHV interruption, fully exploiting all the surface analysis techniques
available at APE-NFFA. Moreover, in-situ structural characterisation can
be performed by means of LEED diffractometer and a room temperature
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Scanning Tunnelling Mycroscopy (STM) apparatus, both connected to the
beamlines through the UHV transfer system. In-situ cleaned W tip was
used for the STM imaging Ex-situ structural characterization is routinely
carried out by means of a four-circle diffractometer with a Cu Kα radiation source. In particular, high-intensity configuration has been used in
the present thesis work as it provided acceptable photon flux to perform
effective samples’ characterisation. The overall resolution was worsened
because both the Cu Kα1 and the Kα2 wavelengths are selected. Beam
spot on the sample is in the mm2 range.

2.2. Beamline I09

Measurements were also performed exploiting the soft X-ray branch
of the I09 beamline hosted at the Diamond Lightsource Source, UK. [41]
The beamline is sketched in Figure 2.4 and it consists in two branches.
The high-energy endstation (EH2) receives tunable soft x-rays from 452 eV
to 4222 eV and hard x-rays up to 18 keV essentially in the same position
and with the same energy resolution. The purely soft X-ray endstation
(EC) is served by a 4.5 m APPLE II helical undulator, capable of polarization control [25]. The photon energy is continuously tuned in the
200-2000 eV range by a monochromator featuring a 3 grating system. The
spot size on the sample is ~15 × 30µm2 for focussed configuration. However, the monochromator has been tuned to suppress the higher order
components coming from the beamline optics. The chosen configuration
was the best compromise between resolution, flux and higher order rejection. maximum spot size obtained in completely defocused configuration
have a 300 × 300µm2 area. The samples were cooled down to 90 K. The
overall energy resolution was ~250 meV. Molecular oxygen was fluxed on
the sample surface through a metallic capillary and the amount of O2
has been monitored by means of a Residual Gas Analyser available in the
experimental chamber. Base pressure in the experimental chamber was
10−10 mbar, up to a maximum oxygen partial pressure of 4 × 10−10 mbar.
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Figure 2.4: Scheme of I09 beamline layout. Adapted from [42]. Details can
be found in the work of Lee and Duncan [41]

2.3. Modelling: DFT calculations with
QuantumESPRESSO code
This section briefly describes the computational methods used for the
calculation of the electronic properties of SrNbO3. Density Functional
Theory (DFT) is an ab-initio approach to calculate the ground-state properties of solids. [43, 44] DFT’s strength is the capability of substitute the
many-body puzzle associated with the Shrödinger equation with a much
simpler one-body formulation based on the electronic density n(r). The
essential prerequisite is the existence of a bijective mapping between the
many-body system and n(r). This has been demonstrated in 1964 by the
two Hohenberg and Kohn Theorems [45], whose diagram is reported in the
left panel of Figure 2.5. Hohenberg and Kohn showed that for any n-body
system of interacting particles in an external potential (Vext ), the latter is
uniquely defined by the ground state density of the system (n0 (r)). The
vice-versa automatically comes from the solution of the Shrödinger problem as Vext determines all the eigenfunctions ψi (r), including the ground
state ψ0 (r), and eventually n0 (r) can be defined. The second theorem
states that the energy of the system can be expressed as a functional of
the electronic density E[n(r)], whose minimum coincides with the energy
of the ground state. Hence, the ground state properties are completely
described by the functional E[n0 (r)], the latter being determined through
variational principles. To practically apply these results, the formulation

19

Methods

NO
YES

Figure 2.5: Left Schematic diagram of the first Hohenberg-Kohn theorem.
Right Work-flow diagram of the self-consistent loop

of the functional E[n(r)] by means of explicit wavefunctions is mandatory. The most common approach was proposed by Kohn and Sham [46].
The Kohn-Sham method is based on the idea of auxiliary system: the
original many-body problem is substitute with a fictitious non-interacting
electronic system, provided that the ground state density n0 (r) is left unchanged. Hence, a simpler set of independent particle equations has to be
self-consistently computed instead of the complex interacting many-body
problem.
The electronic properties of SrNbO3 presented in this dissertation have
been calculated by means of the QuantumESPRESSO open-source code.
[47] The functional was implemented using the Generalised Gradient Approximation [48] with the parametrisation provided by Perdew-BurkeErnzerhof (PBE) [49]. As the effective potential in the Kohn-Sham formulation is a functional of the density, a self-consistent solution has to be
found iteratively. The right panel of Figure 2.5 reports the work-flow of a
general self-consistent calculation. An initial guess for the electronic density has to be formulated to derive the starting effective potential Vext . By
means of variational methods the Kohn-Sham problem is diagonalised and
the out-coming Kohn-Sham equations are used to compute the new elec-
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tronic density. At this point the self-consistency of the process is checked,
namely the calculated density is compared with the input guess. If the
two coincides within the desired accuracy, the calculation is said to be
converged and the physical quantities (e.g. DOS and band dispersion) can
be derived. Otherwise, the process has to be repeated with a new guess
obtained by a suitable superposition of the input and output densities.
In the DFT code, the Kohn-Sham equation are reduced to a system
of coupled algebraic equations by decomposing the wavefunctions on the
complete plane-wave basis set. Practically, the number of plane waves has
to be finite and is controlled with the ecutwfc parameter according to the
following equation:
2
~2 |k + G|
< ecutwf c
(2.1)
2m
Large values for ecutwfc means better precision, but it implies more onerous calculation as well. Finally, localised electrons (e.g. the core electrons)
increase tremendously the computational bill, as a bigger set of plane
waves (i.e. higher ecutwfc) is needed to efficiently describe their steep
wavefunctions. An efficient tool to reduce the number of plane waves is
based on the concept of pseudopotentials. The basic idea is to simplify
the complexities of the real Coulomb potential by introducing a fictitious
effective pseudopotential. This is constructued in such a way it carefully
simulates the real potential far from the nuclei (i.e. where the valence
electron wavefunction is mostly delocalised), while it substitutes the divergent part with a softer (non-physical) shape. Of course, this approach
can be applied only when the exact description of the core levels is not
required.

21

3. All-Resolved PES
Circular Dichroism and Spin
Polarisation measaurements on
NbSe2.

Hey Ahab hoist that sail
You gotta stand up straight
When you ride that whale
Elton John - Hey Ahab (2010)

3.1. The struggle to access the spin information
Probing and understanding the spin texture of materials has recently
raised a lot of scientific interest. It gives key access to many phenomena
as proximity effects or magnetism. Recently, high interest has risen for
the investigation of the more exotic properties driven by spin-orbit in-
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teractions such as in Rashba systems [50–52] and topological insulators
[53, 54]. Tailored systems or heterostructures allowing fully manipulation
of the electron spin open the way to augmented miniaturisation. Moreover,
the information carried by spin instead of the traditional charge motion
has been conjectured to be the watershed for more efficient devices with
extremely low heat load.[55, 56]
In this scenario, big effort has been put to develop a technique capable of efficiently detect the spin-polarisation of the final photoelectron
states. Conventional ARPES is a powerful tool to access the band structure of materials, while spin-ARPES constitutes the most direct and reliable probe of materials’ spin texture. This technique simultaneously filters
all the quantum numbers of the photoelectron final state in vacuum, so
that it could be called an All-Resolved-Photoelectron Spectroscopy (AllRPES). In synchrotron radiation experiments, the photon degeneracy is
smaller than one and all photoemission events are independently generated by a chaotic light source. Therefore, photon-photon correlations can
be discarded and the weak excitation picture holds. The perturbative
approach warrants that the measured spectral function is linked to the
ground state electronic structure and its low energy excitations, while the
final state is revealed by the detector. The detected photoemission intensity is determined by the selection rules entering the matrix elements of
the transition between all the initial electron states of the sample and the
measured final state. In particular, the selection rules are governed by the
experimental symmetry and the relative orientations of all the symmetry
lowering parameters of the material (e.g. orbital ordering, band structure,
magnetisation) as well as the polarisation state of the incident photons.
As a consequence, the experimental geometry must be fully understood
and controlled when designing the ARPES experiment or when analysing
ARPES data. This holds for the spin resolved data too. The basic assumptions of the dipole approximation invokes spin-conservation, yet photoemission intensities may influence the overall signal. Consequently, the spin
polarisation measurement is possibly affected too. Theoretical work by
Cherepkov [57] shows the directionality inherent to the photoemission experiment causes finite spin polarisation to photoelectrons originated from
spin-degenerate spherical-symmetric initial states. Experimental proofs
were achieved by Shönhense and co-workers for both unpolarised and linearly polarised light. [58, 59] Exploiting the symmetries of topological
surface states (TSS) Park and Louie predicted the spin polarisation of
the photocurrent detected in spin-ARPES may orient very differently in
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respect to the initial state.[60] More generally, unexpected spin-polarised
(or unpolarised) signal may occur when the matrix element describing the
whole transition results from different channels coherently interfering. Zhu
et al. investigated the layer-dependent, SOC-driven spin orbital texture
of the Bi2Se3 topological surface state. [61] They report a dependence of
the photoelectrons’ spin-polarization upon both the photon energy and
light polarisation. Through a phenomenological layer-dependent model
the authors related the detected variations to the interference between
matrix element channels generated from different layers (i.e. different orbitals) that affects the whole photocurrent.[62] A similar approach has
been successfully adopted by Riley and co-workers in the case of exfoliated WSe2 TMDC. The keystone of this picture relies on the strong
layer-locking of the initial spin texture probed with photoemission.[63] In
layered materials the interference effects between spin-up and spin-down
polarised photoelectrons arises from different layers of the sample where
inversion symmetry is locally broken.[64] Besides the photon energy, the
light polarisation may alter the spin of the photoelectrons too. It is well
known that the GaAs source of spin-polarised electrons is activated by
absorption of circularly polarised light, exploiting the direct gap at the
centre of the Brillouine Zone. [65, 66] The quantum mechanical selection
rules give the theoretical polarisation of ±50 % for band gap photoexcitation. The sign of the spin polarisation of these excited electrons is determined by the light polarisation handedness and can be easily switched
reversing the light helicity.[66] These results show the photoemission consists in an interband transition between an occupied band state and an
unoccupied state of the material. The final state distribution therefore
possesses the symmetries of the empty state involved in the process, although it is generally described as a plane wave state (continuum limit)
in the high kinetic energy range. Furthermore, in All-ARPES the photocurrent is selected in respect to k. The spin polarisation is no more
angle-averaged like in angle-integrated PES and may present angle dependence, as experimentally reported for core levels [58, 59]. This hinders
the quantitative determination of the spin polarisation in ARPES, as the
hybridised orbitals in the valence band and their related symmetries are
not straightforwardly identified. Overall, the spin-polarised initial states
are regularly assessed in the spin-ARPES through the detection of the
final state spin, yet the ARPES matrix elements may modify the photocurrent to the point that the absolute value of spin polarisation should
be treated with care. A renowned example comes from the experimental
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investigations of the TSS spin texture. The spin-polarisation measured in
All-RPES experiments is generally lower than the theoretically predicted
100 % and can not be merely ascribed to sample quality, or experimental
resolution. [62, 67–69] As discussed above, one possible cause yielding
unexpected spin polarisation originates from the photon energy dependence. However, the light polarisation can also affect the spin polarisation
of the photoemitted electrons. Linearly polarised light has been reported
to flip the spin polarisation in Bi2Se3 [70]. Exploiting optical selection
rules and the entangled spin-orbital texture up to 100 % spin polarisation
has been obtained.[62] Moreover, interference effects in the spin photocurrent have been shown by Bentmann and collaborators in the case of linear
dichroism have been reported in the Rashba splitted BiAg2/Ag(111). The
authors attributed them to the intrinsic properties of the initial surface
state. [71] The influence of the polarisation handedness have been investigated [72, 73]. Razzoli and co-workers investigated the spin polarisation
of the bulk centrosymmetric 2H-MoS2 and reported sign reversal of the
spin polarisation upon the light helicity. Finally, the effects of circular
polarised light on the spin photocurrent originated from the Dirac-conelike W(110) surface state have been investigated by Miyamoto et al. [73]
The observed complex spin-polarization texture arise from a superposition
of the (extrinsic) experimental geometrical parameters of the experiment
and the intrinsic spin polarisation of the initial state. All the effects enters
the transition matrix element, which accounts for the orbital components
of initial and final states that reflect the crystal symmetry, as well as the
light polarisation and energy together with the angle of incidence.[73]
Despite the strong interest in the quest for exotic spin-texture has
tremendously boosted the developments and installations of new spin polarimeters in the past decade [74–76], the data acquisition rates are still
limited by the inherent low efficiency of the spin filtering process. Furthermore, the availability at large scale facilities of state-of-the-art instrumentation for All-RPES measurements is often overwhelmed by the
high-demand of user’s community. Circular Dichroism (CD) in ARPES
is relatively more easily available technique, as circular polarisation can
be mastered at beamlines featuring Apple-type undulators or at laser
sources using quarter-wavelength filters. The measurement efficiency is
of CD is higher than spin-ARPES (two sets of measurements instead of
10E-2 statistics). The idea to possibly link the spin-information to the
CD-ARPES spectra has therefore been explored by several investigators.
The CD signal is obtained by taking the difference of two ARPES spec-
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tra measured with opposite helicity circular light. The explicit formula
−ICL
where CR (CL) are the circular-right(-left) polarisations
is ICD = IICR
CR +ICL
respectively. Magnetic dichroism in photoemission or in the angular distribution of core level has proved to be a useful tool to investigate the
symmetry of magnetization and its order parameter. Very direct evidence
was reported by LMDAD experiments (Linear Magnetic Dichroism in the
Angular Distribution) performed by Rossi et al. [77]. In their work the
authors investigate the core levels of iron, whose degeneracy completely
removed by the exchange interaction. The whole set of mj values associated to the core holes is consequently distributed on the energy scale
and. In this scenario, the photoemitted intensity is directly attributed
to the space orientation of the specific mj core wavefunction that couples with the linearly polarised photon beam. As a result, strong dichroic
effects in photoemission signal can be achieved by changing the experimental geometry (e.g. by varying the light polarisation, or by inverting
the magnetisation direction). Rossi and co-workers paper [77] and other
studies demonstrated that photoelectron dichroism can be exploited as a
tool to access ferromagnetism as well as atom-specific magnetometry of
the surface.[78–81]
However, extended and energy dispersive states are less straightforward
to be analysed in terms of intensity. Nevertheless, some reports on topological insulators claim the CD signal is connected to the spin of the initial
state either directly [82] or indirectly through the orbital angular momentum (OAM). The latter has been reported to be aligned anti-parallel to
the spin by the strong SOC of the system. The spin-momentum locking
of the TSS has been thus inferred from the CD data. [83–85] Both linear
and circular ARPES dichroisms were exploited to investigate the magnetic
properties of the Ni(111) surface by Mulazzi and collaborators. [86, 87]
If the experimental geometry mathces a mirror symmetry plane, parity
rules affect the detected intensity. In this case, matrix element arguments
can be exploit to infer properties of the initial state (e.g. by examining
the dichroic response of both non-magnetised and magnetised samples).
[86] For other geometries, theoretical modelling was performed to assist
the interpretation of the measured intensities. [87] Moreover, non-trivial
dichroic signal has been reported also in materials with small SOC. Mulazzi and collaborators measured the Schockley surface state in the L-gap
of non-magnetic Cu(111) and observed a strong response to linear dichroism as well as in the CD spectra. [22] Their experiment showed how the
plane-wave photoelectron final state is not strictly adequate to interpret
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the measured intensity in ARPES spectra. The large variations of the
photoemitted intensity distribution along the parabolic surface state call
for theoretical description beyond the free-electron approximation for the
final state. Few years later, Kim and co-workers investigated the CD of
both Cu(111) and Au(111) Schockley states.[88] Despite the very different
strength of SOC in these two materials, they found the OAM magnitude
is quite similar in the two samples state. To infer the spin properties the
authors rely on DFT calculation combined with an effective Hamiltonian
which explicitly established the relation between OAM and spin in the two
systems. However, strong modulation and sign reversal of the dichroism as
a function of the impinging photon energy have been reported by several
groups investigating the surface states of topological insulators [89–91]
and BiTeX Rashba semiconductors. [92, 93] These works attribute the
photon energy dependence of the CD to phase differences between channels entering the whole matrix element. Scholz and co-workers ascribe the
dichroism evolution to purely final state effects [90], while other groups assign the same phenomena to complex interplay between the wavefunctions
of the initial states (e.g. non-trivial orbital textures, atomic cross-sections,
and possibly spin-momentum locking). [61, 93] [94] Finally, the change in
the dichroic signal does not automatically reflect the spin-polarisation of
the energy and angle filtered photoelectron current. Sánchez-Barriga and
collaborators measured both the circular dichroism of the TSS of Bi2Se3
as well as the spin-resolved ARPES signal. [94] The authors report the
spin polarisation of the photocurrent is robust upon the photon energy as
well as for different light polarisation and helicity in the 50-70 eV photon
energy range, while the CD undergoes a complete sign reversal in the same
energy range. On the other hand, strong modulation of the photoemitted
electron spin has been found for 6 eV circularly polarised light. Overall,
all this works evidence the need of a better understanding of the spectral
function that is effectively measured in a given experiment. A possible
approach is to perform band calculations and then photoemission calculations accounting for detailed description of both the initial and final states
to compare with experiments and help interpretation of the spin degree of
freedom in the materials.
This rather complex scientific problem is here addressed by investigating the photoemission intensity of bands characterised by well-known spin
polarisation. The effects of variations in the transition matrix element on
the detected photocurrent were probed as a function of the experimental
conditions. The experiment was performed fully exploiting the advanced
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features of the APE-LE beamline: tunable energy, high photon energy
resolution, entirely controllable light polarisation, combined with the AllResolved PES equipment described in chapter 2. The chosen sample is the
exfoliated clean surface of 2H-NbSe2 bulk crystals, which hosts strongly
spin polarised bands dispersing up to the Fermi level. Spin-Resolved and
Spin-Integrated ARPES spectra were measured as a function of the photon energy and light polarisation. The spin-ARPES proved to be quite
robust against the changes in the matrix elements as driven by photon
energy, whilst the circular dichroism undergoes strong variation and sign
reversal. The results clearly demonstrate that in this case, and therefore
in general, the spin-resolved information cannot be borrowed by circular
dichroism in photoemission, e.g. inferring spin polarisation from CD is
not justified. A brief introduction on the 2H-NbSe2 system is given in the
following paragraph prior to reporting the experimental results.

