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Abstract
Titanium dioxide (TiO2 ) is mainly present in nature in three different polymorphs:
rutile, brookite and anatase. In particular, the latter is largely studied due to its
promising future applications in several devices like memristors and solar cells, as
well as implementations in spintronics and transparent conductive oxides. In this
framework, the most important physical quantity is certainly conductivity: it is
thus fundamental to analyze and control the electronic properties of anatase with
a particular attention to the surface, which plays a remarkable role in the previous
applications.
Rutile TiO2 is thermodinamically favoured at the common ambient pressure
and temperature, while anatase is favoured instead at the nanometric scale: for
these reasons, thin films Pulsed Laser Deposition (PLD) enables a controlled and
functionalized growth of anatase, thanks to the extreme versatility and accuracy
of this technique.
This work was carried out at the NFFA (Nano Foundries and Fine Analysis)
- APE (Advanced Photoelectric Effect) beamline, part of the CNR - IOM group,
which exploits the synchrotron radiation emitted by the third generation storage
ring Elettra. In particular, APE beamline is a state-of-the-art surface science
laboratory, which includes a thin film pulsed laser deposition chamber connected
through a multi-component ultra-high vacuum (UHV) system to two distinct endstations, where the electronic properties of the samples are analyzed with low
energy (8 ÷ 120 eV ) and high energy (150 ÷ 1600 eV ) x-rays. It is thus possible
to deposit thin films of the desired material and subsequently perform measurements with synchrotron light without exposing the sample to air, preventing an
irreversible contamination of the surface.
Anatase TiO2 is an insulator, however, recent studies report the presence of a
dispersive electronic state at Fermi level and a non-dispersive in-gap state: despite
the tremendous research activity, the nature of these states, especially the dispersive one, is still debated. In particular, for the latter it is contradictorily reported
both a three-dimensional and a purely two-dimensional nature. Thus, the purpose of this work is to try to clarify this discrepancy by analyzing the evolution
of the dispersive state as a function of thin film thickness by means of photoemission spectroscopies, trying to find a possible correlation with the out-of-plane
direction (namely, perpendicular to the surface). It is also reported a preliminary
investigation of the state evolution as a function of external solicitations like epitaxial strain induced by the substrate and thermal annealing, with the purpose of
providing more informations regarding its physical properties.
ii
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Anatase thin films deposition by means of PLD required an intense materials
science activity and the optimization of a suitable growth protocol. Nevertheless,
the samples turned out to be of excellent quality, both regarding the optimal
structural and superficial properties: the films possess an unique crystal phase,
a well long range order and a very low surface roughness. Finally, the use of
synchrotron radiation allowed an accurate investigation of the electronic properties:
in particular, the dispersive state at Fermi level presents a quasi-two-dimensional
nature, because its filling with electrons is correlated with the film thickness, while
its response as a function of epitaxial strain and thermal annealing suggests a
potential tunability behaviour controllable by appropriate external solicitations.
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Riassunto
Il biossido di titanio (TiO2 ) è presente in natura principalmente in tre diverse forme
allotropiche: rutilo, brookite e anatasio. Quest’ultima in particolare è attualmente oggetto di numerosi studi per via delle sue promettenti future applicazioni
in svariati dispositivi come memristori e celle solari, nonchè implementazioni nella
spintronica e come ossido conduttivo trasparente. In questo contesto, la quantità fisica più importante è senza dubbio la conduttività: è dunque fondamentale
analizzare e controllare le proprietà elettroniche dell’anatasio in particolare alla
superficie, la quale ricopre un ruolo di rilievo nelle applicazioni precedentemente
menzionate.
Il rutilo è la forma allotropica di TiO2 termodinamicamente favorita alle normali condizioni di temperatura e pressione ambiente, mentre l’anatasio invece
è favorito alla scala nanometrica: per questi motivi, la deposizione di film sottili tramite luce laser impulsata (Pulsed Laser Deposition) permette la crescita
dell’anatasio in modo controllato e funzionalizzato, grazie all’estrema versatilità e
precisione di questa tecnica.
Questo lavoro è stato svolto presso la beamline NFFA (Nano Foundries and Fine
Analysis) - APE (Advanced Photoelectric Effect) del gruppo CNR-IOM, la quale
sfrutta la radiazione di sincrotrone emessa dall’anello di accumulazione di terza
generazione Elettra. In particolare, la beamline APE è un laboratorio di scienza
delle superfici all’avanguardia, che include una camera di deposizione di film sottili
tramite luce laser impulsata (Pulsed Laser Deposition) connessa tramite un sistema
multi-componente in ultra-alto vuoto a due distinte end-station per l’analisi delle
proprietà elettroniche dei campioni con raggi X a bassa energia (8 ÷ 120 eV )
ed alta energia (150 ÷ 1600 eV ). E’ dunque possibile depositare film sottili del
materiale desiderato e successivamente effettuare misure con luce di sincrotrone
senza esporre il campione alla pressione ambiente, impedendo così una irreversibile
contaminazione della superficie.
L’anatasio è un materiale isolante, tuttavia, recenti studi riportano la presenza
di uno stato dispersivo al livello di Fermi e di uno non dispersivo nel band-gap:
nonostante l’intensa attività di ricerca, la natura di questi due stati, specialmente
quello dispersivo, è ancora dibattuta. In particolare, per quest’ultimo è contradditoriamente riportata sia una natura tridimensionale, che puramente bidimensionale. Lo scopo di questo lavoro è dunque cercare di chiarire questa discrepanza,
analizzando l’evoluzione dello stato dispersivo in funzione dello spessore del film
sottile con spettroscopia di fotoemissione e cercando una possibile correlazione con
la direzione ortogonale alla superficie. E’ inoltre riportata un’indagine preliminare
iv
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sull’evoluzione dello stato a sollecitazioni esterne quali strain epitassiale indotto
dal substrato e annealing termico, con lo scopo di fornire ulteriori informazioni
circa le sue proprietà fisiche.
La deposizione di film sottili di anatasio tramite PLD ha richiesto un’intensa
attività di scienza dei materiali e lo sviluppo di un opportuno protocollo di crescita.
Nondimeno, i campioni si sono rivelati di eccellente qualità, sia per quanto riguarda
le proprietà strutturali, sia per le ottime proprietà superficiali: i film hanno un’unica
fase cristallina, sono ben ordinati a lungo raggio e presentano una bassa rugosità.
L’utilizzo della luce di sincrotrone ha infine permesso un’accurata indagine dal
punto di vista delle proprietà elettroniche: in particolare, lo stato dispersivo al
livello di Fermi possiede una natura quasi-bidimensionale in quanto il suo riempimento è correlato con lo spessore del film, mentre la sua risposta in funzione di
strain epitassiale ed annealing termico indica un possibile comportamento regolabile tramite opportuni stimoli esterni.
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Introduction
Motivation
Titanium dioxide (TiO2 ), particularly the anatase crystal phase, is a system that
raises high expectations as a strategic material for novel devices such as memristors, transparent conductive oxides, solar cells and spintronics [1]. Conductivity
is indeed the most important physical property exploited in these systems, and
therefore it is crucial to better understand the microscopic electronic structure of
anatase. Moreover, as the interface plays a determinant role in most of the aforementioned applications, it is mandatory to directly measure and characterize the
electronic states at the surface.
TiO2 anatase is an insulator with a 3.2 eV band-gap, however, a dispersive
electron state at the Fermi level together with a non-dispersive in-gap state have
been widely reported. Despite the tremendous research activity already performed
on this system, the true nature of these electronic states, especially the dispersive
one at Fermi level, remains debated: in particular, contradictory hints on the
dimensionality of this state have been reported both three-dimensional [2] and
purely two-dimensional [3, 4].
For these reasons, here we report an accurate study regarding the evolution of
the anatase electronic dispersive state as a function of thin film thickness, aiming to clarify a possible correlation with the out-of-plane direction (namely, the
dimensionality). Furthermore, a preliminary investigation as a function of epitaxial strain induced by the substrate and thermal annealing is reported, with
the purpose to monitor the response of the electronic state to controlled external
solicitations.
In this framework, thin films technology enables tuning the growth conditions
of TiO2 anatase films of different thicknesses (namely down to a single unit cell)
and epitaxial strain conditions (tensile or compressive). Pulsed Laser Deposition
(PLD), in particular, has been proven to be very efficient due its extremely versatility and accuracy in functionalizing the growth parameters, i.e. pressure and
substrate temperature, to obtain the desired final result; moreover, due to its
metastable nature, anatase TiO2 thin films are thermodinamically favoured only
in this regime, while rutile TiO2 (another crystal phase) is generally more common
in ambient conditions. The investigation of an isolated single TiO2 unit cell has
not been reported yet and this lack is mainly ascribed to the practical problem of
exposing higly reactive surfaces like oxides to air without losing important physi-
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cal informations due to surface contamination. For this reason, the only possible
experimental procedure to investigate such an extreme regime is an in-situ UltraHigh Vacuum (UHV) environment electronic characterization immediately after
the thin film deposition. More in detail, photoemission spectroscopy (PES) is the
most advanced tool to study the electronic structure of a solid, both single crystal
and thin film. In particular, the very low mean free path of photoemitted electrons makes this technique extremely surface sensitive, thus allowing an accurate
characterization of its properties.
The experimental work has been performed at the NFFA (Nano Foundries and
Fine Analysis) facility [5] located in Trieste (Italy), which includes the Advanced
Photoelectric Effect (APE) beamline, exploiting the synchrotron radiation of the
third-generation storage ring Elettra [6]. The use of synchrotron radiation has
many advantages, namely high intensity, collimation, brightness and the control
of the photon beam parameters: photon energy and polarization state. APE
beamline is a state-of-the-art surface science laboratory [7] which includes a PLD
off-line growth chamber directly connected with the experimental end-stations by
a multicomponent UHV systems, which permits thin films deposition and fine
analysis without external contamination.
This work is therefore composed of two parts: the first one concerns mainly
a materials science framework and has been devoted to the optimization of an
appropriate anatase TiO2 thin films growth protocol by means of Pulsed Laser
Deposition: the samples have been carefully characterized from the point of view
of film growth, crystal structure and overall surface quality by means of X-Ray
Diffraction (XRD) and in-situ Low Energy Electron Diffraction (LEED). On the
other hand, the second part has been devoted to the investigation of the electronic
properties of the grown TiO2 anatase thin films with Angle-Resolved Photoemission Spectroscopy (ARPES), X-ray Absorption Spectroscopy (XAS) and X-ray
Photoemission Spectroscopy (XPS).

Summary
This manuscript is organized as follows:
• in the first chapter, a brief discussion on correlated-electron systems is reported, with a focus on transition metals oxides and titanium dioxide anatase
main properties and applications (present and future);
• in the second chapter, the main experimental aspects are discussed: the
various techniques exploited in this work are adequately presented, with a
focus on why they have been used and on which physical informations can be
obtained from them. In particular, a prominent mention deserves the in-situ
growth technique (Pulsed Laser Deposition) and the in-situ band dispersion
characterization through Angle Resolved Photoemission Spectroscopy;
• in the third chapter, the main experimental results of this work are presented:
more in detail, the first section is devoted to the sample growth protocol
2
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together with the structural and quality characterization. In the second
section, the evolution of the dispersive state at Fermi level of anatase TiO2
as a function of thin film thickness is reported. In the third section, the
evolution of the state as a function of epitaxial strain induced by the substrate
is investigated with a qualitative analysis. Finally, the fourth section reports
a preliminary study of the electron states evolution as a function of thermal
annealing;
• the last section is instead devoted to the conclusions with a focus on the
future and direct perspectives of this work.

3

Chapter 1
Transition Metals Oxides
Transition metals oxides (TMO) represent a large class of materials which exhibit
a huge variety of physical properties. The latter derive direcly from the strong
electron-electron interaction, which cannot be neglected as it happens in other
systems. Among TMO, titanium dioxide has acquired much attention due to its
versatility, reliability and promising future applications in innovative devices such
as memristors, solar cells and even spintronics. The purpose of this chapter is
to briefly introduce the concepts of electron-electron correlated systems with a
particular emphasis on transition metals oxides. Subsequently, the general properties of titanium dioxide and its technological applications in modern devices are
introduced.

1.1

Correlated-electron systems

The first theoretical methods to calculate the electronic energy bands of solids
were developed in the quantum mechanics framework, considering the electronelectron interaction negligible with respect to the electron-ion one. Despite this
techniques could satisfactory explain the physical properties of a wide range of
systems (silicon, aluminum, diamond, . . . ), it soon became evident that some
materials could not be adequately described with this models. Transition metals
oxides (TMO) are an important example of correlated-electron systems, where
the interactions among electrons strongly influence and determine the physical
properties. In particular, in this compounds there is a competition of forces which
d -electrons undergo [8]: Coulomb repulsion, tending to localize the electrons at
the lattice sites, and orbital hybridization with the oxygen p-states, tending on the
contrary to delocalize the electron charge. More in general, correlated materials
experience a competition between distinct ground states and local quantum degrees
of freedom associated with individual lattice sites, making their physical properties
strongly dependent on electron-electron interactions [9].
Despite being a very large class of materials, transition metals oxides share the
same basic structural elements [10]: in particular, TM-O6 octahedra, where the
TMn+ cation is surrounded and coordinated with 6 neighbouring O2− anions at
the positions δi = (±a, ±a, ±a), where a is the TM-O bond length. The remain of
4
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the structure varies among the compounds in order to minimize the total energy
and to complete the stoichiometry. As already mentioned, the competition between charge fluctuations (favoured by oxygen) and charge localization (favoured
by the transition metals) strongly influence the phenomenology of this systems: in
particular, the radial part of the 3d orbital wavefunction is small compared to the
bond length, as opposite to oxygen 2p orbital. Therefore, adding an extra electron to the heavily confined 3d shell requires a high energy cost due to the large
Coulomb repulsion: this is the basic physical principle of the strongly-correlatedelectron behaviour, which is responsible for the particular phenomena occuring in
this systems.
In this framework, the Mott insulator is perhaps the most instructive example
of correlation behaviour in solid state matter. Considering a classical theory, the
band filling completely determines the insulating/metallic character of a solid:
in particular, if the number of electrons N in an unit cell is odd, the system is
metallic, otherwise it is an insulator. However, several TMO exhibit an insulating
behaviour despite having an odd number of electrons N . To explain this situation,
Mott [11] suggested a breakdown of the classical model of non-interacting electrons:
hopping processes between the localized 3d electrons are unfavourable at half filling
(1 electron per site) due to the strong Coulomb repulsion, thus leading to an
insulating character and a gap opening at Fermi energy. The so-called Mott gap is
thus a specific characteristic of the systems behaving in the way discussed above.
Coulomb repulsion and intersite hopping are not the only relevant energy scales
when considering transition metals oxides. An interesting example are materials
based on the late 5d transition metals, whose electronic states have to be described
in a relativistic framework. A new energy scale is thus required, namely the spinorbit interaction, and a new class of materials should be accounted, the so-called
relativistic Mott insulators, where Coulomb repulsion and spin-orbit interaction
have to be treated equally. Therefore, the class of correlated-electron state of
matter includes a huge variety of compounds, starting from 3d and 5d materials,
as already discussed, up to 4d -based oxides, which exhibit different many-body
phenomena and even superconductivity.
Correlated-electron systems, and in particular transition metals oxides, are not
simple to properly describe, due to the many active degrees of freedom such as
spin, charge, lattice and orbitals interacting among them and leading to an intrinsic complexity. As an example, charge transport in TMO is quite different from
simple metals: an isolated charge strongly perturbs the environment, resulting
in the possible formation of polarons or other larger structures. Nevertheless, to
properly understand this physics, it is required to incorporate several ingredients,
including powerful and appropriate many-body techniques, phenomenological approaches, and to account for the effects of lattice distortions, defects and strain.
Up to now, state-of-the-art angle-resolved photoemission spectroscopy (ARPES)
is one of the most powerful technique to probe the correlation environment of a
system [10] due to the fact that the measured intensity is directly proportional to
the so-called one-particle spectral function A(k, ω), which take into account not
only the single-particle excitations, but also the many-body final states reached in
5
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the photoemission process. This quantity encompasses all the interactions of the
system, and therefore its interpretation is rather difficult from an experimental
point of view: the common practice is to decompose the spectral function into two
dinstinct parts, one containing the single-particle excitations, and one containing
the other many-body interactions.
To conclude, as already mentioned, correlation has introduced several difficulties in the theoretical interpretation of the experimental data due to the large
number of possible interactions that have to be considered. However, this field
of research is very active and promising, as possible applications of this systems
could exploit not only transport properties but also other effects, such as colossal
magnetoresistance (CMR), high temperature superconductivity and others [12].