3.2. The NbSe2 prototype: SOC and inversion
symmetry
Niobium diselenide (NbSe2) is a metallic layered system that belongs
to the transition metal dichalcogenide (TMDC) materials. The latter constitute a class of 2D materials characterised by MX2 chemical composition,
where M and X are a transition metal and a chalcogen atom, respectively.
The building block of the TMDCs crystal structure is called monolayer
and is formed by three, single-element hexagonal lattices stacked in such
a way the transition metal is sandwiched between two chalcogen layers (i.e.
X-M-X). The unit cell is then composed by piled up monolayers along the
c-axis direction, kept together by Van der Waals interaction. There are
several polymorphic structures that may occur depending on the specific
stacking of the layers. In this chapter the 2H-NbSe2 phase, one of the most
common, is investigated. The 2H-NbSe2 unit cell reported inFigure 3.1
is made by two monolayers stacked in A-B fashion as can be seen in the
side-view of Figure 3.1. From the top-view a graphene-like atom arrangement is recognised with the metal and chalcogen atoms placed at two
inequivalent sites.
The resulting bulk unit cell preserves the inversion symmetry and the
crystal is centrosymmetric. As time reversal symmetry holds in this sys-
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Figure 3.1: 2H-NbSe2 crystal structure and Brillouin zone.

tem, the inversion symmetry forbids the removal of spin degeneracy to simultaneously satisfy E(↑,k)=E(↑,-k) and E(↑,k)=E(↓,-k). The constrain
fails in the monolayer, which is not centrosymmetric. Hence, spin degeneracy can be lifted and SOC-driven spin polarised bands occur when
suitable spin-orbit interaction is provided. TMDCs are generally characterised by strong SOC and spin polarised bands around the K (K’) point
have been predicted [95] and experimentally reported [96, 97]. The spinorbit field arise from the crystal field and the electron momentum and it
can expressed by BSO ∝ (∇V × k). This, combined with the C3 crystal
symmetry, leads to a nominally 100 % out-of-plane spin polarisation at K
in the monolayer limit as the electronic wavefunction totally lies within
the layer. Moreover, the sign of the splitting is linked to the valley index
associate to the two inequivalent sublattices. This results in the so called
spin-valley locking [98–101], where the spin polarisation is reversed in sign
for K and K’ points consistently with the time reversal symmetry. Finally,
the A-B stacking along c-axis causes the second layer in the bulk unit cell
to be 180° rotated in respect to the previous one. Hence, the spin-texture
is exactly equal in magnitude, but opposite in sign. As a result, the spin
polarisation cancels and the bulk band structure is spin degenerate as
required by the global inversion symmetry.
Nevertheless, spin polarised states have been recently reported for the
bulk centrosymmetric 2H-WSe2 2H-NbSe2 systems. [63, 102] The rea-
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son of the unexpected spin polarisation lies in the electronic wavefunction
in TMDC materials. The Van der Waals bonds are quite weak and the
interlayer hopping is consequently rather small. This hinders the electrons to extend over both the layers of the Brillouine zone and leads to a
wavefunction strongly localised within each monolayer. As this building
block breaks the inversion symmetry, the system can host "hidden spin
polarisation" [64]. Such a layer-locked spin texture [102] can be probed by
spin-ARPES exploiting the surface sensitivity inherent to photoemission
technique [63, 102].
Finally 2H-NbSe2 presents a quite rich phase diagram, bearing collective electronic phases in the low temperature range. It hosts charge density waves below 33 K[103–105] and it becomes superconductor at even
lower temperature (7.2 K)[103, 106]. Their description is well beyond the
scope of the present chapter as the experiments were performed above the
transition temperatures.

3.3. SpinARPES experiments, results and
discussion
Commercial bulk NbSe2 single crystals[107] were glued with the [0001]
direction aligned along the surface normal. The (0001) is a good cleavage
plane thanks to the weak Van der Waals bonds between the Se-Nb-Se layers. The samples were pre-oriented in plane by means of Laue diffraction
and cleaved in UHV with the kapton scotch tape method. Spin-integrated
ARPES and spin-resolved ARPES experiments were performed with the
samples maintained at liquid nitrogen temperature of ~77 K (i.e. far from
the collective phase transition temperatures). Figure 3.2 shows the band
structure acquired with hν= 70 eV, which correspond to a Γ-K-M-K’ plane
of the Brillouine zone according to the inner potential reported elsewhere.
[108] The cartoon sketches the Brillouin zone and the dashed rectangle emphasize the portion of the BZ measured by the ARPES detector. Energy
vs. momentum dispersions along high symmetry cuts are also reported
in the bottom panels of Figure 3.2 (i.e. from left to right Γ-M, K’-Γ-K
and K’-M-K) and their locations on the Fermi surface are marked by the
respective coloured lines. The very bright hexagonal contour centred at
the Γpoint mostly arise from Nb-4d orbitals as well as the two concentric
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Figure 3.2: NbSe2 Fermi surface measured with 70 eV linearly horizontal (LH)
polarised light. A sketch of the Brillouin zone is also reported together with the
BZ portion probed by the detector (dashed rectangle). Band dispersion along
high symmetric direction (marked by coloured lines on the Fermi surface) are
also reported. From left to right: Γ-M (pink), K’-Γ-K (green), and K’-M-K
(yellow)

sheets centred at K and K’. The orbital character is mixed by the strong
spin-orbit interaction of this system, In particular, the orbital character of
the Fermi surface is mainly dx2 -y2 and dxy near the zone corners, while dz2
character is predominant close to the BZ centre. Finally, the last Fermi
surface sheet is the so called "3D pancake" which derives mainly from the
pz orbitals and is centred at the Γpoint. The photoemitted intensity of
the latter is much lower than the others at hν=70 eV and only faint signal
of its presence is visible in the spectra due to unfavourable contrast in
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respect to the other bands. [109, 110] For this reason, this state is best
observed in the bottom central panel of Figure 3.2 and at hν=25 eV as
reported in the top left panel of Figure 3.3. The "pancake" appears as a
diffuse spectral weight, broadened in a wide range of binding energies up
to the Fermi level, centred at the Γpoint. This is a consequence of the
highly dispersive character of the Pz bands combined with the kz broadening arising from the finite probing depth, Δkz =λ-1 . At 70 eV photon
energy, the electrons photoemitted from the Fermi level have a mean free
−1
path λ(65 eV) = 5 Å, i.e. Δkz = 0.2 Å . Being the value of the c-axis
of bulk 2H-NbSe2 c = 12.55 Å, the ARPES spectra are integrating the
band structure over approximately two fifths of the BZ. The ARPES data
measured along Γ-M as a function of the photon energy and for fixed linear horizontal (LH) polarisation are reported in Figure 3.3. Overall, the
band dependence on the exciting energy (i.e. the dispersion along the kz
direction) is weak, consistently with the layered crystal structure of this
compound. As reported in chapter 1, a way to access the band dispersion along kz is offered by photon energy dependence. In particular, pure
surface states as well as states whose electronic distribution is strongly
localised along the direction perpendicular to the surface manifests essentially no kz dispersion. The pockets appear to be confined in the Se-Nb-Se
layer as their nearly undetectable kz dependence indicate a 2D-like charge
distribution. This is consistent with the expected Nb 4dx2 -y2 /xy orbital
character, mainly oriented within the layers. [63, 111, 112] Conversely, the
band structure near the centre of the BZ derive from Se pz and Nb dz2 orbitals and manifest some dependence on the photon energy, reflecting the
slight hybridisation between different layers. [105] As the Van der Waals
bonds occur between the Se-Se atomic layers, the cleaved surfaces are most
likely Se-terminated. However, the photoemitted intensities related to the
Nb 4d orbitals are generally more prominent. This behaviour reflects the
element specific photoionisation cross-sections relative to Nb-4d and Se-4p
orbitals that hybridised in the valence band. The graph reported in Figure 3.3 summarises the cross-sections for Nb 4d and Se 4p orbitals. The
former is always higher in the 20 eV to 65 eV photon energy range, but its
magnitude falls about two orders of magnitude as the hνapproaches the
Cooper minimum (located at about 85 eV). The cross section of the Se p
orbitals does not have a Cooper minimum, although the intensity monotonically decreases for photon energies higher than 20 eV. At hν~70 eV
the cross sections of Nb4d and Se 4p are almost equal and they cross between 75eV and 110eV photon energies. Consistently, the band dispersion
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Figure 3.3: Photon energy dependence of NbSe2 bands measured along ΓM (as shown by the BZ cartoon) with LH polarisation. Photon energy was
varied from 25 eV to 75 eV. The graph reports the element cross section for Nb
4d and Se 4p orbitals. The light blue coloured area marks the photon energy
range explored with conventional ARPES. The pattern indicates where the spinARPES measurements were performed.

of both the pockets and the more dispersive states at the centre of the BZ
have similar photoemitted intensity around ~70 eV photon energy. Following these observations, Se p character is attributed to the sharp bands
dispersing between 1-3 eV binding energies. The fact that similar intensities are already observed at hν~60 eV may indicate deviations from the
atomic behaviour arising from orbital’s hybridisation within the bondings
or reflect the resonance with the Se 3d core shell (~55 eV for the isolated
Se atom). The latter case correspond to resonant photoemission introduced in chapter 1, a process where the electronic band structure arising
from Se-4p orbitals can be selectively enhanced matching the excitation
energy to the absorption edge of the selected element (Se in this particular case). Moreover, the absorption cross section is quite high at 25 eV
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photon energy for both Se and Nb electron states (although is 4.5 times
higher for the Nb). This photon energy corresponds to kz close to the
BZ centre (i.e. similar to 70 eV), consistent with the detection of the pz derived 3D-pancake band centred at Γ. The interpretation of the ARPES
data acquired at hν=35 eV is less straightforward. The band dispersion
looks different than both 25 eV and 70 eV photon energies although it also
corresponds to kz close to the Γ-K-M plane. This discrepancy may be
interpreted considering the photoionisation cross sections and electronic
resonances. The ratio between the Nb4d and Se4p cross sections is the
∼ 8). Moreover,
highest of the whole energy range considered here ( σσNb4d
Se4p
the exciting energy is quite close to the absorption edge of the Nb 3p core
levels (~55 eV for the isolated Se atom). Therefore, it can be inferred that
the bands probed near Γwith 35 eV photon energy are mostly the 4dz2
ones. This conclusion also accounts for the nearly absent spectral intensity of the 3D-pancake associated to Se pz orbitals. However, the faint
intensity photoemitted from the Nb 4dx2 -y2 /xy pockets remains unclear.
This is a warning bell calling for a description of the interaction as a whole
throughout accurate matrix element, which is neglected by the naive picture here presented. The discrepancies could be ascribed to the hybridised
nature of the valence states which deviates from the isolated atomic orbitals of reference. Hybridisation phenomena are generally expected in
the TMDC systems because the spin-orbit coupling mixes the atomic orbital wavefunctions. Consequently, the photoionisation cross-section does
not strictly hold as they rigorously describe the localised atomic states
only. However, the reasonable applicability of these very simple criteria
is consistent with the strong electron localisation within the layer of this
material. [63, 111, 112] As discussed in the section 3.2, the latter is very
important to successful spin detection even in the bulk exfoliated samples.
Figure 3.4 shows the circular dichroism of the NbSe2 electronic bands
for two different photon energies. The dichroism is strong especially at
55 eV photon energy where the effect is already visible comparing the
ARPES spectra acquired with the two circular polarisations. The CD signal resulting for hν=70 eV is less apparent in the photoemitted intensity
although the final dichroism is quite large too. For both both photon energies the Γ(kx =0) axis present null CD signal. This can be accounted
for by considering the experimental geometry reported in the cartoons of
Figure 3.4. [90, 113] In general, null CD signal is expected for those configurations were a symmetry operation leaves the photoelectron k vector
unaffected and flips the circular polarisation helicity. First consider the
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case the electron is ejected along the surface normal as shown in the figure.
By considering the mirror operation in respect to the green plane it is clear
that the k vector remains unaffected while the polarisation is transformed
from CR to CL. As a result the CD must be zero for the (kx ,ky )=(0,0)
point. This argument can be generalised to coplanar photoelectrons and
impinging photon beam (i.e. to the whole green plane) provided that it
coincides with a symmetry inversion axis of the crystal. In this case ky =0
constitutes a nodal plane for the CD. When the photon and the momentum of the emitted electrons are non-coplanar, the experimental geometry
is said to have handedness and non-zero dichroism generally occurs. In our
geometry, the analyser slit is placed vertically to the nodal plane discussed
above (it is represented by the yellow vertical rectangle in Figure 3.4). The
K’-Γ-K direction is aligned to the analyser slit. The Γ-M high symmetry
direction thus lies in the green plane and origins the nodal plane also detected in the CD spectra of Figure 3.4. The strong CD observed for the

Figure 3.4: Circular dichroism ARPES of the NbSe2 valence bands measured
along K’-Γ-K at different photon energies (hν=55 eV (top row) and hν=70 eV
(bottom row). The cartoons report the experimental geometry and the BZ
direction probed with CD-ARPES
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pockets is consistent with the so called spin-valley locking observed by
photoluminescence [99, 100] and pump-probe experiments [101]. A recent
theoretical study attribute the origin of the observed dichroism to the local chirality of the valley placed at inequivalent K and K’ points. [114] It
may also reflect the point group symmetries within the layer, as recently
shown by a 2-photon photoemission experiment combined with one-step
calculation study on the TSS of Bi2Se3. [115] However, the observed CD
may contain also the chirality induced by the experimental geometry itself.
The two experimental geometries reported in the cartoons of Figure 3.4
are linked throughout a reflection operation with respect to the horizontal green plane. Such operation will either reverse the photon helicity or
change the photoelectron momenta. As a consequence, opposite sign of
the CD is always detect for opposite emission angles in this geometry irrespective to the initial state symmetry. Further geometrical effects have
been reported for initial state wavefunction spatially confined along the
z-axis. Ishida and co-workers report large dichroism in SrTiO3 and Cudoped Bi2Se3. Furthermore, they report the existence of a second nodal
plane, which is seen as signature of the 2D-nature of the electronic states
investigated and orthogonal to the one defined by the coplanar geometry.
[113] However, although the electronic wavefunctions are mainly localised
within the layers, this additional nodal plane was not detected in the study
presented here (it coincides with the direction where the measures here
presented were performed). This result may suggest that the observed
dichroism can not be merely described as due to a pure experimental
geometric effect. Moreover, the geometrical induced CD is expected to
increase monotonically with the k momentum [81, 83]. Thus, geometric
chirality alone can not take into account the data acquired at 70 eV photon
energy where the CD dependence on the momentum is more complex. In
particular, the CD is strong also for bands near the Γpoint, i.e. where
the spin-orbit coupling is expected to be small. This fact is not surprising
as the existence of strong dichroic signal in system characterised by weak
SOC such as graphite πbands [116] and Cu(111) Schockley state [22, 88]. In
particular, the one-step calculations reported in [22] indicate the strong
dichroic effect arise when the final state possesses d-character, which is
consistent with our data. As previously discussed, Se 4pz -derived bands
have quite strong photoemitted intensity at hν=70 eV and the transition
towards d-like final state (rather than s-type) is generally favourite in the
photon range used in this study. Finally a significant dependence of the
CD upon the excitation energy is also observed. This feature is quite
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Figure 3.5: CD-ARPES investigation of the spin polarised pockets. The data
were acquired at hν=25 eV along the Γ-M direction as also sketched by the BZ
cartoon. For direct comparison the spin-ARPES data for the out of plane spin
component are also reported as measured along the same direction with 25 eV
linearly polarised light.