1.2

Titanium dioxide

Among transition metals oxides, titanium dioxide (TiO2 ) is one of the most studied
and exploited, due to its numerous properties and applications like paint, UV
protection, photocatalysis, photovoltaics and sensors [1]. Since the strong growth
of research activities in nanotechnology and nanoscience in the past decades, TiO2 based devices have achieved large attentions due to the high-surface area of this
material at the nanometer scale. Moreover, titanium dioxide is currently one of
the most promising photocatalysts, and it is expected to play a crucial role in
solving environmenal and pollution issues. Nevertheless, due to its previously
mentioned properties, TiO2 is also expected to help dealing with energetical and
environmental problems by effectively implementing it on photovoltaic and watersplitting devices.

Figure 1.1: TiO2 polymorphs, namely anatase (a), rutile (b) and brookite (c).
The red spheres represent the oxygen atoms, while the grey ones represent the
titanium atoms. The blue polyhedral shapes display the orientation of the TiO6
octahedra (see section 1.1). Adapted from [13].
6
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Titanium dioxide is present in nature in three different polymorphs [13]: rutile and anatase, with a tetragonal crystal structure, and brookite, with an orthorhombic structure instead (Figure 1.1). The most stable form under conventional pressure and temperature ranges is rutile, while anatase can be considered
a quasi-metastable state at the nanoscale and brookite is usually very rare and
thermodinamically sfavoured. Titanium dioxide is a transparent insulator with a
band-gap varying from 3.2 eV (anatase) to 3.0 eV (rutile): this discrepancy is
mainly due to the different crystal structures, regarding bond lengths and TiO6
octahedra stacking. Both phases have been studied intensively in the past decades
mainly due to their photocatalytic properties [14]; as a matter of fact, anatase
TiO2 phase has gained strong interest recently due to its potential applications
in other various research fields. For instance, anatase nanoparticles arranged in
networks are implemented in dye-sensitized solar cells (or Grätzel cells [15]), where
the sunlight is efficiently converted into electrical energy exploiting anatase TiO2
high photoactivity (Figure 1.2).

Figure 1.2: Schematic representation of a dye-sensitized solar cell: a photon
is absorbed by the dye and one electron is promoted into the TiO2 conduction
band; the dye subsequently remove an electron from the iodide I− present in the
electrolyte solution, resulting in the I− oxidation in I3− tri-iodide; the tri-iodide
diffuse to the counter-electrode where it recovers the lost electron when the circuit
is closed.
Moreover, in the last decade the industrial use of transparent conducting oxides
(TCO) have experienced a large expansion, due to the increasing demand of new
devices such as flat panel displays (FPD) and light-emitting devices (LED). In
this framework, Nb-doped anatase has been suggested as a promising TCO candidate due its excellent eletrical conductivity and transparency [16]. Going deeper,
Ti1−x Nbx O2 thin films deposited through Pulsed Laser Deposition have shown resistances values as a function of temperature comparable to conventional indium
tin oxide (ITO) films, which are commonly used in devices as TCO. Also, the
trasmittance of Ti1−x Nbx O2 thin films has been proven to be sufficiently high
(about 97 %), therefore confirming the promising role of anatase as an efficient
7
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Figure 1.3: Two examples of spintronics devices: (left) a spin-Field Effect Transistor (spin-FET) where the informations is stored through electrons set in particular states of spin; (right) a magnetic tunneling junction, where the resistance of
the flowing current is a function of an externally applied magnetic field.
transparent conducting oxide.
A memristor is a non-linear passive electrical component firstly theorized by
L. Chua that links together electric charge and magnetic flux [17]. The main
characteristic of this device is that the electrical resistance is not constant but
depends directly on the history of the current that had previously flowed through
the system (non volatility property), therefore, one can say that the memristor
"remembers" its most recent resistance value when it is turned off. Interest about
memristors devices acquired more strength when it was demonstrated that a particular titanium dioxide anatase thin film system exhibited a resistance which was
depending on the history of the current. Since this discovery, a lot of efforts have
been made to succesfully implement anatase TiO2 , and more generally oxides, into
this particular kind of devices. Nevertheless, this field of research is very active
and promising from a technologically point of view, and titanium dioxide, in particular in its anatase crystal phase, is again believd to have a leading role in this
framework.
Moreover, as in conventional electronics the information is carried and encoded
in the electron charge, the so-called spintronics exploits also the electron spin as
an additional degree of freedom to perform operations, store informations and
so on [18]. As already pointed out in section 1.1, since transition metals oxides
display a large variety of degrees of freedom that can be used to appropriately
design their physical properties, they indeed represent the most promising class of
materials for spintronics. In particular, Co-doped anatase TiO2 thin films exhibit
a ferromagnetic behaviour, which had been intensively studied for applications in
spintronics devices. The origin of ferromagnetism in doped titanium dioxide is still
debated, as contradictory reports have been published in literature [18]: indeed, it
is evident that oxygen vacancies play an important role in this sense, and further
8
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studies are being carried out in this rising field of research.
In conclusion, the previous examples are just some of the main potential applications where titanium dioxide, particularly in its anatase crystal phase, is considered one of the most important protagonists. As a matter of fact, to harness such
a wide range of functionalities, it is crucial to understand the microscopic elecronic
structure of anatase, both single crystal and thin film. TiO2 is a case where the
materials science relies on the fine quantum properties of the system and therefore
cannot develop without a nano-physics fine analysis. The high control on the material synthesis, surface termination and the fine electronic structure analysis by
high reslution energy and momentum resolved photemission gives direct access to
the low energy excitations across the Fermi level, which reflect the macroscopic behaviour of the material and its interfaces with substrates, overlayers and vacuum.
This work is an application of the full nano-foundry and fine-analysis approach to
a modern materials science programme.

9

Chapter 2
Experimental Methods
The experimental work has been performed at the NFFA (Nano Foundries and
Fine Analysis) facility at Trieste, which includes the Advanced Photoelectric Effect (APE) beamline, exploiting two synchrotron radiation sources of the thirdgeneration electron storage ring Elettra [6], which is located in Basovizza, Trieste
(Italy). The purpose of this chapter is to briefly describe the experimental apparatus and techniques exploited in this work, focusing on why they have been
used and which physical informations can be obtained from them. In particular,
the in-situ thin films growth method based on pulsed laser ablation, together with
structural and electronic characterization techniques with synchrotron radiation
(that are uniquely available at the NFFA facility) will be treated in this chapter.

Figure 2.1: Elettra storage ring facility, Basovizza, Trieste (Italy).