usual in CD spectra and as been reported on several system as topological
insulators [61, 89–91, 117] and Rashba state in BiTeI [92, 93] and other
BiTeX related compounds [92]. The origin of these effects is still discussed
and it has been proposed to arise either from final state effects [90, 117]
or driven by the initial-state [61, 89, 118]. Overall, these results strongly
indicate that the proposal of Wang et al.[82] of directly infer the spin information from CD data is not applicable. Moreover, clear interpretation
of the dichroic signal strongly requires to be accompanied by as detailed
as possible models as also highlighted by other works [91, 92].
These observations become even more cogent when the full power of
our VESPA setup are exploited and the photoelectron spin is directly
measured. Figure 3.5 compares the CD-ARPES signal measured along
the K’-M-K high symmetry direction and hν=25 eV with the spin-ARPES
data acquired at the same photon energy and LH polarisation. At this
photon energy the sampled kz is approximately the Γ-K-M plane. Along
K-M-K’ BZ direction there are four dispersive states crossing the Fermi
level as shown both by ARPES data and from the total intensity (SUM
CP). These states correspond to the concentric trigonally warped pockets
centred at K and K’ inequivalent points. As for the previous case the
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dichroic signal presents apparent left-to-right asymmetry already visible
in the ARPES intensity spectra. This gives rise to sign reversal of the
CD across the M point. The zero CD intensity occurring at the M point
is a further evidence of the nodal plane discussed above. However, the
CD spectra significantly differs both from the expected spin polarisation
of the initial state and from the measured spin resolved signal. As the
spin polarisation of the out of plane component at the M point is zero as
spin-degeneracy is imposed by the time reversal symmetry (M is a TRIM
point). A the kx spans from the negative values (e.g. K) towards the
positive values (e.g. K’), the measured spin polarisation undergoes four
sign reversals. It starts from a negative value (blue) for the bands crossing
−1
EF at kx ~−0.3 Å , which corresponds to the inner Fermi surface contour
around the K point. The spin polarisation signal changes the sign (red) as
kx reaches the sharp state corresponding to the outer trigonal band that
circles the K point, then it reaches zero at the M point. For positive kx ,
the time reversal symmetry and the lattice three-fold rotational symmetry around the c-axis impose the reverse trend to the spin polarisation,
i.e. negative(positive) for the outer(inner) band around the K’ point. The
quite small signal measured for the outer band around K is probably ascribable to background issues. Notably, the measured spin are consistent
with the spin-valley locking texture expected for this material and already
reported in literature. [98, 102] On the other hand, the CD-ARPES is
negative (positive) for negative (positive) values of kx respectively. This
particular dependence resembles the one observed by Kim et al. in CD
photoemission experiments on Cu(111) and Au(111) surface state. [88] In
that paper the authors identify the OAM as the key driving force affecting
the CD signal. To retrieve the spin information they need to compare the
CD-ARPES data with an ad-hoc developed effective Hamiltonian, concluding that circular dichroism in ARPES is useful tool to investigate
the presence and the texture of the initial states OAM.[88, 118] A different interpretation of the CD is given by Sácnhez-Barriga and co-workers,
who directly compared the circular dichroic signal to the measured spinARPES texture of the Bi2Se3 topological surface states at various photon
energies. In their work a strong dependence of the CD-ARPES on the
photon energy is reported showing several sign reversal. Conversely, no
sign reversal was reported for the spin resolved data in the energy range
typical for conventional ARPES.[94] From these observations the authors
concluded that the CD-ARPES is mainly affected by the d-like final-state,
while the spin of the photoelectron is left unaffected. Figure 3.6 report
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Figure 3.6: ARPES, CD-ARPES and spin-ARPES measured along the Γ-K’
direction of NbSe2 at different photon energies (namely 25 eV, 33 eV and 44 eV.
The ARPES and spin-ARPES data were measured with linearly horizontal polarised light. The coloured lines on the ARPES spectra mark the kx momenta
where the spin texture has been probed. Top row present the ARPES and CDARPES spectra, middle panels report the raw spin filtered EDCs for the each
photon energy. Bottom row show the corresponding spin polarisation values.

the direct comparison between the CD-ARPES and the out of plane spin
component data of NbSe2 at different photon energies. The data were
measured along the Γ-K’ direction in the BZ and LH polarisation for both
ARPES and spin-ARPES. The selected photon energies were hν=25 eV,
hν=33 eV and hν=44 eV. The last one correspond to kz close to the BZ
edge (i.e. the A-L-H plane). The other two energies sample the BZ close
to its centre (kz ~Γ-M-K plane), however their ARPES intensity testifies
a different response to the excitation energy as reported in Figure 3.3.
It is therefore worthwhile to probe the sample with both these excitation
energies as it has been reported that modulations in the ARPES photoemission intensity may be associated with strong changes in the detected
spin through linear dichroism effects.[62, 71] Consistently with the data
previously discussed, the CD signal displays strong changes at the differ-
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ent photon energies. In particular, the dichroic intensity relative to the
spin polarised Fermi bands undergoes a sign reversal between 33 eV and
44 eV photon energies. Conversely, the spin resolved out of plane component prove to be more robust, i.e. less affected, with respect to the
changes in the matrix elements. As shown by the raw Energy Distribution Curves (EDCs) (middle row) and by the respective spin polarisation
Pz in the bottom row of Figure 3.6, no sign reversal in the spin-ARPES
dataset has been detected for the investigated energies. The result is consistent with the work reported in reference [94] and further demonstrates
the impossibility to straightforwardly infer the spin properties of the materials by means of circular dichroism. However, closer inspection to the
spin-ARPES results evidences that the degree of the spin polarisation
varies upon the different photon energies. The spin polarisation value at
the Fermi level is ~18 %, ~35 % and ~28 % for hν=25 eV, hν=33 eV and
hν=44 eV excitation energies, respectively. To attribute these variation
to kz dependence of the spin texture is unlikely as the first two photon
energies probe the same portion of the BZ. This indicates that the spin
of the photocurrent is somehow affected during the interaction. Zhu et al.
[62] reported oscillations as a function of the photon energy for the spin
polarisation of the Bi2Se3 topological surface state. In their work they propose a phenomenological and general layer-dependent model to account
for observed modulation of the spin polarisation. In this picture the effects of the final states are mostly ruled out by means of the plane-wave
approximation and the main influence is derived by the detailed description of the initial state. The photocurrent generated by distinct layers
is weighted by different phases defined by the energy-dependent probing
depths. The detected spin polarisation is then qualitatively described as
the results of the interference between the photoemission channels associated to the different layers. The key ingredient of this model interpretation
is the layered dependent distribution of the initial spin texture. [62] It
is licit to apply the same approach to our case given the strongly layerlocalised electronic distribution and the consequent spin-layer locking of
NbSe2. [64, 102] These features are typical in the TMDC systems and
the model of Zhu and co-workers has been successfully employed in the
analysis of the related system WSe2. [63] Following the method proposed
by Zhu and collaborators [62] the spin-polarised photocurrent has been
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calculated from:

2

Iσ =

X

cσi mi

(3.1)

i=1,2

where i spans on the layer and σindicate the spin polarisation (up or
down). The valence bands near the K point were described adopting the
coefficients and the dx2 -y2 ,xy orbital mixing from Riley et al. work on
WSe2. [63] Assuming a free-electron final state the i-th channel mi of the
total matrix element becomes:
mi = e−ikz zi e−zi /(2λcosθ) heik| |·r| | | A · p |φi i

(3.2)

The explicit expression reported in Equation 3.2 states that the phase
depends both on the photon energy (through kz ) and on the layer zi .
Figure 3.7 shows the oscillatory behaviour of the spin photocurrent predicted by this model together with the spin polarisation at the Fermi level
extracted from the data reported in Figure 3.6. The results are not conclusive, although the experimental trend may be qualitatively consistent
with the picture proposed in the literature. [62, 63] However, additional
and denser photon energy steps (up to 60 eV at least) need to be investigated to really verify the oscillatory behaviour of the photocurrent.
Moreover, the experimental degree of spin polarisation is systematically
less than the one expected by the phenomenological model. This may
arise from experimental errors, such as that the signal contains the contribution of two adjacent grains 180° rotated. Another possibility comes
from the experimental geometry. As a matter of fact, the model rules
out both polarisation effects and photon incident angles whose capability to affect the spin-resolved results have been reported before and cannot be overlooked. [62, 71–73] Day and co-workers recently released an
open source software package (chinook) designed to predict the ARPES
intensity modulations as a function of the experimental geometry and the
detailed description of the initial state.[119] The software simulates the effects on the photocurrent induced by an arbitrary experimental geometry
(the photon energy/polarisation, the incidence angle etc.), concurrently
providing a careful description of the initial wavefunctions, ranging from
orbital character, spin texture surface-vacuum interface effects. Overall,
chinook provide a powerful framework to deepen the understanding of the
matrix element effects, giving further insights on the electronic structure
of materials. Finally, effects originated from the non-spheric final state
distribution may also play a role in the process.[22, 90, 94] Overall, a full
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Figure 3.7: Red and blue lines represent the oscillations of the spin photocurrent for the two concentric Fermi contours as calculated by the model sketched
above. The orange diamonds mark the values of the measured spin polarisation
at the Fermi level estimated from the data presented in Figure 3.6.

description of the photoemission interaction may be necessary to quantitatively describe the photoemission process.
Figure 3.8 reports the spin-resolved ARPES spectra measured along ΓK at hν=25 eV as a function of the light polarisation (LH, CR and CL). For
direct comparison, the circular dichroic signal is also reported. Again, the
spin-integrated circular dichroism overall differs from the spin-polarised
data. In particular, the CD is mostly positive in the area corresponding
to the spin-resolved investigation, whilst the opposite spin polarisation of
the two bands are clearly observed in the spin-ARPES spectra. Moreover,
the spin filtered data probed of the Fermi bands circulating K and K’
points are robust with respect to the changes introduced by polarisation
handedness in the matrix elements, at least for this photon energy. These
results seems contradictory to the work performed by Razzoli et al. on the
MoS2 TMDC[72], where the authors report strong dependence of the spinARPES data on the light helicity. However, the discrepancy may originate
from the different experimental conditions used. For example, the photon energies investigated in the paper are different from the one shown in
Figure 3.8 as well as the geometric configurations may be inequivalent. A
useful contribution is offered by the study of Miyamoto and coworkers [73],
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that also reported variations in the 3D spin polarisation as a function of
the photon handedness for the Rashba Dirac-like surface state of W(110).
In their work it is also shown that one component is robust against the polarisation helicity. They demonstrate that the unaffected spin component
arises from orbitals whose symmetry allows only photoemission when excited with LH polarised light. As the light polarisation can be decomposed
in a coherent superposition of LH and LV polarisations, it means that no
phase difference (i.e. interference effects) can be introduced by the circular polarisation handedness.[73] This picture suggests that the orbitals
linked to the spin texture can be probed only by the LH polarised light,
at least in the present experimental geometry. This hypothesis is corroborated by the spin-polarised data acquired at the same energy with the
linear vertical polarised light. As reported in Figure 3.9, the photocurrent
show null out-of-plane spin polarisation when probed with LV light. Moreover, significant differences are also visible in the spin-integrated ARPES
spectra. In particular, the photoemitted intensity of two bands under investigation becomes more symmetric when probed with LV polarised light
in respect to LH. This observation is consistent with the interpretation
proposed by Miyamoto et al. [73] and hints linear dichroic effects may
play an important role in the of the spin photocurrent. [62, 71]
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Figure 3.8: ARPES data measured along the Γ-K direction with 25 eV linearly
horizontal polarised light. The green-purple image reports the intensity of the
circular dichroism at the same photon energy. The spin-ARPES results obtained
with different light polarisations (namely LH, CR and CL) are reported in bluered scale. The red rectangle on both the ARPES and the CD-ARPES spectra
marks the area where the spin-resolved texture was probed.

Figure 3.9: spin-ARPES results obtained at hν=25 eV for both the linearly
polarised lights.
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3.4. Conclusions & future outlook
This chapter investigated the role of the transition matrix element in
determining the probed spectral function. The out-of-plane spin polarised
Fermi surface of NbSe2 have been chosen as a case study. Strong dichroic
signal has been observed throughout the valence band of UHV exfoliated
bulk NbSe2 samples. The dichroism is strongly affected by the matrix
element variation introduced by the photon light. Significant evolution up
to sign reversal is reported when the photon energy is varied in the energy range typical of conventional ARPES (i.e. from 25 eV to 70 eV). The
results are consistent with the interpretation of strong final state dependence of the photoemitted intensity on the light polarisation handedness.
Conversely, the spin-filtered photocurrent experience minor variations as
a function of the photon energy. The robustness of the spin-ARPES signal
upon the circular light handedness is interpreted by means of coherent superposition of LH and LV polarisations combined with orbital symmetry
arguments. Overall, the results here reported prove that the simplistic
interpretations of the dichroic signal in angular distribution as a tool to
infer the spin properties o the initial state is unjustified. The main reason for that appears to be the preponderant influence of the final state.
The reliability observed in the spin-resolved ARPES data confirm that
the direct measure of the spin is the technique of choice to assess the spin
texture of the initial state, although the absolute values of SP are to some
degree affected by matrix elements too.
To improve the understanding of the interaction matrix element and
the quantitative analysis of the spin, linear orbital dichroism in combination with experimental geometry (e.g. light incidence angle, different
sample alignment) is a must. Further interpretations of the spin-ARPES
data by means of models presented in ref.[62, 72, 73] are scheduled together with tight binding calculations. In the pursue of these objectives,
the new open source framework chinook offered by the very recent work
of Day and co-authors [119] constitutes a promising and powerful tool to
access the information encoded in the photoemission matrix element. Finally, comprehensive picture of the whole interaction, including as detailed
as possible description of the wave functions involved in the photoemission
process, is necessary to extract both the spin and the orbital textures of
the initial states.
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4. Direct insight into the
electronic properties of
SrNbO3

Well, research is like visiting a
zoo. You wanted to see the
white tiger, but you end up
with several unknown birds.
Dr. P. K. Das 2018

4.1. A new material for catalysis
Perovskites define through their structure a class of transition metal
oxides (TMO) that are extensively investigated. The reason of this interest
lies in their unconventional properties (e.g colossal magnetoresistance, ferroelectricity, superconductivity), which bear an obvious potential impact
on technology [120, 121]. Perovskites are described by the chemical formula ABO3, where A is a trivalent rare-earth ion or a divalent alkali-earth
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ion and B is a transition metal (TM) element, octahedrally coordinated
with 6 first-neighbour oxygen. The ions are arranged in a cubic lattice.
However, distortions induced by the O-TM-O bondings may affected the
structure and lower the symmetry.
In this class of materials the Nb-based SrNbO3 system has recently
raised interest for its potential of photo-catalytic activity driven by visible
light.[122] SrNbO3 belongs to the nominal 4d1 perovskites, which has been
less investigated than the 3d1 counterpart. The 4d systems are expected
to differ with respect to the equivalent 3d-based TMO. The wider extension of the 4d electronic states determines strongly hybridisation with the
neighbouring oxygen ions and reduces the on-site Coulomb interaction.
As a result, a more pronounced metallic behaviour (i.e. electrical conductivity) corresponds to the reduced electron-correlation effects. However,
published works investigating the 4d-based perovskites and the ferromagnetic order observed in the 4d-ruthenate systems hint that correlation
effects are not negligible in this class of materials too. [123–125]
SrNbO3 structure presents slight distortion (i.e. ~10°) of the O-TM-O
bonds that reduces the cubic symmetry to orhtorombic, with 20 atoms
per unit volume. [126] Panel a of Figure 4.1 reports the unit cell. The
Nb-O bond lengths are very similar (i.e. the maximum deviation is smaller
than 0.02Å). Moreover, growing the SrNbO3 on suitable substrates can
stabilise the cubic structure of the samples. Hereafter the pseudocubic
perovskite structure sketched in panel b is assumed for SrNbO3.
After the photocatalytic properties of Sr1–xNbO3 (with 0.03 < x <
0.20) polycrystals and thin films were reported by Xu and collaborators
[122], intense theoretical efforts were made to understand the electronic
properties of SrNbO3. Zhu et al. extensively investigated the photocatalytic performance and reported a detailed band structure as obtained
from conventional density functional theory and GW calculations.[127]
The elastic properties as well as the electronic structure of Sr1–xNbO3
have been reported by Xu and co-workers.[128] Sun et al. investigated
the effects of defects in the SrNbO3 structure and suggested the occurrence of a ferromagnetic ordered phase when driven by Sr vacancies [129]
Fewer experimental studies are available with respect to the rich theoretical literature. Oka and co-workers grew SrNbO3/KTaO3 thin films
at different temperatures and investigated the resulting stoichiometries.
[130] They reported metallic conductivity comparable with those of SrVO3
and SrMoO3 and colcuded that correlations have a significant role in
the electrical conduction of SrNbO3. Two recent works from Venkate-
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san’s group [131, 132] investigated the optical response of SrNbO3 thin
films. They claim that visible-light photo-catalytic properties are driven
by plasmon-based resonances. This model has been corroborated by theoretical calculations. [133] X-ray/UV electron spectroscopy studied are
very scarce. Standard XPS was reported by Isawa and co-workers [134] on
polycristalline Sr1–xNbO3 samples and Miruszewski et al. investigated Nbdoped SrNbxV1 xO3. [135] Angle-Resolved PhotoElectron Spectroscopy
(ARPES) measurements reported in literature on Nb-based oxides are limited to the Ruddlesden-Popper series. The layered structure changes the
orbital arrangement and is reflected in the electronic properties of the system. In particular, ARPES studies are reported for the quasi-1D metallic
SrNbO3.4 and the ferroelectric insulator SrNbO3.5.[136–139] X-ray absorption studies were published on the NbO, NbO2 Nb2O5. [140] Few works
investigated SrNbO3 · 4 Nb-carbides catalysts [140, 141] and Li-Nb based
oxide superlattices. [142]
The aim of this chapter of the thesis was to perform an extensive
investigation on the electronic structure of SrNbO3 by exploiting advanced
spectroscopic techniques.

Figure 4.1: a) SrNbO3 orthorombic crystal structure, the dashed red line indicates the respective pseudocubic cell (adapted from ref. [126]) b) pseudocubic
perovskite structure and (c) the respective Brillouin zone (BZ)
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4.2. Results
To perform this study, high quality SrNbO3 thin films were grown on
suitable substrates by means of Pulsed Laser Deposition (PLD) in ultrahigh vacuum environment. In-situ and ex-situ structural characterization
was carried out and proved the good quality of the films. The electronic
states of the pristine samples were investigated by means of VUV and Xray electron spectroscopies exploiting two variable polarisation undulator
source at the APE beamline were performed on the as-grown, in-situ transferred films. X-ray absorption and photoemission spectroscopies (XAS and
XPS) were used to characterise the chemical composition and ionic states
of the TM and O atoms in the samples and their dependence upon the
growth conditions, namely the oxygen background pressure. An extensive
campaign of angle-resolved photoemission spectroscopy (ARPES) measurements has been performed on the best optimised SrNbO3 thin film
samples. The ARPES results were analysed and compared with Density
Functional Theory (DFT) bulk calculations.

4.2.1. Material growth and characterisation
SrNbO3 thin films were deposited in the PLD growth chamber under an ultra-pure (i.e. 99.9999%) oxygen pressure. A stoichiometric
polycrystalline SrNbO3 target was ablated by ~10 ns focused laser pulses
with energy density ~2 J cm−2 , the repetition rate was varied from 3 Hz
to 1 Hz. Samples were grown on several different substrates: DyScO3
(110), KTaO3(001) and NdScO3(110). The growth temperature was set at
700 ◦C, which has been reported to give the optimum stoichiometric 1:1:3
ration. [130] The background pressure of oxygen was varied for different
growth sessions from 0.1 mbar to 10−4 mbar.
The crystallographic properties of the samples were probed by means
of ex-situ XRD. Figure 4.2 reports the X-ray diffraction patterns for the
(002) and (004) symmetric lines of SrNbO3 deposited on the three substrates used. Regardless of the substrate, no traces of spurious phases
were detected. The films present only (00l) diffraction peaks, indicating
the preferential c-axis orientation of the samples along the normal direction
to the substrate surface. Fine inspection show the film grown on DyScO3
(orange curve) has the out of plane lattice parameter slightly larger than
the bulk value, which is consistent with the in-plane compressive strain
imposed to the film by this substrate. The in-plane lattice constant of
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Figure 4.2: X-ray diffraction patterns around the (002) and (004) Bragg
diffraction lines of the SrNbO3 films grown on the different substrates: DyScO3
(orange) KTaO3 (blu) and NdScO3 (red-purple). Due to the very small lattice
mismatch between SrNbO3, KTaO3 and NdScO3 the film peaks are hidden by
the substrate’s signal in these cases.

the film shrinks to adapt to the substrate periodicity 3.95 Å, while the
c-axis expands up to 4.04 Å, exceeding the expected bulk value (4.02 Å).
On the other hand, the very small mismatch between the film and both
the KTaO3 (4.00 Å) and the NdScO3 (4.04 Å) results in negligible strain
applied to the thin films. In this case the film’s and the substrates’ diffraction peaks largely overlap and the signal from the film is hidden by the
more intense substrate’s peak. To further confirm the strain of the grown
samples Figure 4.3 reports the in-plane reciprocal space maps measured
for films deposited on (a) KTaO3 and (b) DyScO3. The Qx axis gives the
in-plane lattice constant, while Qy reflects the out of plane lattice parameter. The (003) symmetric diffraction peak of the film almost coincides
with the KTaO3 substrate, as expected for the very close lattice constants.
The map was acquired by using high-resolution mode to better estimate
the lattice parameter of the film. The analysis gave 4 Å value, which is
very close to the expected bulk-like 4.02 Å. In case of DyScO3 substrate,
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Figure 4.3: In-plane diffraction maps (a) SrNbO3 (003) symmetric diffraction
map shows a non-strained sample on KTaO3 substrate (b) (103) asymmetric
map indicate a fully strained SrNbO3 film grown on DyScO3. The axis indicate
the peak position in the reciprocal space for the in-plane (Qx ) and the out of
plane (Qy ) in relative lattice unit.

the reciprocal space map was recorded around the SrNbO3 asymmetric
(103) Bragg peak. As already detected from the symmetric diffraction
scans reported in Figure 4.2, the peaks of the substrate and the film are
well separated. Nevertheless, they are perfectly aligned along the Qx axis,
indicating the full in-plane matching of the film and substrates lattice parameters, with no trace of film relaxation. These results prove that the
films grow as "fully strained" on DyScO3, i.e. maintain the interfacial
strain for the entire thickness. Figure 4.4 shows XRD measurements for
SrNbO3 thin films deposited at different oxygen pressure on DyScO3. This
substrate was chosen because of the complete separation between its own
diffraction peaks and the those of the overlayer. This condition allowed
to use the high-intensity XRD configuration for better estimation of the
c-axis of the differently grown samples. The top panel shows the shift towards smaller angles of the (002) SrNbO3 Bragg reflection, i.e. the film’s
out-of-plane lattice parameter slightly increases as the growth pressure is
lower. The bottom panel reports the calculated values of the out-of-plane
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lattice parameters as a function the O2 background pressure. The c-axis
constant increased from 4.02 Å to 4.09 Å as the pressure was reduced from
0.1 mbar to 10−4 mbar (the red straight line was superimposed to the data
as a guide to the eye). This phenomenology is standard for perovskite
systems: it is related to the relative amount of oxygen vacancies in the
sample[143]. The reduction of the highly electronegative oxygen atoms
in the film induces an expansion of the sample structure, which manifests itself as a shift towards lower diffraction angles in the XRD patterns.
Concurrently, the presence of oxygen vacancies determines a higher density of free electrons in the system, favouring the metallicity of the sample.
Thus, the fine tuning of the oxygen background growth pressure allows to
influence the concentration of oxygen defects and consequently the degree
of metallicity of the as-grown SrNbO3 films. Energy Dispersive Spectroscopy (EDS) confirmed that the Sr:Nb ratio was not affected by the
O2 background growth pressure. The fine structure of the films was also
carried out by ex-situ High-Resolution Transmission Electron Microscopy
(HRTEM). Figure 4.5 shows the HRTEM image of a SrNbO3 thin film deposited on DyScO3. The interface with the substrate appears atomically
sharp and the film displays a unique crystallographic phase. Contrast
variations in the HRTEM of this film are ascribed to the sample preparation (cross-section thinning). The Fast Fourier Transform (FFT) analysis
of the HRTEM results is shown in the red insect of Figure 4.5. The absence of any extra peak excludes the presence of secondary orientations.
The position of the peaks is fully consistent with the cubic perovskite-like
structure of the films fabricated by the procedure described in this work.
The FFT of the orthorhombic substrate is also reported (green insect) of
Figure 4.5.
Once the detailed growth protocol leading to the desired crystalline
quality and orientation was acquired, the issue of surface structural homogeneity was addressed. The low-energy electron spectroscopies used
in this work are intrinsically very surface sensitive. Hence, the sample
surface must be long-range ordered to successfully study the electronic
bands, at least displaying suitably large domains to be individually probed
by synchrotron radiation beam (~100 µm lateral spot size). The surface
roughness must therefore be controlled and kept to a minimum. The PLD
technique allows to pursue these stringent requirements by careful tuning
of the growth rate. Low rates provide more time to the impinging atoms
for laterally diffusing on the substrate and the overall crystalline order and
the surface quality is therefore increased. To calibrate the samples’ growth
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Figure 4.5: HRTEM image of SrNbO3/DyScO3 sample. The insects reports
the FFT of the substrate (green) and the film (red) respectively. Coloured frames
on the HRTEM image indicate the regions where the FFT were calculated

rate and to monitor the surface roughness ex-situ low-angle X-ray reflectivity (XRR) measurements were performed. Figure 4.6 shows the XRR
curve of SrNbO3 thin films grown on DyScO3 and NdScO3 substrates
at two different target-substrate distances. Varying slightly the targetsubstrate distance allows to change the amount of material deposited on
the substrate per each shot. Therefore, the growth rate can be tuned in
a controlled way, e.g. shorter distances will correspond to higher growth
rates and vice versa. As shown in Figure 4.6, the periodicity of the XRR
oscillations is different for the two different target-substrate distances and
thicker film (shorter oscillation period) was obtained for closer distance between the target and the substrate, as expected. It is noteworthy to note
that the choice of the substrate does not affect the XRR oscillations. The
thickness analysis was performed by mean of the IMD package of XOP
software [144, 145] and a representative result is reported in the insect of
Figure 4.6. The best fit (red curve) of the data (blue circles) was obtained
in correspondence of 12.3 nm film thickness. Estimated growth rate was
~39/50 laser shots per unit cell, (i.e. 0.11 nm min−1 /0.08 nm min−1 at
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Figure 4.6: X-ray reflectivity curve of three SrNbO3 films deposited on DyScO3
(green and blue data) and onNdScO3 (orange circles) for two different targetsubstrate distance. The reported distance refers to the value as read on the scale
of the linear travel (higher values means shorter target-substrate distances). The
inset compares the XOP reflectivity curve for a ~12.3 nm thick to the SrNbO3
grown on DyScO3 at distance 2".

repetition rate of 1 Hz) per the closest/furthest target substrate distance,
respectively. Such a low rate allow to control the sample’s thickness by
adjusting the total deposition time. To avoid finite size effects to appear
in the spectroscopy ~20 nm thick films were prepared with the fully refined protocol. The surface roughness extracted from the XRR data of
Figure 4.6 is ~0.4 nm, which corresponds to about one single SrNbO3 unit
cell. However, this value is the upper limit of the surface roughness, as the
oscillations above 2Θ= 4°-5° fall below the experimental resolution of the
XRD apparatus used in the present work. In-situ Low Energy Electron
Diffraction (LEED) and Scanning Tunnelling Microscopy (STM) were also
performed on freshly grown films in the UHV environment of the whole
APE-suite. Figure 4.7 shows the LEED patterns of all the SrNbO3 films
as grown on all the substrates used in this work. Independently of the
choice of the substrate, the LEED patterns confirm the long range order
of the films’ surface, showing the expected simple cubic structure with no
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Figure 4.7: LEED patterns of ~20 nm thick SrNbO3 film grown on different
substrates, i.e. DyScO3,KTaO3andNdScO3 (from left to right)

sign of surface reconstruction (i.e. absence of extra spots). These results
were achieved for a large range of growth conditions, suggesting the both
the perovskite structure and the layer-by-layer growth are unaffected by
slight changes of oxygen content in the sample. Finally, Figure 4.8 reports the STM topography images taken with constant current mode for
(a) SrNbO3/DyScO3 and (b) SrNbO3/KTaO3 samples. For the film grown
on DyScO3 Vs = 2.1 V, Is = 0.1 nA and the X, Y axis were aligned to the
[1-10] and the [001] substrate directions respectively. For SrNbO3/KTaO3
the sample bias voltage (Vs ) and the tunnelling current (Is ) were set to
-0.68 V and 0.1 nA respectively. The KTaO3 [100] and [010] directions are
aligned along the X and Y axis of the image, respectively. For both substrates the maximum deviation in Z height of the tip is ~1 nm. However,
the topography image indicate the quality of the film grown on KTaO3 is
slightly better, as expected from the minor strain condition applied to the
film by this substrate. The sample morphology is homogeneous over the
whole area measurable at once by the STM (i.e. 200x200nm2 ), which is
4 times wider than the area found for chSrNbO3/DyScO3. Moreover, the
film’s terraces in case of KTaO3 substrate are bigger and characterised by
sharp edges, mimicking the square structure of the sample surface. The
roughness of the film was analysed with the WSxM software [146]. The
STM analysis indicate a very smooth surface with RMS roughness < 0.2
nm, i.e. less than half of the SrNbO3 unit cell. This value is the bottom
limit for the film’s surface roughness as it has been calculated on a very
small area of the sample (i.e. 100x100 nm2 for DyScO3 and 200x200
nm2 in the case of KTaO3 substrate). Overall, the structural investigation confirmed that the samples were suitably optimised for the electronic
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Figure 4.8: STM topography of SrNbO3 grown on (a)DySCO3 and (b)KTaO3.
Horizontal (blue) and vertical (red) profiles are also reported for both samples
and coloured dotted lines on the STM image mark the position were the profiles
were extracted.

properties investigation and, in particular, for ARPES experiments.

4.2.2. Electronic properties
Once the detailed growth protocol leading to the desired crystalline
quality and orientation was acquired, fresh SrNbO3 films were grown, and
transferred under UHV conditions into the APE-suite to perform high resolution photoelectron spectroscopy with polarised synchrotron radiation.
No spectral changes have been found for samples grown on different substrates, indicating the minor role of the strain applied by the substrate on
the electronic properties.
To provide a reference for the ARPES, XPS and XAS experimental
results we proceeded to carry out density functional theory calculations of
the bulk electronic structure. The DFT computations are presented first
and followed by the surface sensitive experimental results.
DFT calculations
The DFT calculations were performed using the open-access QuantumESPRESSO code [47, 147]. Perdew-Burke-Ernzerhof (PBE) [49] parametri-
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sation was adopted for ultrasoft pseudopotentials from the pslibrary [148].
The choice of the ultrasoft pseudopotential was made to find a compromise
between the accuracy of the calculation and its computational cost (CPU
time). Panel a of Figure 4.9 compares the convergence test for the planewave (PW) basis cutoff (ecutwfc) of a norm-conserving pseudopotential
(blue) and the ultrasoft PBE selected for this study (red). It clearly appears that the ultrasoft reaches a plateau faster, while the norm-conservng
pseudopotential has not reached convergence at 100 Ry yet. This occurs
typically in oxygen-based compounds as the strong electronegativity of
oxygen tends to localise the electrons close to the nuclei. The resulting
wave functions are very steep, thus a higher number of Fourier components is needed to describe accurately the electronic density of the material. To circumvent this inconvenient, the ultrasoft pseudopotentials relax
the hard-core assumption for the positive ions, which is a safe choice if the
simulations describe ions close to the equilibrium distance (i.e. negligible
external pressure). Figure 4.9 also reports the optimisation of the PW ba-
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Figure 4.9: (a) Choice of the pseudopotential set. Calculated total energy
vs the energy cut-off on the wavefucntion basis set for two different pseudopotentials: a norm-conserving PZ-LDA (blue curve) and an ultrasoft functional
generated by PBE parametrization (red line), which converges faster. (b), (c)
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on the number of plane waves basis set for SrNbO3. Total energy of the single
elements are also reported (c) density cut-off convergence test for the selected
ecutwfc = 55 Ry
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sis set. A value of 55 Ry has been selected for the energy cutoff (ecutwfc).
Panel b reports the total energy of the system and for the individual
atomic species. It is clear that fixing ecutwfc = 55 Ry the total energy
has reached a plateau. This means the simulation has converged and the
calculation’s outputs are reliable. For ultrasoft pseudopotential the |Ψ|2
no more equals the electronic density of the system and its convergence
has to be verified. The results are shown in Panel c of Figure 4.9 and the
optimum value selected is ecutrho = 340 Ry. The calculated relaxed structural parameter of the SrNbO3 pseudocubic unit cell was 4.06 Å, which
is not far from both the expected 4.02 Å bulk value and the experimental
value of the fully strained thin films. The Monkhorst and Pack method
was adopted for the Brillouine zone sampling [149], a uniform 13 x 13 x13
grid of k-points was selected for the self-consistent calculation. The grid
density has been increased to 33 x 33 x 33 for the non-self-consistent calculations for the density of states (DOS) and the electronic Fermi surface
physical quantities.
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Figure 4.10: Calculated electronic properties of bulk stoichiometric SrNbO3
(a) Integrated total DOS (black) and the partial DOS projected on the individual
atoms. (b) DOS projected on the t2g and eg orbitals of Nb4d to emphasise the
t2g character of the conduction band. (c) Valence and conduction band structure
along the Γ-X-M-Γ-R high-symmetry directions
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Figure 4.11: 3D view of the three calculated Fermi surface.