2.1

Synchrotron radiation

It is well known from classical electrodynamics that accelerated charged particles
emit electromagnetic radiation [19]. In particular, when electrons interact with
external magnetic fields, forcing them to change the direction of motion, they emit
light known as synchrotron radiation. Among others, sources of this particular type
10
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Figure 2.2: Planar scheme of a synchrotron storage ring facility [20].
of radiation are storage rings, where electrons are first accelerated to v ≈ c by a
linac (linear accelerator) and then forced into closed orbits by magnets located
along the ring. In each revolution, the electrons lose part of their energy, emitting
synchrotron radiation. To regain the energy lost and maintain a quasi-stationary
condition, radio frequency (RF) electric fields cavities are used: a storage ring is
thus made up of a series of magnets to bend and focus the beam and a series of
RF cavities to accelerate the particles (Figure 2.2).
The bending magnets apply a Lorentz force perpendicular to the electrons
velocity vector, causing a centripetal acceleration from which the emission of radiation takes place: due to relativistic effects, the emitted radiation is concentrated
in a narrow cone tangential to the particle orbit [21], as qualitative shown in Figure 2.3. Each magnet is thus a source of synchrotron light, which is properly
collected by optical elements into a beamline and, after a monochromatization
process, sent to an experimental end-station chamber. The entire facility, that is
the storage ring, the beamlines and the experimental chambers, need to be kept
in an Ultra High Vacuum (UHV) environment.
This qualitative picture of a storage ring is actually more complicated in third
generation rings, where, besides bending magnets, other systems known as ’insertion devices’ are used as a source of synchrotron radiation. The main feature
of this devices is the possibility to produce light with desired physical properties
(such as photon energy, polarization, ...) and with a relative high flexibility range.
Insertion devices are linear periodic magnetic structures which impose undulating
trajectories to the electrons, whose emitted radiation interfere to produce a high
brightness beam in the direction of the motion. It is possible to change the energy
position of the interference spectrum approaching or moving away the magnets
longitudinally, while transversally polarization can be modified.
Synchrotron radiation has a great number of properties which make it one of
the most used source for spectroscopic experiments: the most important are the
high intensity, collimation, brightness and stability of the beam, together with the
continuous spectral range from infrared to hard x-rays and UHV environment of
the entire facility [20].
11
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Figure 2.3: Qualitative radiation pattern differences between non-relativistic
(left) and relativistic (right) charged particles in a circular orbit [21].

2.1.1

Advanced Photoelectric Effect beamline

The Advanced Photoelectric Effect (APE) beamline is a state-of-the-art surface science laboratory [7], which exploits polarized synchrotron radiation from the Elettra
storage ring to perform advanced spectroscopy experiments. In particular, the 9.2
straight section of Elettra (5 meters long) is split into two distinct beamlines with
two independent Apple-II type undulator sources in a zig-zag configuration and
two independent end-stations (Figure 2.4), which work in the ultraviolet and soft
x-ray range, respectively. The two end-stations are mainly devoted to high resolution photoelectron spectroscopy, with low energy photons (hν = 10 − 100 eV ), and
low dimensional systems analysis, with high energy photons (hν = 140 − 1500 eV )
[22]. This allows to perform various spectroscopic measurements, such as Angle
Resolved Photoemission Spectroscopy (ARPES), X-ray Absorption Spectroscopy
(XAS), X-ray Photoemission Spectroscopy (XPS) and X-ray Magnetic Circular
Dichroism (XMCD).
Since its integration in NFFA-Trieste [5] in 2013, APE has been equipped with
sophisticated off-line growth and fine analysis chambers directly connected to the
beamlines by a multi-component UHV system. This setup allows to prepare, optimize and analyze in-situ nanoscience samples, for which treatment and survey in
a condition of surface cleanness is required: such aspect is crucial and represents
itself an integral part of the experiment. In particular, a thin films Pulsed Laser Deposition (PLD) system is available, enabling to construct complex materials, such
as heterostructures, on single-crystal substrates. Furthermore, the Surface and
Nano-Science experimental chamber is equipped with an ion-gun, heating stages,
evaporators, LEED (Low Energy Electron Diffraction)- AES (Auger Electron Spectroscopy) system and Kerr magneto-optic setup, providing complementary probes
to investigate the surface structure, the electronic and the magnetic properties of
single crystals, grow thin films, measure surface order, composition and magnetic
properties.
12
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Figure 2.4: APE beamline planar scheme.

2.2

Thin films growth: Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) is a wide spread physical vapor deposition technique to grow a great number of materials such as thin films, nanopowders, quantum dots, nanotubes and ceramic oxides [23]. The first application of a laser to
deposit thin films was in 1965 by H.M.Smith and A.F.Turner [24], subsequently,
the successful growth of epitaxial thin films by J.T.Cheung in 1983 [25] and high
temperature superconductors by D.Dijkkamp in 1987 [26], started the main improvement and development of this technique. Nowadays, pulsed laser deposition
is a well established method to grow high quality thin films of a large variety of
materials, such as metals, oxides, compounds, crystals and biological samples.
PLD works using a high-power pulsed laser beam focused on a target of the
chosen material, which is ablated, vaporized and subsequently deposited on a
substrate. The detailed physical process is rather complicated, but it can be
summarized in the following steps [27, 28]:
1. Laser interaction with the target material;
2. Formation of plasma;
3. Plasma expansion and recondensation on the substrate surface;
4. Growth of the film.
When laser radiation hits the target material, the electromagnetic energy is converted into electronic excitation: the detailed response is contained in the dieletric
function (ω, k) and depends strongly on the electronic band structure. Excited
electrons transfer their energy to the lattice via electron-phonon coupling in a few
picoseconds and heating starts. If the laser pulse width is larger than electronphonon coupling time constant, energy is continuously transferred to the target
even after electrons have finished their interaction with the lattice, resulting in an
energy dissipation as heat and a melting of the material. In this case, the ablation
of the material is a solid-liquid-vapor transition. On the other hand, if the laser
pulse width is shorter than the electron-phonon coupling time constant, there is
no energy dissipation as heat, resulting in a sublimation of the material, i.e. a
13
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Figure 2.5: Laser ablation process on a complex target material [5] (left) and
sketch of a PLD chamber (right).
solid-vapor transition. The ablation process is thus strictly related to the laser
pulse duration and the thermal conductivity of the material.
The ablation process usually takes places in hundreds of picoseconds, thus, considering nanoseconds laser pulse, the evaporated material (atoms, molecules, ions
and electrons) further interacts with the last part of the pulse absorbing energy
and leading to the formation of a hot ionized plasma plume. The concentrations of
ionized species grows exponentially with the temperature. In particular, free electrons absorb energy becoming faster and faster with time and the plasma expands
along the target normal direction with high velocity. As the plasma expands, it
cools down to temperatures typically around 3000 K assuming a cosn (θ) angular
distribution, with n varying from 2 to more than 20, depending on laser fluence
and ambient pressure [29].
The species impinging on the substrate usually possess a kinetic energy that lies
around 50 eV , well below the threshold for bulk damage; it is also possible to bias
the substrate to appropriately tune the ion energies. When the plasma encounters
the substrate it condenses and, if suitable physical and chemical conditions are met,
a well-ordered and stoichiometric thin film grows. This process may be modified or
enhanced introducing gases (e.g. O2 , N2 , Ar) in the chamber, affecting the plume
shape and composition and thus the film growth and stoichiometry. In particular,
the plasma plume expands freely in high vacuum and, due to the higher collision
rate, it becomes more and more elliptical as the background pressure increases
(Figure 2.6).
Pulsed Laser Deposition presents indeed many advantages: (i) almost any condensed matter material can be used as a target; (ii) under optimal conditions,
stoichiometry of the film is maintained even for chemically complex compounds;
(iii) film growth rates may be controlled due to the pulsed nature of the technique;
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Figure 2.6: From left to right, plume expansion at high (i.e. 0.1 mbar) and low
(i.e. 10−5 mbar) ambient pressure [5].
(iv) the kinetic energies of the ablated species favour surface mobility and prevents
bulk displacements; (v) novel materials not obtainable with other methods can be
created.
The PLD experimental chamber connected to the APE beamline and used in
this work presents the following technical specifications:
Laser source
Laser fluence
Laser energy density
Laser repetition rate
Target holder
Sample dimension
Heater temperature
Base pressure
Process gases

KrF excimer laser (λ = 248 nm)
50-300 mJ
up to 3 J/cm2
1-20 Hz
up to 1” - diameter
up to 10 mm x 5 mm (max)
up to 700 ◦ C (PID-controlled)
10−8 mbar
O 6.0 (99.9999%); Ar 6.0 (99.9999%)
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2.3