The results of the DTF calculations are summarised in Figure 4.10
and Figure 4.11. Panel a of Figure 4.10 shows the total DOS of both the
valence and conduction bands, together with the partial DOS projected
on the individual atoms. The computed SrNbO3 bulk shows a metal
behaviour with ~2.3 eV gap separation between valence and conduction
bands (VB and CB). The main contributions to the valence band arise
from the oxygen 2p and the Nb 4d orbitals, while the Sr 4d weight in
the extended state is less important. On the other hand, the bottom of
the conduction band is entirely made of Nb d electrons. Moreover the
partial DOS projected on the single Nb 4d orbitals (panel b) indicates the
conduction band is characterised by t2g orbital character. This is a typical
feature of 3d-based perovskites TMO [150–152] and consistent with the
theoretical results reported in the literature for SrNbO3. [127, 153] Panel
c reports the band dispersion along the Γ-X-MΓ-R high-symmetry path,
which are in consistency with Ref. [127]. The conduction band minimum
is found at the Γpoint and its value is EB ~0.85 eV. The valence band
maxima are located in the R point (EB ~3.27 eV) and in the M point
(EB ~3.34 eV), while the top of the valence band is ~3.69 eV in Γ. Finally,
Figure 4.11 reports the 3D Fermi surface iso-energy contour, which is made
up of three electronic bands. Two spherical electron pockets are centred at
Γ point and the third band is formed by three interpenetrating cylinders
crossing at the centre of the Brillouin zone (Γ). Overall, the here-presented
DFT calculations are consistent with previous theoretical works reported
in the literature for SrNbO3 and for similar oxide perovskites[124, 127, 154]
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Figure 4.12: XAS spectra for O K (1s) absorption threshold measured on
SrNbO3/DyScO3 samples deposited at different oxygen pressure.

X-Ray Absorption (XAS) and Photoemission (XPS) spectroscopies
have been performed to study the effects of different concentration of oxygen vacancies on the SrNbO3 electronic structure. Figure 4.12 shows the
XAS spectra around the oxygen K-edge energy for as-grown SrNbO3 films
deposited on DyScO3 at different O background growth pressures (i.e.
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from 10−1 mbar to 10−4 mbar of pure O2). The absolute calibration of the
photon energy was not available at the time of the esperiments, thus only
the relative energies of the peaks in the spectra have been considered. The
O K-edge spectra were aligned on the peak centred at ~548.5 eV (marked
by a red straight line on the graph). The spectra are stacked accordingly
to the PO2 used during the film deposition. Aside the peak at 548.5 eV,
two other main structures are recognisable at about 12 eV and 7.3 eV relative energies. According to literature, the two features at higher energies
are ascribable to the transition towards oxygen 2p level hybridised with
Sr4d and Nb5sp states, while the one located near the edge is due to promotion of bound electrons in the empty states with O2p-Nb4d character.
[140, 141] Moreover, the O K-edge spectra have been widely investigated
by EELS in case of NbO (Nb2+ ) Nb2O5 (Nb5+ ), providing a first rough
reference for the Nb valence ionic states. [155] The intensity ratio between
the peaks is related to the cubic structure of SrNbO3 thin films and the
comparison with the orthorombic Nb2O5 is not straightforward. However,
the separation of ~4.7 eV measured between the peaks at lower energies
is consistent with a dominant Nb5+ (d0) character of the sample. [156]
Another relevant spectral change occurs at the O K pre-edge. A new
peak appears ~1 eV below the O K-edge as the oxygen deposition pressure
is increased. The change happens abruptly around a threshold pressure
of PO2 =10−3 mbar. Although the yellow and green curves correspond to
samples fabricated at the same nominal PO2 =10−3 mbar deposition pressure, the O-K pre-edge intensity is clearly different for the two films. This
behaviour hints the existence of a threshold-like modification in the electronic properties as a function of oxygen defect density. In particular, this
change appears to be correlated with a change of metallicity: the nearedge extra feature reflects the less abundance of empty states in the CB
available for the electron absorption tranisition., whilst its suppression for
samples grown at low PO2 deposition pressures indicate the higher free
electron carriers provided by the oxygen vacancies, consistent with the
results reported for other hole-doped TMO.[157–159]
Figure 4.13 shows the Nb M2,3 absorption edge for two characteristic
SrNbO3 samples, namely a n-doped film deposited at PO2 =10−4 mbar (orange curve) and a less metallic sample PO2 =10−2 mbar (light blue line).
The spectra were aligned to the first high intense M3 -t2g absorption edge
(red straight line on the graph). The spin-orbit splitting between the
two absorption edges is ~15 eV, similarly to other Nb oxides (e.g. NbO,
NbO2 and Nb2O5) reported in literature. [140, 155, 156] In particular,
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Figure 4.13: Left panel Nb M2,3 absorption spectra for the PO2 =10−2 mbar
(light blue) and the PO2 =10−4 mbar (orange) SrNbO3 films. The shaded area
correspond to the zoom of the M3 edge reported in the right panel to better
show reduction of the t2g -eg splitting.

the spectra present a double-peak structure for both the Nb M absorption thresholds in good consistency with the ligand-field splittiong in the
t2g -eg levels. This lineshape resembles closely the spectra of Nb5+ (d0) of
Nb2O5 and the energy separation of ~3.1 eV is compatible with the data
reported for Nb5+ valence state. [155] Moreover, the right panel of Figure 4.13 denote a spectral evolution as a function of the growth pressure.
The splitting between M3 t2g -M3 eg absorption peaks is reduced by about
500 meV for the lower oxygen pressure. This result suggests a relation
with the n-carriers concentration driven by the growth pressure.
Overall, the XAS investigation suggests the Nb5+ (d0) ground state
configuration is the dominant valence state of the Nb ions, instead of the
Nb4+ (d1) expected from the ionic model. As the typical probing depth of
the total electron yield is of the order of several nm, surface oxidation processes are quite unlikely. Moreover, charge compensation through excess
oxygen atoms would have led to the formation of extra oxygen layers in
the films’ structure, whose presence was not detected by the XRD characterisation results. Finally, Sr deficiency effects were also discarded as
Energy Dispersive Spectroscopy (EDS) did not show changes in the Sr:Nb
ratio for the whole set of samples.
The XPS investigation on the core levels shows that samples grown
with background PO2 higher than 10−4 mbar manifests considerable charging effects due to the photoelectric effect. Photon energy of hν=650 eV was
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Figure 4.14: XPS spectra of Nb 3d peak acquired at hν= 650 eV for SrNbO3
samples grown at different PO2 pressures.

chosen to avoid any contrast effect arising from electronic absorption resonances and the photon beam flux was reduced to get the best compromise
between low sample charging and acceptable signal to noise ratio. Figure 4.14 reports the Nb 3d core level spectra as a function of the oxygen
deposition pressure. The shift to lower kinetic energy largely overcomes
any value compatible with chemical shift and increases progressively with
the preparation PO2 . The maximum shift detected is about 150 eV. This
result corroborates the correlation among the conducting/insulating character of the SrNbO3 films and the PO2 . As a consequence, the calibration
of the binding energy scale of these spectra is not straightforward. To
perform the spectroscopic analysis, the spectra have been aligned to the
position detected for to the most conductive samples, namely those deposited at PO2 = 10−4 mbar. The latter have been calibrated by means
of the Au 4f reference spectra.Figure 4.15 reports the XPS of Nb 3d core
levels for two samples grown at the highest (PO2 =10−1 mbar) and the
lowest (PO2 =10−4 mbar) deposition pressures. Stoichiometric samples are
obtained for the highest growth pressure (top panel). Conversely, several
Nb valence states are detected when Po2 is lowered, suggesting oxygen va-
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cancies formation. The fitting analysis has been performed using doublets
of Voigt functions and adopting Shirley profile for the background. The
XPS curve in top panel has nearly a unique contribution (>96% relative
weight) for the dominant peak. On the other hand, 4 doubled-components
are needed to reproduce the data for sample grown at PO2 =10−4 mbar.
In the framework of the intuitive picture of the hard-sphere model, one
can relate the dominant contribution (70%) to the nominal Nb4+ valence
state expected for stoichiometric SrNbO3. The spectral features occurring at lower binding energies are readily assigned to the Nb3+ (14%)
and Nb2+ (2%) lower valence states, respectively. Finally, Nb5+ (14%)
is associated to the last doublet at larger binding energy. Thus, the Nb

Figure 4.15: Nb 3d core-level spectra measured at normal emission, shining
670 eV photon energy and room temperature onSrNbO3 thin films grown at
the highest (PO2 =10−1 mbar) and the lowest (PO2 =10−4 mbar) O2 background
pressure respectively.
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3d core level spectrum highlights the presence of some oxygen and strontium vacancies in the SNO lattice. The loss of oxygen ions in the octahedral cage surrounding the Nb sites favours the formation of the lower
3d valences. Conversely, the higher Nb5+ oxidation state is promoted
by Sr deficiency. However, this picture is not completely convincing as
re-evaporation of the Sr alkali-earth ion is unlikely. Moreover, XAS investigation suggested a majority Nb5+ oxidation state, revealing the presence
of electronic carriers and mixed Nb valence only for samples grown at low
oxygen pressures. Finally, the huge charging effects for fully oxidised thin
films indicate a 4d0 (i.e. Nb5+ ) oxidation state. This fact is also corroborated by comparison of the binding energies of the most conductive sample
(fabricated at PO2 =10−4 mbar) and the literature on Nb-based oxides core
levels. The absolute binding energy scale of this sample could have been
calibrated with Au4f reference as this sample did not show any charging
issue. The position of the highest peak of the dominant doublet is placed
at 207.78 ± 0.01 eV is more consistent with the values reported for Nb5+
oxidation state than the expected for Nb4+ valence. [160, 161] Thus the
dominant Nb valence state has 5+(d0) character and the additional features at lower binding energies correspond to Nb4+ (d1) and Nb2+ (d3). As
a consequence, the doublet at higher binding energies has to be discarded
as it would correspond to non-physical oxidation state (i.e. Nb6+ ) and the
asymmetric shape of the core level spectra has to be explained otherwise.
A possibility is to attribute the asymmetric profile to the increased metallicity of the sample. In fact, the occurrence of the asymmetric lineshape is
abrupt and simultaneous to the change observed in the XAS spectra (i.e.
across the PO2 =10−3 mbar thresholds), without any progressive change,
contrary to the appearance of Nb lower oxidation states. Figure 4.16 compares the Nb asymmetric profile measured in the present work with the
tail of metallic Nb0 . The latter was shifted accordingly to match the highest peak of the measured Nb5+ and both spectra have been normalised to
unity at the peak position. Although additional components at lower binding energies are required to reproduce the data, the two curves coincides at
higher binding energies. Thus the asymmetric profile can be regarded as
an indicator of the SrNbO3 metallicity. Correspondingly to these results,
the Sr 3d core level spectra are reported in the right panel of Figure 4.16.
The data show the appearance of analogous asymmetric tail that must be
attributed to increased metallicity of the system. In fact, oxidation states
higher than Sr2+ are not possible in the alkaline-earth metals, corroborating a +5 dominant oxidation state for the Nb ions. The asymmetric
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Figure 4.16: Left panel Comparison of the Nb3d peak of the metallic samples.
Right panel Sr 3d core level showing the appearence of the asymmetric tail as
the growth pressure is lowered below the thresholds.

tail for core levels could be described by Sunjic and Doniac line-shape,
resulting from an almost continuous spectrum of low energy losses of the
core level photoelectron due to excitation of electron-hole pairs across the
Fermi level.[162] This phenomenon is readily observed in all metals and
metallic surfaces of semiconductors. [163, 164]
ARPES
Detailed ARPES study was performed on the most metallic sample at the
Low-Energy branch of APE beamline (APE-LE). SrNbO3 samples grown
with PO2 = 1 × 10−4 mbar were readily transferred in-situ to the APE-LE
spectrometer and cooled down to ~77 K. The photoelectric effect final
states were probed as a function of the monochromatised synchrotron radiation beam energy and polarisation. All the light polarisations available
at APE-LE (linear horizontal LH, linear vertical LV, circular left CL and
circular right CR) were exploited to investigate the orbital character of
the SrNbO3 conduction band. No trace of the localised in gap states
commonly associated with the oxygen vacancies was detected.
Figure 4.17 presents the ARPES E(k|| ) data as measured at normal
emission hν= 40 eV and two perpendicular linear polarisations (Linear
Horizontal and Linear Vertical as referred to the laboratory frame). Panel
c displays the DFT calculated band dispersion along the Γ-X high symmetry direction. The observed flatness of the valence band is consistent with
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the hybridization of the Nb 4d electrons and the strongly localised O2p
orbitals. The major features of the measured VB are ascribable to the
electronic structure of the bulk. The flat bands at about 5-6eV binding
energy and the hole-like top of the VB in Γare visible in the ARPES data
measured with horizontal polarisation. The more dispersive hole like band
at higher binding energy (EB ~8 eV) is best observed when the sample is
probed by LV polarisation. The exact matching and the gap values are
not exactly reproduced by the calculation, even if the overall shape of the
bands is well described. The conduction states are not visible in panels
a, b because of the weak contrast with respect to the strong photoemission signal coming from the VB. The CB dispersion and its response to
light polarisation are reported in panel d of Figure 4.17. The blurred flat
intensity visible at the Fermi edge for LH arises from the flat cylindrical conduction band. This signal is completely suppressed when the light
polarisation is shifted to LV, consistent with dxz symmetry expected for
this heavy band. The two degenerate light bands respond differently to
light polarisation: the intensity loss around Γfor LH polarisation suggests
the light band in the top insect of panel d has dxy orbital character. The
data measured with LV show an intense signal from the light band that is
compatible with dyz symmetry. These features are common in this kind
of systems and were extensively reported in ARPES studies on 3d based
oxide perovskites [150, 165, 166]. Figure 4.18 reports the ARPES dispersion when the sample is probed by linear polarised radiation of hν=70 eV.
This photon energy value gives access to the X-M high symmetry axis for
the valence bands as confirmed by comparison with the DFT calculation
reported in panel c. The conduction band is not visible due to the image
contrast. The two features located at EB ~4 eV at the BZ edges (i.e. kx =
±0.8 Å) are detected when LV polarisation is used panel b. Moreover, the
“dove-shaped” band located between 5 eV and 6 eV binding energies appears with strong intensity when the sample is probed with LH polarised
light.
The photon energy dependence of the Fermi surface is reported in
Figure 4.19. Data were acquired in the first BZ using LH polarised light.
Panel a shows the sketch of the reciprocal space investigated with the
photon energies. Red lines mark the edges of the extended Brilloin zone,
while the Fermi energy contour are represented with the same colour scale
of the 3D rendering of Figure 4.11. Finally, the blue arcs highlight the
reciprocal space portions accessible for the different photon energy values.
In particular, they can be assigned to kz values assuming a free-electron
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Figure 4.17: ARPES data measured at hν= 40 eV with linear polarised light
as a function of light polarisation. (a) linear horizontal (b) linear vertical (c)
ARPES results are compared with the theoretical bands calculated along Γ-X
high symmetry direction. (d) Details of the conduction band dispersion along
Γ-X are also reported as a function of linear light polarisation.

final state and using V0 = 15 eV inner potential and the pseudo-cubic cell
a = 4 Å lattice constant. ARPES (kx ,ky ) Fermi cuts are reported in panels
b - f for photon energies in the range from 40 eV to 80 eV. Comparison
between the data set and the sketch in panel a confirms that ~80 eV photon
energy correspond to kz close to Γ003 . Photons of ~70 eV also probe a
BZ portion quite close to the BZ centre (Γ-X-M plane). The heavvy
bands cross the Fermi level at ~0.3 Å along the edge of the Brillouin zone.
The two light bands appears as circular Fermi contours centred at Γin
the middle of the cross formed by the heavvy bands. Conversely, the
bandstructure at the BZ edge (i.e. the X-M-R plane) is reached when
~60 eV photon energy is used. The cylindrical band is the only one accessed
at this photon energy, in consistency with the calculation. The finite,
blurred signal outside the circle is probably due to kz broadening, which
is related to the electron inenlastic mean free path λIMFP [167]. The λIMFP
is of the order of few angstroms in the photon energy range investigated
here, that corresponds to few tenths of the Brilloine zone of kz broadening
as reported for other oxide perovskites [168, 169]. Finally, intermediate
portions of the BZ (namely near the cylindrical tube nesting) are probed
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Figure 4.18: Valence band dispersion of the SrNbO3 sample measured with
hν= 70 eV as a function of light polarisation: (a) linear horizontal (b) linear
vertical. (c) Comparison with DFT calculations aloong X-M high symmetry
direction.

when the sample is probed with hν~40 eV and hν~65 eV. The results are
consistent with the ARPES data reported for other perovskites [150, 152,
154]
The carrier density n3D = VFS /(4π3 ) has been estimated from the volume enclosed by the Fermi surfaces (VFS ), by means of the generalised
Lüttinger theorem [170]. VFS was estimated assuming electron-like character for all the three conduction bands. The flat band was approximated
−1
with three mutually orthogonal cylinders of ~0.3 Å radius, 2π
a height
and interpenetrating at Γ. The contribution to the total volume of the flat
band is ~(3*Vcylinder -2*Vintersection ). The volume of two spheres of was
then added to obtain VFS . This gives n3D ~1 × 1022 cm−3 (i.e. ~0.6 eper unit cell volume). This result derived from ARPES is consistent with
the results of transport experiments reported in the literature for SrNbO3
thin films[130–132] and in typical range of carriers concentration for oxide
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Figure 4.19: Photon energy scan probing the kz dispersion of the Fermi surface (a) Sketch of the Fermi surface in the extended Brillouin zone scheme. Red
lines represents the pseudocubic Brillouin zone edges, while the calculated Fermi
surface is drawn in orange, pink and light blue for the two spherical electron
pocket and the cylindrical bands, respectively. Blue curves highlight the isoenergy cuts investigated as a function of the photon energy. (b) - (f) (kx ,ky ) Fermi
energy contours measured using linearly horizontal polarised light at different
kz positions (i.e. different photon energy) (b) 40 eV, (c) 60 eV, (d) 65 eV, (e)
70 eV, (f) 80 eV

perovskites systems[151, 152].
The ARPES data reported in Figure 4.20 gave more insight in the orbital character of the conduction band. The data set compares the Fermi
surface measured at different photon energies (from 40 eV to 80 eV) for
the two orthogonal linear polarisations (LV top row and LH bottom row).
According to the APE-LE experimental geometry described in chapter 2,
LH and LV possess even mirror symmetry with respect to the x-z and
the y-z emission planes, respectively. These are also well defined symmetry planes for the SrNbO3 d orbitals, thus the orbital character of the
three electronic bands could be determined. The flat cylindrical bands
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Figure 4.20: Fermi surface as a function of photon energy and linear light
polarisation. Top row Fermi surface measured with linear vertical polarised light
and for 40 eV, 65 eV, 70 eV and 80 eV photon energies. Bottom row Fermi surface
probed with linear horizontal polarised light and the same photon energies.

are well visible and quite intense in photoemission with LH polarisation.
On the other hand, these signals are strongly suppressed for Lphotoemission with V polarisation in the whole range of the investigated photon
energies. These results indicate the flat conductive band arise from dxz
orbitals, which have even/odd mirror symmetry in respect to x-z/y-z emission planes respectively. Disentangling the behaviour of the two spherical
bands is more difficult as they are nearly degenerate. Nevertheless, their
different response to the photon energy may be exploited. A circle centred
in (kx ,ky ) = (0,0) appears when the sample is probed with hν=40 eV. In
particular, for LH polarisation the spectral intensity is suppressed for kx
= 0, which means the electronic state has odd symmetry in respect to x-z
plane. When the polarisation is changed to LV a similar suppression of
the photoemission intensity is found for ky = 0 (i.e. odd parity in respect
of y-z emission plane). The situation is different for hν=70 eV. At this
energy the highest photoemitted signal for the light bands is found in the
case of LV polarised light, while LH polarisation moderately suppresses
the intensity of those bands. The former response is consistent with the
dxy orbital, which has odd mirror parity for both the examined planes.
The behaviour at 70 eV indicates the second light band arises from dyz
orbital, which has even parity for y-z plane and odd symmetry in respect
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Figure 4.21: Conduction band along the Γ-X direction measured with hν30 eV
and (a) LH (b) LV light polarisation. (c) Theoretical CB dispersion as predicted
by the DFT calculation.

to x-z. Finally, dz2 and dx2 -y2 orbital characters can be excluded, as their
even parity for both x-z and y-z planes would have prevented the band
suppression for both linear polarisations. All these findings confirm the
conduction band is constituted by the t2g orbitals, has expected from the
DFT calculated projected DOS reported in Figure 5.13. These features are
indeed quite usual in TMO systems and have been extensively reported
in ARPES studies on 3d based oxide perovskites. [150–152, 165, 166]
The overall consistency of the ARPES data with the plain DFT calculations reported above could lead to overlooking correlation effects in
this 4d based material. On the other hand, a closer look reveals some discrepancies between the experimental data and the bulk DFT calculation.
Although the shapes of the bands along both the Γ-X and X-M directions
are well captured by DFT, the exact matching of the features and the
gap values are not correct. For instance, the flat calculated band in the
deeper region of the VB (i.e. ~8 eV binding energy)has no counterparts
in the whole set of the experimental data. The calculated valence bands
are also rigidly shifted upward of about 500 meV with respect to the measured spectra. More differences are found when inspecting the conduction
bands. Figure 4.21 directly compares the CB along the Γ-X direction.
The energy-momentum dispersion of the light degenerate bands is readily
fitted with a parabola that gives a value of EB = 0.45 ± 0.01 eV for the
bottom of the conduction band. The calculated CB minimum, instead,
is located at EB = 0.85 eV binding energy, i.e. it is shifted downward by
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Figure 4.22: Band curvature of the calculated dxy , dyz bands (blue line)
and the curvature extrapolated from the data fitting (green curve). For better
comparison the FIT curve is shifted downard of 0.4 eV

~0.4 eV. It is well known that the gap is systematically underestimated
by the DFT calculations. The experimental separation between the VB
and CB at the Γpoint is indeed about 1 eV larger than the calculated one.
The reason of this discrepancy may arise from errors in the calculations
like an inadequate choice of the pseudopotentials. However, poor evaluation of the energy gap is unlikely in the simulation of metallic systems as
SrNbO3. On the other hand, GW calculation by Zhu and collaborators
have reported the increases of the energy band gap accompained by slight
mass renormalisation when e-e correlations are taken into account. [127]
Figure 4.22 reports the band dispersion of the DFT calculated dxy dyz
orbitals and the parabola extrapolated from the ARPES data. For better
comparison the FIT curve has been rigidly shifted downard of ~400 meV.
The different curvature of the two bands suggests mass renormalisation.
To quantitatively explore this scenario, both the experimental (m* EXP )
and calculated (m* DFT ) effective masses have been estimated by means
2
of the formula: m∗ = ~2 | ∂∂kE2k |−1 . The curvature of the DFT band has
been extracted through a parabolic fitting near the band bottom at the
Γpoint, which gives an effective mass m* DFT = 0.32 ± 0.02me . The experimental effective mass was m* EXP = 0.46 ± 0.08me . The renormalisation
mass factor of ~1.5 is readily obtained, which is quite close to the value
reported for the SrVO3 3d1 correlated perovskite [152, 154]. This result
hints to electron correlation being relevant in the SrNbO3 system, despite
the reduced localisation of 4d bands.
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4.3. Conclusions & outlooks
This chapter reports the study of the electronic structure of PLDgrown SrNbO3 thin films. A preliminary effort to obtain reliable, high
bulk and surface quality thin films of the material has been carried out
adopting a comprehensive array of ex-situ and in-situ structural characterisation methods. Once the growth protocol has been optimised, samples
grown with different oxygen vacancy concentrations were produced by
controlling the background partial pressure during the deposition. In-situ
X-ray spectroscopic techniques investigated the electronic structure evolution as a function of the oxygen vacancies’ concentration in the samples.
XAS spectra surprisingly showed a predominant 5+ oxidation state for
Nb suggesting a 4d0 electronic state of the transition metal in the optimally stoichiometric perovskite. The binding energy position of the main
components of Nb 3d core levels and the asymmetric tail detected in samples with mixed valence states corroborate this hypothesis. The electronic
bandstructure of the most conductive sample were probed by ARPES and
the results were compared with those calculated with conventional DFT.
The Fermi surface has been observed to have cylindrical shape, originated
from three bands with t2g orbital character. In general, the consistency
between DFT calculations and ARPES data has been verified. The carrier density extracted from the volume enclosed by the Fermi surface is
also consistent with reference values reported for perovskites. Nevertheless, discrepancies between the ARPES and the DFT results appear in the
bandwidth and the consequent effective mass. These differences suggest
that electron correlations are at work in SrNbO3.
More experimental work should be performed to further study the electronic properties of this chameleonic oxide. ARPES studies of samples
with less oxygen deficiency may be performed with alkali doping. Alkaline atoms adsorbed at the sample surface would indeed compensate for
the reduced conductivity and allow to checking the evolution of the CB
as a function of n-doping concentration. A gradual filling of the CB with
n-doping concentration would be a further proof of the counterintuitive
dominant Nb5+ (i.e. 4d0 ) state in stoichiometric SrNbO3. This problem may be tackled also with Soft-Xray ARPES measurements. Resonant
ARPES across the Nb and O edges may provide further insights on the
electronic character of the electronic bands. Finally, in-operando compensation of oxygen vacancies (e.g. with oxygen dosing at the surface) may
add information on the role of these defects in determining the sample
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metallicity.
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5. Role and manipulation
of oxygen vacancies at
the surface: the TiO2
case study

Solo dopo aver conosciuto la
superficie delle cose, – conclude
– ci si può spingere a cercare
quel che c’è sotto. Ma la
superficie delle cose è
inesauribile.
Italo Calvino - Palomar (1983)

5.1. The TiO2 case study
Titanium dioxide (TiO2), particularly its anatase allotropic phase,
raises high interests as its functional properties may be exploited in new
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devices such as solar cells, transparent conductive oxides, memristors and
spintronics [171]. These performances are connected to the conductivity
of this system and strongly depend on the presence and abundance of
excess electrons that originate from intrinsic defects, dopants or light excitation processes [172–175]. Understanding the physics of the anatase
conductive properties of anatase is thus crucial pand may lead to tailored
control and exploitable functionalities. TiO2 anatase is an insulator with
a 3.2 eV band-gap, however, non-dispersive in-gap state (IG) as well as
dispersive electron state (2DEG) near the Fermi level have been widely
reported in the literature [176–181]. Nevertheless, an overall picture is
still to be reached. The first extensive ARPES study of the metallic
state in anatase (001) samples has been conduct by Moser and collaborators [177], who show that oxygen vacancies (VO s) creation induce an
electron doping in the TiO2 system. They claim the excess electrons populate the conduction band as they detected quite strong band dispersion
along kz . They also investigated the evolution of the conduction state
and its quasiparticles as a function of the abundance of oxygen defects.
In that study the defects’ concentration was determined either by intense
beam irradiation or by oxygen exposure. Changes in the many-body excitations of the system were correspondingly detected. A polaron-like
quasi particle was measured for samples with low doping. It evolved into
a Fermi-liquid regime when the number of carriers is increased. These
results are consistent with a picture developed by previous theoretical
works. [182, 183] These papers report that the two excess electrons created by bulk oxygen vacancies VO populate two different electronic states
of anatase: a localised IG and a delocalised state which mimics the conduction band. The crossover between the e-ph coupling and the Fermi
liquid excitation observed by Moser et al. has been recently reproduced
by ab initio many-body calculations[184]. However, more recent experimental works have provided evidence of the near-Fermi two-dimensional
nature of the metallic state, similar to what reported at the surface of
other titanates [185, 186] and transition metal oxide (TMO) parent compounds (e.g. SrTiO3,KTaO3) [151, 166, 187, 188]. Rödel and co-workers
have shown metallic states hosted on both (001) and (101) anatase surfaces, characterised by two-dimensional character. Their data show no kz
dispersion of the 2DEG, although the photoemitted intensity is strongly
modulated by final state matrix element effects [178, 189]. They also
probed the effects of beam irradiation which induces VO at the surface,
eventually leading to the local damage of the surface structure and the
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disappearance of the 2DEG. Wang et al. [180] succesfully compare their
data with a model linking the 2DEG to the peculiar anatase (001) surface reconstruction [190], but they did not observe complete destruction
of the 2DEG. Excess electron may also be induced by depositing reducing
agents at the TMO’s surfaces, namely Al [191] and alkaline atoms [192].
In particular, Yukawa and collaborators show that K impurities transfer
electrons to the 2DEG that may form within nanometres below the surface
while localised electrons are formed at the TiO2/K interface.
The aim of the present work is to explore:
• the surface/subsurface depth distribution of the VO providing the
excess electrons (i.e. within few nanometres from the topmost layer)
• the relation between those electrons and the 2DEG as well as the
IG states
• the response of both states when the system is exposed to reducing
or oxidising conditions.

5.2. Results and discussion
The research programme was carried out in two steps. The sample
synthesis was directly addressed aiming to control the carrier’s abundance
in the material, whilst fine analysis of the electronic states was performed
both with high resolution experiments (ARPES) and Density Functional
Theory (DFT) calculations.
Thin film technology was exploited to tune the carriers in the sample. In-situ UHV growth epitaxial thin films obtained by PLD allows
us to compare the electronic states of as-grown TiO2 samples and thin
films which underwent mild UHV annealing treatment. Ex-situ structural
investigation probed the high quality of the grown samples. VUV and Xray based electron spectroscopies were exploited to monitor the spectral
evolution induced either by UHV annealing either by fluxing molecular
Oxygen on the sample surface. Finally, a joint collaboration with Selloni’s
theoretical group provided Density Functional Theory (DFT) calculations
which helps to clarify the role, the formation mechanism and the possible
control of defect states formed at the (001) surface of anatase TiO.
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5.2.1. Sample growth optimisation
Anatase TiO2 thin films were grown by means of the in-situ UHV
PLD setup described in chapter 2. Rutile TiO2 single-crystal was ablated
by aKrF excimer laser pulse (ns) of about 2 J cm−2 energy density. The
typical laser repetition rate was 3 Hz and the substrate was kept at 700 ◦C
during deposition. Highly pure oxygen background pressure (99.9999%
purity) was regulated around 10−4 mbar during the growth. Standard
samples were grown with a nominal thickness of ~20 nm.
To determine the optimal anatase sample for ARPES investigation,
several films were deposited on different substrates: SrLaAlO4, LaAlO3,
SrLaGaO4 and Nb SrTiO3 (i.e. 1 %wt). The structural and electronic
properties of each film were characterised both in-situ and ex-situ. The results are summarised in Figure 5.1. The left side reports the Θ-2Θscans of
the (004) Bragg diffraction peak of anatase films. The bulk anatase peaks
position is marked by the straight black line. Right side shows the respective DOS of shallow states as probed by photoemission with hν=46 eV.
Fully strained TiO2 samples were obtained on SrLaAlO4, LaAlO3 and SrLaGaO4: compressive (i.e. mismatch d ~ +1%), strain-less (d < -1%) and
tensile (d ~ -1%) respectively. A fully relaxed TiO2 sample was deposited
on Nb doped SrTiO3 substrate, which imposes a very large in-plane mismatch of ~ -3%. The out-of-plane lattice parameters derived from the
XRD spectra confirm that SrLaAlO4 induce in-plane compression of the
film as reflected by a c-axis elongation (i.e. 9.59 Å). Conversely, a reduced out-of-plane value 9.46 Å indicates the tensile in-plane strain of
films grown on SrLaGaO4. Finally the bulk-like value c = 9.49 Å lattice
parameter proves that the strain is negligible strain for TiO2 films grown
on LaAlO3 substrates. The very large in-plane lattice mismatch between
anatase and SrTiO3 leaded to a relaxed film (c = 9.50 Å) that is usually
accompanied with the formation of dislocations, point defects and stacking faults, most likely occurring at the interface with the substrate. The
stabilisation of the 2DEG state is not affected by the overall structural
quality of the TiO2 samples. As reported in the right panel of Figure 5.1,
all the DOS measured at hν= 46 eV show the presence of the metallic state
irrespective of the particular substrate used as growth template albeit the
sharpest peak is measured for the sample with minimum mismatch (i.e.
grown on LaAlO3). The IG state is also detected for all the samples,
but it is definitely sensitive ti the substrate: the IGs spectral weight is
centred at different binding energies (i.e. ~2 eV for SrLaAlO4, ~1.6 eV
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Figure 5.1: Anatase TiO2 growth optimisation Left side Θ-2Θscans measured around
the (004) Bragg diffraction peak of anatase films deposited on different substrates,
namely SrLaAlO4, LaAlO3, SrLaGaO4 and Nb SrTiO3 (from top to bottom). Straight
black line emphasises the position of the Bragg reflection for bulk TiO2.Right side The
respective integrated DOS close to the Fermi edge. Both the localised IG and the
delocalised 2DEG spectral intensities are marked.