Structural characterization

A complete and accurate structural characterization of thin films grown by Pulsed
Laser Deposition is mandatory to develop a correct and reproducible growth protocol. In particular, Low Energy Electron Diffraction (LEED) and X-Ray Diffraction (XRD) are two of the most common and reliable techniques used to check
the overall film quality and structure properties such as phase, thickness, surface
reconstructions and possible stresses or strains. Both methods are based on the
same physical theory, that is diffraction of an incident beam by a perfect periodic structure. Therefore, the main difference reside in the probe, respectively
electrons for LEED and x-rays for XRD, which allows to investigate different film
characteristics.
Diffraction theory can be described by two equivalent approaches, both widely
used, due to Bragg and von Laue [30]. W.L.Bragg studied the interaction of X-rays
with crystals and found that intense peaks of scattered radiation corresponded to
defined wavelengths and incident directions. Considering the crystal as made out
of parallel planes (containing the atoms) spaced by a distance d, he deduced the
condition to obtain a bright diffraction peak assuming (i) specular reflection of the
X-rays by the planes and (ii) constructive interference of the X-rays from successive
planes. In this picture, with simple geometrical considerations (Figure 2.7), he
obtained the well known Bragg’s law for diffraction:
nλ = 2d sin(θ)
where n is the order of the corresponding reflection. It is worth to note that
for a range of different wavelengths impinging of the crystals correspond many
reflections, given by high-order lattice planes and different crystal sectioning.

Figure 2.7: Bragg reflection from a family of planes spaced by a distance d. The
path difference is d sinθ.
On the other hand, the approach by von Laue considers the crystal as a set of
identical ions (or atoms) placed in a Bravais lattice and identified by a position
vector R. Each of this site can diffract the incident radiation and again bright
peaks will be observed in correspondence of constructive interference. By means
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of geometrical considerations and exploiting the reciprocal lattice properties, one
can obtain the von Laue conditions:
kf − ki ≡ ∆K = G
Where kf and ki are the scattered and incoming radiation wave vectors, respectively, and G is a vector of the reciprocal lattice.

Figure 2.8: Ewald construction showing the von Laue condition.
As already mentioned, it is possible to formally demonstrate that the two
approaches are perfectly equivalent [30]; however, the von Laue condition can be
simply visualized with a geometrical construction due to P.P.Ewald [31]: drawing
in k -space a sphere of radius k i centered on the starting point of vector ki , the
von Laue conditions will be satisfied for those reciprocal space lattice points that
lie on the surface of the sphere, as clearly visible in Figure 2.8.

2.3.1

Low Energy Electron Diffraction

Low Energy Electron Diffraction (LEED) is a standard technique, presents in
every surface science laboratory, to check and analyze the crystallographic quality
and structure of surfaces. A collimated beam of electrons with energy generally
between 50 and 300 eV is focused on the sample: the backscattered electrons give
rise to Bragg spots imaged on a phosphorus screen [32], reflecting the order of
the surface in the reciprocal space. In particular, low energy electrons interacts
strongly with phonons and valence electrons of the solid, leading to an elastic
mean free path of few monolayers, i.e. about 5-10 Å, as showed in Figure 2.9.
This means that only the first atomic layers of the solid are effectively sampled by
the electron beam, while the contribution of deeper atoms decreases progressively,
making LEED an extremely surface sensitive technique.
The von Laue conditions to have a diffraction peak still hold in a two dimensional framework (∆K|| = G|| ), but the Ewald construction needs to be slightly
17
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Figure 2.9: Electrons elastic mean free path as a function of their energy [32].
modified. Considering a surface layer in the reciprocal space and according to the
experimental geometry, the incident wave vector k of the beam is positioned with
the tip at the (0, 0) lattice point; the Ewald sphere with radius k is then drawn
around its starting point. The von Laue conditions will then be fulfilled for those
points at which the sphere crosses the vertical rods of the 2D reciprocal lattice
(Figure 2.10).

Figure 2.10: Ewald construction for a 2D surface lattice (left) and a quasi-2D
surface lattice (right) [32].
These results are only valid if we consider a perfect two dimensional experimental situation, however, despite the short mean free path, electrons do penetrate in
the solid, and contributions from the deeper atomic layers need to be accounted.
A modulation in the intensity of the Bragg spots is then introduced by giving the
vertical rods more or less intensity periodically (Figure 2.10), taking into account
the contribution of the 3D von Laue condition, discarded instead in the perfect
2D model. When the Ewald sphere crosses a "thick" point, the corresponding
18
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Bragg spot displays a high intensity, while less pronounced points generate weak
intensity diffraction spots.
The qualitative analysis of a LEED diffraction pattern reveals lots of information about the surface properties of the sample. First of all, the presence of
sharp spots with high contrast and low background intensity proves an excellent
crystallographic quality of the topmost layers, defects and impurities, indeed, act
as diffraction centers statistically distributed that broad the spots and raise the
background intensity. Moreover, considering that from the reciprocal space it is
possible to reconstruct the real space, the spatial displacement of the spots gives
information about the surface periodic structure and symmetries, with the possible
presence of reconstructions or superstructures.
In this work, LEED has been used mainly as a diagnostic technique, in fact
the LEED diffractometer operates in one of the interconnected UHV chambers of
the NFFA suite connected with the APE beamlines. Due to the high interaction
of the low energy electrons with the matter, the analysis of the peak intensities
is difficult due to the full multiple scattering regime that also determines the
high background. This would be not the case in a X-ray diffraction experiment
where the extremely low cross section for X-rays allows to consider only single
scattering event and therefore kinematic theory can be used as an approximation
to experimental intensities. That is why LEED patterns are used as diagnostic
of surface order and size of coherent domains, but less often it is exploited as a
crystallography as this requires complicated multiple scattering calculations.

Figure 2.11: Examples of LEED patterns: (left) Si(001), (right) YIG(111).
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2.3.2

X-Ray Diffraction

X-Ray Diffraction (XRD) is based on the same physical theory of LEED but uses
instead a different probe, that is x-rays, in order to deduce bulk properties of
materials. The Bragg law is then applied by using x-rays of known wavelength
λ and measuring θ to obtain the spacing d of different crystal planes and thus
informations about the structure. The diffraction directions are determined solely
by the shape and size of the crystal unit cell: a general relation that predicts the
diffraction angles for any particular set of planes is obtainable by combining the
Bragg law and the plane-spacing equation for the crystal involved [33].
The instrumentation used in this work is a Panalytical X’Pert commercial
diffractometer with five degrees of freedom (Figure 2.12), capable of diffraction
measurements on thin films, single crystal and powders. The sample can be moved
in x, y, z directions and rotated in plane (φ angle) and around the abscissa axis (ψ
angle). The X-rays source is made of a copper target, hit by thermionic generated
electrons from a tungsten filament: three wavelength are then produced, that is Kα
(1.5406 Å) and Kβ (1.5444 Å) lines of copper and one due to tungsten thermionic
emission (0.2099 Å). In the low-resolution configuration, all three wavelengths are
impinging on the sample, this implies high counts and permits to measure at a
relative fast scan rate; on the other hand, using a monochromator, it is possible
to select just the Kα line, having lower counts but definitely less noise: this is the
high-resolution configuration.

Figure 2.12: Panalytical X’Pert commercial diffractometer available within
NFFA-project’s activities [5].
In this work, XRD has been used as an ex-situ non-destructive structural characterization technique in order to obtain the thin films crystallographic orientation
and thickness. The XRD analysis feeds back to the refinement of the growth protocol so that the air-exposed samples are not to be used anymore for the surface
science of the present work, but to pilot the growth of good samples in-situ for the
photoemission studies. The measurement of the out-of-plane lattice constant has
been performed in the so-called θ − 2θ scan configuration (Figure 2.13): naming
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Figure 2.13: Scheme of the diffractometer in the θ − 2θ scan configuration.
ω the angle between the incident beam and the sample surface and θ the angle
between the diffracted beam and the sample surface, during the measure the detector moves together with the sample in order to maintain always 2θ double ω.
The analysis of the diffraction peaks obtained at specific 2θ angles reveals the
crystallographic orientation of the thin film. As already mentioned, x-rays penetration length is very high compared to electrons, then the contribution of the
substrate will be more intense with respect to the film. The high crystalline order
and thickness of the substrate gives rise to delta-like shaped peaks, with a slight
broadening given by the experimental resolution, while those arising from the film
are broader due to less ordering and defects at the surface.
Knowing the thickness is crucial to most of the technological applications relying on thin films: as a matter of facts, some physical properties may appear,
change or disappear, as a function of thickness. In this framework, X-Ray Reflectivity (XRR) exploits the same physical theory of diffraction to identify the film
thickness in the 2-200 nm range with a precision of 1-3 Å. The main difference
from the previous is that the measurements are performed at low incident angles,
that is 1-5 degrees: the Bragg law still holds, but now d refers to the film thickness
and not to the interatomic planes. Both phenomenon are always distinguishable,
since reflectance goes to zero within a few degrees and diffraction peaks usually
start to be visible around 20◦ .

Figure 2.14: Reflectivity as a function of the Brewster angle θc [34].
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The X-ray beam impinging on the sample is partially reflected by the surface
and partially refracted into the film due to the different refractive indexes: the
beam traveling into the film interacts with the film-substrate interface, and is
again partially reflected and refracted. Thus, the two reflected beams undergo a
periodic constructive and destructive interference as a function of incident angle,
which is varied again in the θ − 2θ scan configuration. Total reflection occurs for
values below a critical angle, called Brewster angle θc (Figure 2.14) [34], while
above it the interference phenomenon takes place. The resulting pattern is a series
of fringes, called Kiessig fringes (Figure 2.15), that reflects the periodic oscillations
due to constructive and destructive interference already discussed.

Figure 2.15: Reflectance as a function of incident angle showing the interference
pattern (Kiessig fringes) [34].
The film thickness is then obtained by exploiting the Bragg law and the period
of the fringes, i.e. their angular spacing. Furthermore, informations about the
roughness are given by the interference pattern: a great number of oscillations
indicates a very high probability to have a constructive interference, leading to a
flat surface, on the contrary, a low number of oscillations reflects the presence of
defects and thus a rough surface.
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2.4

Electronic characterization

The study of the electron states has been performed through advanced spectroscopic techniques using synchrotron radiation at APE beamline, located in Elettra storage ring. Both branches of the beamline have been used, exploiting soft
and hard x-rays, respectively. In particular, the chemistry of the surface has
been investigated with X-ray Photoemission Spectroscopy (XPS) and its electronic
band structures through Angle Resolved Photoemission Spectroscopy (ARPES),
while core electronic states have been studied with X-ray Absorption Spectroscopy
(XAS).

2.4.1

Photoemission generalities

Photoemission spectroscopy (PES) is one of the most used methods to study
the electronic properties of condensed matter [35] and incorporates the so-called
’photon-in electron-out’ experimental techniques, which basically rely on the photoelectric effect [36]. A beam of photons, with defined polarization and energy
hν, impingies on the surface of a solid: after atomic absorption, if hν exceeds the
required threshold energy (work-function), electrons are excited and emitted from
the surface with non-zero kinetic energy (Figure 2.16). The kinetic energy of the

Figure 2.16: Scheme of the photoemission physical process.
photoexcited electron is directly related to its binding energy through a simple
formula, which is a direct consequence of A.Einstein work [37]:
Ekin = hν − Eb − φ
where φ is the work function, Ekin is the kinetic energy of the electron final state
and Ebin is the binding energy of the electron initial state. Photoemitted electrons
are appropriately collected in vacuum by a detector and, if the full set quantum numbers (that is energy, momentum and spin) is analyzed, the final state
is completely described, from which it is possible to investigate the ground state
23

CHAPTER 2. EXPERIMENTAL METHODS

Figure 2.17: Schematic representations of a three step model [38].
configuration of the electron states of the system. This relies on the approximation
of "low excitation density" which is actually fulfilled at synchrotron radiation experiments where each pulse of photons generates up to one photoelectron allowing
to interpret the spectra with a perturbative approach.
To exhaustively describe the photoemission process from the theoretical point
of view all many-body interactions of an electron removed from its initial state and
detected by the analyzer should be taken into account (one-step model). However,
this approach is not straightforward and quite challenging, and simplified models
have been adopted. The so-called ’three step model’ succesfully describes the
photoemission spectra of solids [38]. The process is divided into the following
distinct steps (Figure 2.17):
1. Photoexcitation of an electron inside the solid;
2. Travel of the photoelectron up to the surface;
3. Emission of the photoelectron into vacuum.
Naming P (Ekin , hν), T (Ekin , hν) and D(Ekin ) the probabilities of the three steps
respectively, the photoemission intensity will be proportional to
P (Ekin , hν)T (Ekin , hν)D(Ekin )
The informations of the initial electronic states is contained in the first term
P (Ekin , hν). Applying the Fermi’s Golden Rule, the probability to have a photoemitted electron is
X

| hf |A · pj |ii |2 δ(Ef (N ) − Ei (N ) − hν)

f,j

where |f i and |ii are the final and initial state, Ef (N ) and Ei (N ) are the total
energy of the N-electrons system in the final and initial state, A is the quantized
vector potential and pj is the momentum operator of j-th electron. Since the
photoexcitation time scale is much shorter compared to the electron-electron interactions, it is reasonable to assume that the photoelectron do not interact with
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the (N-1)-electrons system: this is called sudden approximation and it is valid for
sufficiently high photon energies (namely hν > 10 eV ). In this framework, and
with relative simple calculations, it is possible to obtain [38]:
P (Ekin , hν) ∝

X

|Mkj hEf (N − 1)|aj |Ei (N )i |2 δ(Ef (N −1)−Ei (N )+Ekin +φ−hν)

f,j

where Mkj is the matrix element including the one-electron photoexcitation process
and aj is the photoelectron creation operator of the j-th electron.
The second-step term T (Ek , hν) represents the probability for the electron to
reach the surface without inelastic scattering and thus the probability to maintain all the electronic informations about the initial state. For this reason, it is
assumed that this term is directly proportional to the electron elastic mean free
path: as already discussed (cfr. Low Energy Electron Diffraction), this length
ranges from few Å to tens of Å at typical energies of photoemitted electrons
(namely 10-1000 eV ), making experimental techniques based on photoemission
extremely surface-sensitive. However, the majority of electrons escaping from the
surface and reaching the detector undergo multiple inelastic scattering in the process and lose informations about the initial state, contributing to the experimental
spectral background.
The term D(Ekin ) can be calculated considering the photoelectrons in the
nearly-free electron model: naming Ev the vacuum level and E0 the bottom energy,
the photoelectrons energy inside the solid is Ekin + V0 , where V0 is called ’inner
potential’ and is defined as V0 ≡ Ev − E0 . This approximation is reasonable since
the energy of photoelectrons is much higher than that of bound electrons inside
the solid. Since the emitted photoelectron momentum component perpendicular to
the sample surface needs to be positive, it is possible to calculate D(Ek ), obtaining
[38]:
s
!
V0
1
1−
D(Ekin ) =
2
Ekin + V0
This function is slightly dependent on Ekin and therefore is generally considered
to be a constant.