for LaAlO3, ~1.8 eV for SrLaGaO4 and ~1.2 eV for Nb SrTiO3). The
asymmetric shape of the peak, particularly evident for the strained films,
indicates the presence of more components located at shallower binding energies (~1 eV). The origin of this spectral intensity variation was is likely
related to fine structural modifications induced by the substrate strain
which reflect on the films’ electronic properties. However, this aspect of
the electronic bands was not further investigated in the present work.
To perform ARPES investigation it is mandatory to grow samples with
high surface structural quality, namely very low surface roughness and long
range structural order. This can be achieved by operating low growth
rates. Qualitatively the impinging atoms can reach an equilibrium distri-
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bution onto the substrate at low deposition rate, favouring the epitaxial
growth and to the formation of a highly ordered top surface. Systematic
ex-situ low-angle X-ray reflectivity (XRR) measurements were performed
after each film deposition to determine the optimal anatase film growth
protocol as well as to monitor the surface roughness. Figure 5.2 reports
a XRR pattern of a TiO2 film deposited onLaAlO3(blue circles) and the
respective simulated reflectivity obtained by mean of the IMD package of
XOP software (red curve) [144, 145]. An approximately 27 nm thickness
is extracted from the oscillations of the simulated curve, which perfectly
matches the experimental data. The estimated growth rate is about 171
laser shots per anatase TiO2 unit cell (i.e. ~1 uc/min) and the sample
roughness is ~4 Å, which is approximately half of the anatase unit cell.
Furthermore, the XRR oscillations fall below the experimental resolution
of the X-ray diffractometer starting from 2Θ= 4°-5°, thus the estimated
value is the upper limit of the surface roughness. The surface long range
order quality was probed by in-situ LEED and representative results are
summarised in Figure 5.3, reporting the LEED patterns of TiO2 thin films
deposited at different growth oxygen pressure. The (4x1)-(1x4) reconstruction is readily observed, consistent with other experimental observations
[193, 194]. The origin of such surface rearrangement has been proposed
to arise from structural reorganisation to release the large surface stress
of the unreconstructed anatase surface[190]. From Figure 5.3 it can be
seen that the (4x1)-(1x4) surface reconstruction of (001) anatase is not
affected by the oxygen growth pressure, albeit the sharpness of the spot
changes according to the sample metallicity. In principle the weakening
of the LEED spot intensity could be attributed to an increased surface
roughness of the sample, but this interpretation can be excluded in the
present case as the XRR patterns did not change upon annealing (i.e. the
surface roughness did not change within 0.4nm). Therefore the diminished
intensity of the LEED pattern have been ascribed to the reduced sample
metallicity, which is directly linked to the oxygen vacancies concentration,
which can be tuned by carefully setting the growth parameters, chiefly the
oxygen background pressure during the growth [181]. The stability of the
surface reconstruction corroborates the model proposed by Lazzeri and
Selloni [190] and it differs from other transition metal oxide systems that
display various surface reconstructions for small changes in the VO density
[195, 196].
Further improvements of the anatase film quality were achieved by
depositing a buffer layer of few unit cells on the substrate(e.g. LaAlO3,
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Figure 5.2: X-ray reflectivity (XRR) measurements for a standard ~27 nm thick TiO2
sample. Simulation of XRR oscillations has been performed by using IMD package of
XOP software.

LaNiO3) to optimise the interface with the film reducing the overall surface
roughness.
The systematic growth refinement and structural check led to the reproducible synthesis of high quality TiO2 films grown as needed for a reliable ARPES investigation. The anatase samples presented in this thesis
possess excellent crystal structure without any detectable minority phase,
long range surface order and very low surface roughness. The samples were
then readily transferred in situ to the APE-Low Energy beamline branch
for ARPES measurements. This is a unique feature of the APE-NFFA laboratory that enables the spectroscopist to work on pristine, freshly grown
samples, that do not see any background pressure between the growth
and the fine analysis. New growth batches can be as well produced during
ARPES experiments getting on-line feed-back to the growth conditions.
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Figure 5.3: LEED patterns of anatase TiO2 thin films deposited at different background growth-pressures, i.e. from left to right PO2 = 10−4 mbar, PO2 = 10−3 mbar
and PO2 = 10−2 mbar. The same (4x1)-(1x4) surface reconstruction is found for all the
growth conditions.

Figure 5.4 summarises the electronic properties along the Γ- X direction
of the surface projected Brillouine zone for an optimal anatase sample.
Dispersive and sharp features are detected in the valence band that spans
from 4 eV to 8 eV binding energies (right panel), consistent with the ~3.2 eV
energy band gap value expected for this insulating system [197, 198]. Nevertheless, additional spectral weight is present within the energy gap (i.e.
in the 0 eV to 3.2 eV range) as clearly shown by the insects of the integrated DOS in the bottom left panel of Figure 5.4 and by the corresponding ARPES spectrum (top left). Two staes are readily identified: a broad,
non-dispersive in-gap state (IG) located at EB ~1.6 eV and a dispersive
metallic state reaching the Fermi energy. Figure 5.5 shows the Fermi contours measured in the 1st Brillouin zone, measured on varying the light
polarisation at hν= 46 eV. The bright circle centred at the Γpoint corresponds to an electron gas (2DEG), characterised by parabolic dispersion.
Aside such a state, several replica occur along both kx and ky directions,
reflecting the (4x1)-(1x4) reconstruction of Ti atoms at the anatase(001)
surface [180, 190] also detected in the LEED patterns. The dependence
on the light polarisation summarised in Figure 5.5 shows gaps in the photoemitted intensity, which reveal the symmetries typical of the t2g orbitals
arising from Ti 3d states. In particular, these symmetry-related selection
rules indicate that the 2DEG state of anatase has a dxy orbital character. As described in chapter 2, the slit of APE-LE analyser is oriented
vertically in respect to Elettra electron beam orbit. As discussed above,
the sample is probed with the Γ-X direction aligned with the analyser slit.
Two orthogonal mirror plane are therefore identified: the xz plane (defined by the analyser slit and the surface normal) and the yz plane, which
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Figure 5.4: ARPES band dispersion of an optimised anatase TiO2/LaNiO3/LaAlO3
thin film. Spectra have been acquired at hν= 46 eV and horizontal polarisation. Left
panel Bulk valence band dispersion, right top Detail of the band dispersion close to
the Fermi level, clearly showing the localised IG and the metallic 2DEG. The nondispersive IG state corresponds to the flat broad state locate between 1 eV and 2 eV
binding energies. Conversely, the 2DEG is characterised by parabolic electron-like
dispersion obeying t2g symmetry rules. Right bottom Integrated DOS, the insect has
been enlarged ~65 times.
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Figure 5.5: 1st Brillouin zone anatase Fermi surfaces measured with hν= 46 eV
and all the photon polarisations available at APE-LE beamline: (a) linear horizontal,
(b) linear vertical, (c) circular right (d) circular left. (e) Reports the sum of all the
four Fermi surfaces - from (a) to (d) - that mediates the symmetry-related lack of
intensity typical of electronic states with dxy orbital character. e) The sum of all the
spectra acquired with the polarisation available at APE-LE beamline. f) The parabolic
dispersion of the 2DEG as measured in the 2nd BZ.

contains the photon beam and the surface normal. In this geometry, the
linear horizontal polarisation (LH) has odd mirror symmetry with respect
to the xz plane, whilst the vertical polarisation (LV) has even symmetry.
Let’s now consider the symmetries of the t2g orbitals (i.e. dxy , dyz and
dxz ) in respect to such a plane: the dyz has even parity, while both dxy and
dxz possess odd symmetry. Thus, from panel b of Figure 5.5 one can read−1
ily exclude dyz orbital character, as photoemission intensity for ky =0 Å
should appear when excited with LV polarisation (even symmetry of the
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final state). On the other hand, switching to LH polarisation the spectral
−1
intensity vanishes for kx =0 Å (panel a). LH has even parity under reflection about the yz. To be detected in Γ0 the photoemitted final state
has to be even in respect to both the xz and yz planes, namely it should
have dxz orbital character (even symmetry under reflection in respect to
yz). Thus, the orbital character of the 2DEG is dxy , as expected from the
degeneracy-lifted of the t2g caused by the tetragonal unit cell structure of
anatase. These results are consistent with the reported literature both for
anatase [177, 178, 180] and other transition metal oxides. [151, 166, 189]
Panel f of Figure 5.5 reports the parabolic dispersion of the 2DEG as
measured in the 2nd Brillouin zone, where no suppression due to symmetry rules is observed anymore. The inner replica arising from lateral
confinements of the surface reconstruciton is also visible. The parabolic
fit of the two metallic states is also reported as red-dashed lines on the
left-side of the ARPES spectrum.

5.2.2. As-grown vs reduced anatase samples
To explore the dependence of the 2DEG electron state at the anatase
surface upon VO density, mild after-growth UHV annealing was performed
to slightly modify the TiO2 thin film oxygen stoichiometry. Annealed samples were maintained at the growth temperature of 700 ◦C for 10 minutes
in UHV (PLD chamber base pressure is ~2 × 10−7 mbar). Annealing in
vacuum is a common procedure to deplete oxygen from oxide systems
[143, 195, 196], it can lower the sample quality, though (e.g. by increasing
the interface disorder caused by Al segregation). Thus, structural investigation has been performed prior to ARPES experiments. The HighResolution Transmission Electron Microscopy (HRTEM) images reported
in Figure 5.6 show no difference in the sample structure after annealing:
both the as-grown and the annealed thin films reveal the occurrence of
a regular modulation in the HRTEM image. In the literature, this feature has been attributed to periodic displacement of VO throughout the
TiO2–x film thickness[199–201]. Above all, the sample interface’s sharpness was preserved in the annealing process as no indication of segregation
of either crystalline or amorphous grains were detected within the TiO2
matrix. Finally, the sample retains its surface’s flatness as also confirmed
by the LEED pattern of Figure 5.7. Figure 5.6 also reports the Θ-2Θscans
around the (004) symmetric Bragg reflection for both the as-grown (black
dots) and the annealed (red) samples. The peak position is slightly shifted
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towards lower angles in the case of the annealed sample, which indicates
an increase of the c-axis lattice increases of ~(2.0 ± 0.1) × 10−2 Å. This is
a well known signature of the VO creation during the annealing process,
typical in other transition metal oxide systems, [143, 202, 203] and consistent with the unit cell expansion arising from repulsion among the Ti
cations.
To probe the local electronic environment of the Ti atoms we have
performed soft X-ray spectroscopy both in absorption and core level photoemission. Representative results are summarised in Figure 5.8. The top
panels report the Ti2p core level photoemitted intensity and the bottom
panel shows the XAS spectra across the Ti2p absorption edge for the asgrown (blue curve) as well as the annealed (red curve) samples. The results
confirm the oxygen loss of TiO2 as a consequence of the annealing process. The XPS signal shows two main peaks at binding energies of 459.4 eV
and 465.1 eV, corresponding to the spin-orbit split Ti2p3/2 and Ti2p1/2
components respectively. The separation between the peaks is ~5.7 eV,

Figure 5.6: Ex-situ structural investigation on as-grown (black) and annealed (red)
samples: HRTEM images confirm the mild annealing treatment had no impact on the
overall crystal structure and preserved the sharp interface with the substrate as well as
the surface’s flatness. The slight shift of the (004) peak in the XRD pattern indicates
a slight expansion of the unit cell due to VO increment
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Figure 5.7: LEED patterns of an as-grown sample and an UHV-annealed thin film.

consistent with the Ti4+ oxidation state expected for the fully oxygenated
TiO2 [204, 205]. A shoulder around 457 eV reveals the presence of a small
amount of Ti atoms in the 3+ valence, typically attributed to oxygen
vacancies. The annealing treatment noticeably increases the Ti3+ contribution, consistent with the increase of VO . The XPS data were fitted
using pseudo-Voigt functions for all the peaks, after removal of a Shirley
background. The Ti2p3/2 and Ti2p1/2 intensity ratio has been imposed
equal to 2, as expected for spin-orbit split core hole statistical populations,
for both the detected Ti oxidation states. The Gaussian-Lorentzian fraction has been left as a free parameter in the fitting with the only constrain
to be the same for all the components. The Ti3+ fraction has been expressed in terms of the total amount of Ti atoms (i.e. the total area Titot
= Ti3+ +Ti4+ ) and the percentage of reduced Ti atoms increases from 4%
up to 11% after the annealing treatment. The X-Ray Absorption spectra
confirm the same trend as shown in the bottom panel of Figure 5.8. The
Ti2p absorption spectrum Ti4+ oxidation state presents four main lines,
which are located at approximate excitation energies of 458.3 eV, 460.6 eV,
463.5 eV and 465.5 eV). These features are typical of the 4+ valence state
and have been detected both in anatase and rutile structures, as well as in
other perovskites (e.g. SrTiO3,BaTiO3) [181, 206–208]. Since early calculations, they have been attribute to the combination of spin-orbit splitting
of the initial states (L3 -L2 ) and crystal field splitting of the d orbitals in
the final state (t2g -eg )[209]. The additional splitting in the L3-eg peak
(hν~460 eV) is the fingerprint of the anatase phase, but its nature is not
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clearly understood. As a matter of fact, it has been tentatively attributed
to a further crystal splitting arising from the distortions of the ideal octahedron around Ti atom [209], although it has been evidenced that only
taking into account long-range effects such doublet can be reproduced by
theoretical simulations [210]. After the annealing treatment the intensity
of the L3 -t2g peak is strongly lowered, while the signal at the pre-edge as
well as in the valley ~459 eV is noticeably increased. These changes are
consistent with the Ti3+ increment, whose absorption spectrum has been
simulated [209, 211] and shows two prominent peaks in correspondence
of the Ti4+ pre-edge and of the valley between L3 -t2g and L3 -eg tetravalent anatase peaks. Finally, similar results were also experimentally found
comparing stoichiometric vs oxygen defected rutile TiO2 and SrTiO3 crystals [206, 207]. It is noteworthy that the characteristic anatase doublet of
the eg levels is visible for both samples. Overall, these results prove that
quick UHV annealing protocol promotes oxygen depletion in the sample,
while preserving the anatase crystal structure, thus ARPES investigation
have been carried out.
Figure 5.9 compares the energy-momentum dispersion of the 2DEG
and the IG states for the as-grown (blue) and the UHV-annealed (red)
samples described above. The spectra have been acquired around the Γof
the second Brillouin zone (Γ1 ), where the signal of this state is generally more intense [151, 177]. In the case of the annealed sample (top left
panel), two dispersive states are detected centred at Γ1 : a parabolic-like
outer band and an inner, quantised sub-band attributed to the surface
confinement potential [180, 192]. The bottoms are located at ~180 meV
and ~65 meV for the outer and the inner band respectively, while the Fermi
−1
−1
momenta (kF ) are found to be at ~0.18 Å and ~0.11 Å . These values
correspond to an electron density n2D = 5 × 1013 cm−2 , according to Lüttinger theorem assuming a two-dimensional nature with spin-degenerate
bands for the 2DEG [170]. Such a value is well in agreement with results
already reported in the literature for transition metal oxide films with high
carrier’s concentration[177, 192, 212]. Overall, the results are fully consistent with other ARPES studies reported in literature on anatase both single crystals [177, 178] and thin films [180, 192]. In the case of the as-grown
sample (middle left panel) films the free carriers are reduced of ~25%. The
bottom of the 2DEG is shifted upward in binding energy by ~45 meV, consistent with the assumption of electron doped sample due to the increase
−1
of VO . Moreover, the outer parabola kF is reduced to 0.14 Å and the
inner parabola is no longer detected. For a direct comparison, the bottom
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Figure 5.8: In-situ spectroscopic investigation of the role of mild annealing. XPS
measured at hν= 900 eV(top panels) of Ti 2p core levels for (a) as-grown (blue) and (b)
annealed samples show an increment of Ti3+ concentration (from 4% to 11%) consistent
with VO formation after annealing protocol. (c) reports both XPS spectra for direct
comparison. (d) The XAS investigation confirms the trend as the annealed sample
(red) show higher contribution in correspondence of Ti3+ absorption energies.
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left panel reports the momentum distribution curves (MDCs) as extracted
at the Fermi level for the two samples. The right panel of Figure 5.9 shows
the energy distribution curves (EDCs) extracted from the ARPES data
at the different kF momenta of the two thin films. The non-dispersive
IG is located at ~1.3 eV binding energies in the as-grown samples, but its
spectral weight is shifted towards the Fermi level after the annealing. The
IG evolution upon oxygen depletion (arising either from annealing or from
beam irradiation effects) has been reported before in the literature of transition metal oxide systems [178, 179, 213]. In particular, the asymmetric
shape of the peak is consistent with the presence of a second in-gap state
at lower BE (~1 eV). This suggests that the two localised IG states are
related either to different types of defects or to different oxygen vacancy
sites and that the formation of the shallower defects is favoured by UHV
annealing. These results may indicate that the metallic state is strictly
related to the formation of oxygen vacancies too, as proposed by Mattioli
et al. [182]. In their work, they claim the metallic state is a delocalised
impurity level throughout the bulk, which mimics the conduction band.
On the other hand, the model by Lazzeri and Selloni, linking the metallic
state to the anatase surface reconstruction [190], has provided excellent
agreement with experimental data, as recently reported [180]. Moreover,
experiments studying the effect of electron doping through alkaline adsorption or the influence of beam irradiation at anatase surface suggest
the metallic state is a two-dimensional electron system confined in few
nanometres from the surface.[178, 192]