2.4.2

X-ray Photoemission Spectroscopy

X-ray Photoemission Spectroscopy (XPS) is a well known and exploited experimental technique based on photoelectric effect to investigate the surface chemistry
of the sample. Angle integrated spectra are acquired, as core levels are localized
and non dispersive in first approximation, and one tries to average over photoelectron diffraction effects that could modify the intensities in angle resolved measurements, in order to obtain information regarding the elemental composition of
the surface and the electronic interactions through the acquisition of core levels
binding energy intensities of the photoemitted electrons, while the energy of the
incident photons is varied in an arbitrary range.
XPS is a powerful and versatile technique able to probe a large variety of
physical and chemical properties of solid surfaces [39]: the peak positions and
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Figure 2.18: Scheme of the hemispherical analyzer (left) and survey scan of an
Ag sample (right) [41].
intensities identify uniquely the elemental composition while their shape features
characterize the chemical and electronic environment of the atoms. For example,
an energy shift of a fraction of eV to a few eV of some particular peak indicates
a change in the chemical properties of the surface, this is the so-called ’chemical
shift’, while the high surface sensitivity and energy resolution of state-of-the-art
XPS systems allows to probe the ’surface core level shift’, a slight difference in
core level binding energies of top layer atoms with respect to bulk atoms, due
to the different electronic environment. Moreover, XPS plays an important role
in the study of gas-surface interactions, investigating the adsorption-desorption
rate, adsorbate coverage, chemical reactivity and surface reactions thanks to its
capability to distinguish the chemical species and to determine their concentration
and stoichiometry [40].
The XPS measurements presented in this work have been performed at the
High-Energy (HE) experimental endstation of APE beamline [22]. The radiation
is produced by an APPLE-II type undulator with photon energy in the 140-1500
eV range and with polarization that can be varied between vertical, horizontal and
circular. The photon resolution is E/∆E > 8000 at hν ∼ 400 eV and E/∆E ∼
3000 at hν > 900 eV with a photon flux of 5 × 1010 photons/s. The photoemitted
electrons are collected and analyzed in energy by a hemispherical electron energy
analyzer (Omicron EA125) equipped with 7 channeltrons [41]. In particular, two
hemispheres of mean radius R0 are mounted with a common centre and a potential
V applied between them: the outer is negative and the inner is positive with respect
to V0 , the median equipotential surface between the hemispheres. The entrance
and exit slits of the analyzer are both centered in R0 . The so-called "pass energy"
(Epass ) is the kinetic energy of an electron travelling in an orbit of radius R0 , which
is related to V0 by the expression:


eV0 = Epass
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where R1 and R2 are respectively the inner and outer radii (Figure 2.18). The
analyzer is thus a band pass energy filter for electrons of energy Epass with a
resolution ∆E which depends on the width of the slits d, the mean radius R0 and
the angular acceptance α, the half-angle of the electrons entering the analyzer:
∆E = Epass

2.4.3

d
+ α2
2R0

!

Angle Resolved Photoemission Spectroscopy

Angle Resolved Photoemission Spectroscopy (ARPES) is the main surface sensitive technique thanks to its capability to detect both kinetic energy and angular
distribution of photoemitted electrons, probing the band structure of solid materials near the Fermi surface [42]. In a crystal, the momentum of photoemitted
electrons is described by its surface parallel component kk and its surface perpendicular component k⊥ . After the photoemission process, the momentum of

Figure 2.19: Definition of angles and wave vectors in an ARPES experiment
(left); conservation of the component kk during the photoemission process (right)
[32].
electrons is altered by the crystal potential at the surface and is thus described
ex
in vacuum by kkex and k⊥
respectively, as depicted in Figure 2.19. The parallel
component is however conserved due to the traslational symmetry of the surface
(kk = kkex ), given by the expression [43]:
√
2me Ekin
kk =
sin(θ)
h̄
where me is the electron mass and θ is the emission angle (Figure 2.19). Assuming
the final state as free electron like, k⊥ is not conserved and expressed as [43]:
q
ex
k⊥

=

2me Ekin cos2 (θ) + U0
h̄
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U0 is called ’inner potential’, an extra potential that the electrons have to overcome
to escape the surface. The complete photoemission process takes into account the
many-body nature of the problem, considering all the other N − 1 electrons of the
solid. The ARPES spectral intensity is given by [35]:
I(k, E) ∝ |Mf,i |2 f (E)A(k, E)δ(E + Ekin − hν)
where Mf,i ∝ hψf |A · p|ψi i is the Fermi’s Golden Rule matrix element, f (E) is
the Fermi-Dirac distribution and A(k, E) is the single particle spectral function,
which contains all the possible responses of the system to the excitation.
The direction of the incoming photon beam and the symmetry axis of the
analyzer define the scattering plane, which determines completely the geometry of
the experiment. The photoelectron detection probability depends on the photon
energy, polarization and the experimental geometry. In particular, the final state
of the photoelectron has to be even under reflection with respect to the scattering
plane, thus giving a finite probability to be detected [42]. Accordingly, A · p |ψi i
needs also to be even in order to have Mf,i different from zero: since it is possible to
set the polarization of the photons (namely the potential vector A), the symmetry
of the initial state can be directly determined. An example is shown in Figure 2.20,
where the polarization of A is changed from s to p and the parity of A · p varies
from odd to even, leading to the sole detection of even states with p-polarization
and odd states with s-polarization.

Figure 2.20: Matrix element selection rules in case of different photon polarizations (namely, s and p).
As discussed above, the polarization of the incoming photon beam plays a
decisive role in the measured ARPES intensity due to the different symmetries of
the electronic initial states. A careful understanding of the effective geometry of
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the experiment is therefore preliminary to the quantitative analysis. As a matter
of fact, ARPES spectra needs to be joint by theoretical calculations and models to
correctly interpret the data both qualitatevely and quantitatively. A clear example
of this is reported in [44]: the Cu(111) Shockley surface state is studied with
different photon energies and polarizations, resulting in a complex photoemission
intensity dependence, which could not be explained in the usual free electron
framework.

Figure 2.21: Scheme of the DA30 hemispherical analyzer probing the angular
and energy dispersion of photoemitted electrons.
The ARPES measurements presented in this work have been performed at the
Low-Energy (LE) experimental endstation of APE beamline [22]. The source of
radiation is a Quasi-Periodic APPLE-II type undulator that produces photons
with energy in the 8-120 eV range, capable of varying the polarization from vertical to horizontal and circular. The photon resolution is E/∆E = 30000 with a
photon flux greater than 2 × 1011 photons/s. The manipulator permits a movement in x,y,z directions and the sample can also be tilted, in order to measure a
larger region in k-space; furthermore, a cryostat allows to cool down the sample
to about 15 K through the circulation of liquid helium. The main chamber of the
APE-LE experimental apparatus is equipped with a Scienta DA30 hemispherical
analyzer [45] capable to resolve both kinetic energy and momentum angular distribution of the photoemitted electrons. The analyzer, schematically displayed in
Figure 2.21, is composed by two concentric electrodes and the mechanism is the
same as already discussed (see X-ray Photoemission Spectroscopy): only electrons
traveling through the analyzer with kinetic energy Epass can reach the exit slit and
be detected.
As already mentioned, the pass energy plays an important role in the determination of the energy resolution ∆E of the analyzer: it is indeed clear that a
low Epass implies a better resolution but a longer acquisition time. Photoemitted
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electrons are detected by two Micro Channel Plates (MCP) located behind the
exit slit of the analyzer. The MCP are made of a dense matrix of electron multipliers, which exploit secondary emission processes to properly amplify and detect
the signal. The MCP are thus position-sensitive due to the high density of these
detectors and permit to resolve the different momenta. Accordingly, electrons with
kinetic energy within the resolution ∆E will reach the exit slit giving rise to an
energy dispersion axis; on the other hand, through particular electrostatic lenses,
electrons emitted at different angles are detected within the angular acceptance
of the analyzer, thus giving rise to an angle dispersion axis. Combining this two
principle, it is possible to obtain two-dimensional energy vs momentum map (Figure 2.21); moreover, it is also possible to probe the other in-plane component of
the momentum by changing suitably the focus and potentials of the electrostatic
lenses, to obtain (kx , ky ) maps at fixed energy. The latter are particularly important because they show the surface band dispersion in the Brillouin zone parallel
to the sample. A nice example is reported in [46], where the Fermi surface of
Be(0001) is mapped with different photon energies and polarization Figure 2.22.

Figure 2.22: Fermi surface maps of Be(0001) measured at different photon energies (namely hν = 35 & 86 eV ) with vertical and horizontal polarization [46].
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2.4.4

X-ray Absorption Spectroscopy

The measurement of transitions from core electronic states to excited states and
vacuum is the basis of X-ray Absorption Spectroscopy (XAS). This technique
allows to characterize the chemical nature and environment of atoms and molecules
of the sample, from which it is possible to deduce a large variety of physical
informations [47]. In particular, impinging photons interact with matter through
photoelectric absorption. The intensity is thus attenuated according to [48]:
I = I0 e−µd
where µ is the absorption coefficient and d is the sample thickness, respectively.
The spectra are obtained through the so-called total electron yield (TEY) method:
photons are absorbed by the sample and core holes are created, which decay
through radiative (fluorescence) and non-radiative (Auger autoionization) processes. The ionized sample is neutralized by a current from ground that is proportional to all the primary (photoemission) and secondary (Auger autoionization,
multiple scattering) processes, e.g. to the initial core level creating cross section.
The total number of electrons emitted is thus directly proportional to the absorption probability (namely the absorption coefficient µ): the photocurrent is
measured with a picoammeter, which registers the electrons flowing back to the
sample from ground.