5.2.3. Effects of oxygen dosing
The relation between the oxygen vacancies creation and the evolution
of both 2DEG and IG states has been further investigated under conditions where the VO are compensated in a controlled way. The thin films
grown at the APE-NFFA laboratory were transferred to the Soft X-Ray
branch of I09 beamline at DIAMOND Light Source (UK) by means of a
UHV suitcase, thus preserving the surface from exposure to gases throughout the whole experiment. Molecular oxygen was fluxed during spectra
acquisition through a metallic capillary placed at short distance from the
sample as schematised in first panel of Figure 5.10. As a matter of fact,
adsorbed O2 on oxides is known to remove the excess electrons from the
sample and to transfer them to the molecule [172, 214, 215]. The anatase
thin films have been measured without oxygen dosing (base pressure in the
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Figure 5.9: ARPES spectra of the 2DEG measured with hν= 46 eV photon energy around the Γof the second Brillouin zone (Γ1 ) for two samples with different
VO abundance. (a) Anatase film after the UHV-annealing. (b) Thin film measured
as-grown (i.e. with less amount of oxygen vacancies) showing less number of free carriers (the 2DEG state is rigidly shifted upwards of ~135 meV). (c) MDCs extracted
at the Fermi level (straight line in panels (a) and (b)) for the annealed (red) and asgrown (blue) samples respectively, the dashed arrows indicate the position of the Fermi
momenta kF , while the black arrows marks the position of the outer and the inner
parabola.
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experimental chamber 10−10 mbar up to a maximum O2 partial pressure
of 4 × 10−9 mbar (monitored by means of a Residual Gas Analyser). Due
to the intense photon flux of DIAMOND synchrotron, oxygen depletion
under beam irradiation noticeably occurred. However, the general trend
of time evolution under beam irradiation observed at I09 beamline agrees
reasonably well to those reported in the literature [178, 179], although the
complete disappearance of the 2DEG under photon flux was not detected
during this experiment. The O2 was dosed once the intensity of the metallic states stopped increasing and the sample was maintained at 90 K to
prevent molecular oxygen icing at the surface.
Figure 5.10 summarises the main effects of O2 adsorption at the samples’ surface and measured with hν= 120 eV linearly horizontal polarised
light. Panel b reports the integrated DOS across the IG and the 2DEG
states for the pristine sample (i.e. at the chamber base pressure) and dosing molecular oxygen. It is readily observable that the intensity of the
IGs is strongly suppressed by O2. In particular, the evolution occurred
in few seconds as soon as oxygen is dosed and it was impossible to be
time-monitored by means of XPS. Further increase of the oxygen partial
pressure only slightly affected the residual IGs intensity, which falls below
the background signal as long as O2 is dosed on the sample and can be detected only at Ti 2p resonance. On the other hand, only minor changes of
the 2DEG upon oxygen dosing were detected. The 2DEG intensity is only
slightly decreased and the reduction is mainly ascribable to the changes
in the background signal. The different response of the IG and 2DEG
to O2 adsorption was not reported before for anatase TiO2, while similar
observations are found for LaAlO3/SrTiO3 interfaces [213]. Nevertheless,
the 2DEG persistence upon oxygen dosing doesn’t mean the metallic state
is completely uncoupled from the annihilation of the VO . Panels (c) - (e)
compare the ARPES spectra measured around Γ1 for pristine sample (red
colour, panels (c)) and in the case of the highest molecular oxygen flux
used during the experiment (panels (d), green). The analyser slit lies in the
scattering plane in the I09 geometry, thus symmetry selection rules determine the suppression of the photoemission intensity of the 2DEG centred
in the Γ10 second BZ. Aside the clear disappearance of the IG spectral intensity (around 1 eV binding energy) the number of free electron carrier in
the 2DEG is reduced, as highlighted by the the MDCs at the Fermi level
−1
−1
reported in panels (e). The kF value shrinks from 0.19 Å to 0.15 Å
(i.e. ~20%) when the film is exposed to oxygen, i.e. it shows the opposite trend to that detected after annelaing treatment. This behaviour
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is consistent with partial oxygen vacancies healing and the consequent
reduction of the n-type carriers at the sample surface is consistent with
previous studies [177]. In particular, the free carrier density is reduced of
~60 %, which may suggest that only one electron per VO is removed from
the conduction state.
These findings strongly indicate that the in-gap and the metallic states
have a different interplay with the oxygen vacancies inside the material,
although they are both linked to the presence of the VO . In particular,
the different response of IG and 2DEG to adsorbed O2 hints that these
two states could be linked to distinct VO sites. Moreover, since the dosing
of molecular oxygen in our setup occurs at the surface, the compensation
of the VO must rely on their capability to migrate inside the material. The
very little residual intensity of the IGs suggests that the relative oxygen
vacancies are formed either at the surface either at buried sites that can
easily move to the surface and recombine with the adsorbed molecules.
This has been observed for VO in anatase (101) and for Ti interstitials at
the rutile (110) surface [215, 216]. On the other hand, the here reported
2DEG insensitivity against O2 exposure, testifies that the migration of
the related vacancies to the surface is unlikely, at least in the examined
pressure range.
Figure 5.11 and Figure 5.12 report the resonant angular resolved photoemission spectroscopy investigation (RESARPES) performed at the Ti
L2,3 absorption edges. Panel a of Figure 5.11 compares the X-Ray absorption spectra for the pristine and the oxygen-fluxed samples discussed
above. The opposite behaviour with respect to the one detected after the
annealing treatment (Figure 5.8) is readily observed. The XAS spectra of
the O2 dosed sample shows a strongly reduction in the intensity of the preedge as well as in the valleys and at 459 eV and 462 eV, accompanied by a
sharpening of the L3 -t2g peak. The observed evolution is consistent with
VO recombination upon adsorbed oxygen molecules’ dissociation at the
surface and the consequent reduction of Ti3+ concentration in the sample
just discussed in Figure 5.10. Panel b reports the angle-integrated resonant
photoemission across the Ti L3 -eg absorption peak and indicates the IG
and 2DEG states resonate at different photon energies. The in-gap spectral intensity is strongly suppressed by oxygen adsorption, nevertheless its
resonating behaviour is unaffected as well as its binding energy. In particular, it is peaked in correspondence of the trivalent titanium resonance
i.e. its electronic distribution is localised very close to the VO sites, which
is consistent to the flat dispersion reported in ARPES studies and already
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Figure 5.10: (a) Sketch of the experimental setup at I09-2 bemaline. (b) Integrated
DOS shows the different response of IGs and 2DEG upon oxygen dosing, with IG
spectral intensity strongly quenched by O2 (c) ARPES at hν= 120 eV aroundΓ1 of the
pristine sample (measured with base pressure 10−10 mbar) and (d) with the highest
molecular oxygen dose used in the experiment (4 × 10−9 mbar). (e) MDCs extracted
at EF (red and light blue straight lines in panels (a) and (b) respectively) show a
significant reduction of the Fermi momenta position, dashed arrows highlight the kF
location. a dramatic reduction of the IG states is observed with only minor changes of
the 2DEG.

reported both for anatase and SrTiO3 perovskite [181, 213]. Conversely,
the 2DEG follows the same intensity distribution of the XAS signal, being
peaked at the L3 -eg transition. Further proofs of the different nature of
these electronic states are provided by the RESARPES data summarised
in Figure 5.12. The in-gap state is well visible as flat broad line at lowest
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Figure 5.11: (a) XAS of the Ti L2 , L3 edges of TiO2 sample, acquired in total yield
at 90 K. Red curve refers to the pristine sample measured with chamber base pressure (10−10 mbar), while the green curve corresponds to background oxygen pressure
PO2 = 4 × 10−9 mbar, i.e. the highest investigated. The shaded area highlights the
photon energy range selected for Resonant-ARPES. (b) Resonant-ARPES measured
scanning circularly polarised photons across the L3 -eg absorption energies (left panel)
in the second BZ of a TiO2/LaAlO3 sample upon oxygen dosing (4 × 10−9 mbar) to
better decouple the IGs and the 2DEG signals. Central panel Colour map shows the
momentum-integrated photoemitted intensity of the IGs and the 2DEG versus the photon energy. Right panel The resonant DOS curves emphasise the different resonating
energies for the two shallow states (also highlighted by blue arrows).

photon energies, while the electron pocket located at Γ10 appears more
clearly at ~460.5 eV. In order to follow quantitatively the trend of both
in-gap and EG state as a function of the photon energy, the spectral intensity of both the IG and the 2DEG has been integrated for each photon
energy used in the RESARPES scan. Coloured rectangles in the top left
graph of panel a of Figure 5.12 mark the the binding energy/momentum
areas where the integration has been performed (blue/light blue for the
2DEG and red/yellow for the IG). The results have been plotted in panel
b of Figure 5.12 together with the total yield acquired during the same
measurement. As in the case of angle integrated spectra, the 2DEG resonates with the L3 -eg doublet, whereas the in-gap shows a Ti3+ character.
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Figure 5.12: (a) selection of ARPES spectra measured in the 2BZ with circular
polarised photons across the Ti L3 -eg absorption edge, PO2 = 4 × 10−9 mbar. The
non-dispersive IG state resonates at the lowest photon energy (i.e. at ~458.5 eV) and
is visible in the four top frames. Conversely, the 2DEG electron pocket at Fermi in the
2BZ centre (Γ1 ) peaks its intensity in the middle of the photon energy scan (459.7eV).
(b) Intensities in the investigated photon energy range for the delocalised (top) and
metallic (bottom) states respectively. TEY acquired during the measurement is also
shown to highlight the resonant position. Each square (dot) in top panel (bottom panel)
corresponds to ARPES frame measured at different photon energy. The photoemitted
intensity has been integrated over EB -k regions (marked by coloured rectangles in the
top-left frame of panel a).

These results confirm the 2DEG electrons is a delocalised over many Ti
sites. It is worth to stress such electrons do not have a unique character,
being the higher intensity on Ti4+ peak caused by the higher abundance
of stoichiometric TiO2 Ti atoms.
At this point it is worth to summarise the main information acquired
from the experimental campaign on the anatase TiO2 thin films.
• The effects of UHV annealing treatment influence both the IG and
the 2DEG spectral features, consistently with the n-doping carriers
introduced in the system by oxygen vacancies formation. In particular, the results are consistent with the picture of the two excess
electron per vacancy being partitioned 1:1 in the IG and the 2DEG
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states early proposed and observed in case of SrTiO3 [177, 213].
• On the other hand, the distinct response of the two electronic states
upon O2 strongly suggest that the IG and the 2DEG arise from different vacancy sites and that their capability of re-oxidate is different
in the two cases.
• Finally, the resonant-ARPES investigation identified the electronic
character of the IG state, which is localised near to the VO sites.
In order to confirm the hypothesis listed above, a detailed theoretical
insight is needed. This has been achieved thanks to a collaboration with
Annabella Selloni’s group in Princeton University. Slab DFT calculations
in the framework of the model described in Ref. [190] have been performed to model the VO occurring at surface and subsurface sites at the
(4x1)-(1x4) reconstructed anatase (001) surface. Several VO defect sites
have been simulated and the respective formation energies are reported in
Table 5.1; two sites have appeared to be the most likely to occur at the
TiO2 (001) surface, namely VO1 and VO7. The energy distribution of the
excess electrons is very different for the two vacancies. The two electrons
are strongly localised on the Ti3+ atom near the oxygen vacancy in case
of VO1 and corresponds to flat in-gap states (consistent with previous calculations by Shi et al. [217]). On the other hand, delocalised electrons
arise for the subsurface VO7 vacancy (as shown also in [218]). Moreover,
an attractive potential well (of ~0.2 eV) is formed in the latter case, which
confines the excess electron over few (001) planes in the neighbouring of
the vacancy. Finally, the adsorption of an O2 molecule on the anatase
surface with a surface or subsurface VO was considered to model the effect of oxygen dosing. The excess electrons generated by the VO1 defect
are both captured by the adsorbed oxygen molecule and no excess electron remains in TiO2 sample, consistent with the IG intensity quenching
observed in ARPES data when the film is exposed to O2 gas. A quite
different situation happens when a subsurface VO7 is considered. In this
case, one of the two doping electrons provided by the VO is transferred to
the O2 adsorbed molecule. The resulting superoxide is characterised by
a negative charge which acts as an attractive potential for the remaining
subsurface vacancy (positively charged). Nevertheless, the VO migration
to the surface is hindered by a quite high energy barrier which prevents
the the vacancy to move perform the VO4-VO3 migration step (see panels (d) and (e) of Figure 5.13), at least for the O2 concentration probed
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Table 5.1:
List of the simulated oxygen vacancies occurring at surface/subsurface sites and the respective formation energies

VO
EVO (eV)
VO
EVO (eV)

VO1
4.17
VO9
4.14

VO2
5.44
VO10
3.92

VO3
5.11
VO11
4

VO4
4.14

VO5
4.67

VO6
3.98

VO7
3.79

VO8
4.23

here. This finding differs from the results of the investigation performed
on anatase (101) surface previously reported [215]. For the present study
the VO remains subsurface and one of the two excess electrons remains
in TiO2, while the other one is transferred to the oxygen molecule that
turns into a superoxide. This is consistent with the observed persistence of
the 2DEG state and with the lowered free carrier concentration measured
under oxygen dosing.
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Figure 5.13: Top panels Electronic distribution associated to surface and subsurface vacancies. a) Lateral view of the simulated (001) anatase surface showing a (1x4)
reconstruction; the sites of all the simulated VO sites are indicated. b) Electronic distribution (yellow area) associated to VO1 oxygen vacancy, in this case the excess electrons
are localised nearby the vacancy site. c) In case of vacancy formed at VO7 site, the
electrons are delocalised in subsurface layers parallel to sample surface. Bottom panels
Effect of O2 adsorption on a reduced (001)-(1x4) anatase surface. d) Configuration
energies for several vacancies in case of adsorbed O2 at the surface. e) Energy barrier
preventing oxygen vacancy migration (and consequent annihilation) from subsurface to
surface sites.
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5.3. Concluding remarks
In this chapter the evolution of 2DEG and IG states in anatase epitaxial thin film has been investigated. Both ex-situ structural characterisation and in-situ X-Ray spectroscopies certified the high quality of the
PLD grown TiO2 films and confirmed that mild UHV annealing increase
the oxygen vacancies in the samples. ARPES identified delocalised and
localised electronic states and provided direct evidence of the n-doping effect induced by the oxygen vacancies. The variations in the spectral shape
of the IG are probably related to the formation of more VO sites characterised by localised electronic distribution, while the enlarged kF of the
2DEG is consistent with an increased free electron carriers’ concentration.
RESARPES performed on the Ti 2p absorption edges confirmed the Ti3+
character the in-gap state consistent with its localised nature close to the
oxygen vacancy site. On the other hand, the 2DEG resonance testified
a totally different behaviour of the metallic state, giving evidence of its
strong delocalisation over many Ti sites. The most interesting result of
the present study was achieved through the investigation of the different
response of the IG and 2DEG upon molecular Oxygen dosing at the surface in a wide range of pressures. The delocalised 2DEG is not quenched
by the O2, reporting only a small decrease in the free carriers’ concentration. Conversely, the localised IG states switch on-off, suggesting a
slightly different depth-dependence of the two electronic states. This result is promising as it might be exploited in applications, e.g. to carefully
tailor the charge carriers’ concentration in photosensitive devices. However, it may be counterintuitive as the capability to migrate of oxygen
vacancies have been reported on other anatase surfaces [215]. Comparison
with DFT calculations gave strong evidence of a distinct depth-dependence
of the defect states. The 2DEG comes from subsurface VO s and resides
in subsurface layers. In contrast, the localised IG states arise from VO s
at the topmost surface layer. Kinetic studies of the defects diffusion in
anatase (001), combined with the different spatial locations, confirmed
the 2DEG states are much more robust than the localised in-gap states
when exposed to molecular oxygen.
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