Figure 2.23: Cu L-edge photoabsorption spectra of a La2−x Srx CuO4 (x = 0.15)
sample taken with different photon polarization [49].
It is straightforward that the absorption coefficient µ increases with atomic
number Z due to the higher number of electrons present in the system that can
absorb the radiation. By inverting the expression above, one obtains:
1
I0
µ = ln
d
I
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XAS measures µ as a function of energy E of the incoming beam of photons:
µ generally decreases with increasing E, due to the higher penetration depth.
When the photon energy is equal to the binding energy of core electron states, an
absorption resonance (absorption edge) occurs in the spectrum. In particular, the
energies of the different absorption resonances are unique for each element, thus
making XAS an element-specific technique. Absorption edges are labelled after
core electrons that are involved in the process, for example, K for 1s 1/2 and L3 for
2p 3/2 .
XAS measurements presented in this work have been performed at the HighEnergy endstation of APE beamline [22]: the detection of total electron yield is
obtained with a high sensitivity electrometer and higly shielded connections, or
with an in vacuum electron multiplier [5]. Finally, XAS spectroscopy provides
numerous information on the electronic state of the sample, from the simple elemental oxidation state to the more complicated symmetry of the ligands. A
nice example of the versatility of this spectroscopy technique is reported in [49],
where the copper L2,3 absorption spectra of a La2−x Srx CuO4 (x = 0.15) sample
are shown with different x-ray polarization (Figure 2.23): a detailed study of the
polarization-dependence of absorption intensity can reveal important information
concerning the structure of the electronic orbitals.
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Results
The purpose of this chapter is to exhaustively display and discuss the main results
and the corresponding data analysis of this work. Firstly, the anatase TiO2 (001)
thin films growth protocol is discussed, together with the investigation of the
general quality and physical properties of the samples. Subsequently, the attention
is focused on the dispersive electronic state at Fermi energy, which is studied as a
function of decreasing film thickness and epitaxial strain induced by the change of
the substrate.

3.1

Growth of anatase TiO2 (001) thin films

Anatase TiO2 (001) thin films have been grown in the NFFA Pulsed Laser Deposition apparatus (described in section 2.2) on LaAlO3 (001) substrate under an
ultra-pure oxygen background pressure (purity 99.9999 %). The crystal structure
of lanthanum aluminate (LAO, for simplicity) is a rhombohedral distorted perovskite with a pseudo-cubic lattice parameter of 3.78 Å [50], making it a suitable
substrate for epitaxial growth of anatase TiO2 (001) thin films (in-plane lattice parameter of 3.784 Å) with a negligible strain. Several samples have been deposited
at different substrate temperature and oxygen background pressure in order to
obtain the best growth parameters.
The laser pulses were focused on a polycrystalline stoichiometric TiO2 target at
a typical energy density of 2 J/cm2 to provide an optimal ablation of the material
[51] and a typical laser repetition rate of 1÷3 Hz. The background oxygen pressure
was varied in the 10−4 ÷ 10−1 mbar range, while the temperature of the substrate
was investigated in the 600 ÷ 700 ◦ C range. Optimized TiO2 thin films have been
grown with the following parameters:
TiO2 growth parameters
Laser fluence
250 mJ
Laser frequency
3 Hz
Substrate temperature 700 ◦ C
Oxygen pressure
10−4 mbar
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Figure 3.1: (a) XRD symmetrical θ −2θ high-resolution scan of a thick (i.e. more
than 15 nm) sample of TiO2 grown on LaAlO3 (001) substrate. (b) Low-angle Xray reflectivity (XRR) curve of a TiO2 sample grown on LaAlO3 (001) substrate
(blue) and corresponding simulation with a thickness of 27 nm (red).
In particular, due to the low mobility of the atoms impinging on the surface of the
substrate, it is important that the growth rate is sufficiently low, in order to favour
the formation of a more ordered crystal structure and thus a film with a better
overall surface quality. Structural properties of optimized TiO2 thin film grown on
(001)-oriented LAO are reported in Figure 3.1. XRD symmetrical high-resolution
θ −2θ scan contains only the intense delta-like shaped (00l ) diffraction peaks of the
substrate and the (004) anatase diffraction peak occurring at 2θ = 37.925 ± 0.005◦ ,
indicating the correct TiO2 phase and the preferential c-axis orientation of the
film, with no trace of secondary phases or other crystallographic orientations.
The out-of-plane anatase lattice parameter, calculated by the symmetric (004)
Bragg reflection, has been found to be c = 9.48 ± 0.07 Å, which is slightly smaller
(about 0.3 %) than the expected value c = 9.51 Å [52]: this discrepancy, however
compatible within the experimental error, could be ascribed to a little amount
of oxygen vacancies formed during the deposition. Nevertheless, such a result
indicates a substantial structurally relaxed growth of anatase TiO2 (001) thin film
on LaAlO3 (001) substrate.
Low-angle X-ray reflectivity (XRR) is sensitive to the film thickness and its
surface roughness, as already discussed in section 2.3.2. Panel (b) of Figure 3.1
reports a XRR pattern of a TiO2 thin film approximately 27 nm thick grown
on LaAlO3 (001) substrate (blue curve) together with a simulation performed by
mean of the IMD package of XOP software (red curve) [53, 54]. The simulation
curve fully matches the experimental curve and the expected value of 27 nm,
from which it has been possible to deduce the growth rate of the film, resulting
in about 171 laser shots per anatase TiO2 unit cell: such a low growth rate (i.e.
about 1 uc/min) has allowed a full control of the film thickness. XRR pattern
displays clear oscillations up to 2θ = 4◦ , while above this value, they fall below the
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Figure 3.2: (Left) LEED pattern of an anatase TiO2 thin film grown on LaAlO3
(001) substrate at E = 73 eV . (Right) Schematic view of the (4 × 1) − (1 × 4)
anatase TiO2 surface reconstruction [55].
experimental resolution of the X-ray diffractometer: as already pointed out, this
result demonstrate the very low surface roughness of the sample.
Surface long range order was probed in situ by LEED in order to investigate
possible reconstructions and the overall quality of the film. The LEED pattern
recorded at normal electron incidence for E = 73 eV is reported in Figure 3.2: it
is clearly visible a (4 × 1) − (1 × 4) surface reconstruction, in agreement with other
results in literature [56, 57]. In particular, the occurance of this peculiar surface
reconstruction is believed to be due to the relief of the large surface stress present
on the unreconstructured surface [55].
Additionally, XPS measurements have been performed over a thick sample (i.e.
more than 10 nm) anatase thin film, in order to better understand the chemical
properties of the surface. The measure has been carried out in-situ, exploiting
the APE-High Energy beamline branch already described in Chapter 2, about
four weeks after the deposition; during this time, the sample has been kept in
ultra-high vacuum. Despite the UHV environment, it is natural to expect some
surface contamination, this is more evident considering the XPS survey-spectrum
reported in Figure 3.3: the weak C 1s peak at Ebinding = 284 eV is visible and has
allowed a correct calibration of the spectrum itself. XPS measurements prove a
high-quality surface chemistry, with the presence of the expected titanium 2p, 3s,
3p peaks and oxygen 1s, 2s peaks, with no significant traces of other contaminants
(except for the already mentioned carbonium 1s peak). In particular, the titanium
oxidation state has been analyzed by acquiring a high resolution spectrum of the
2p doublet. Anatase TiO2 presents an octahedral structure where titanium and
oxygen combine together to give a quadruply charged Ti4+ cation held together
with O2− anions by ionic bonds. As expected, Ti 2p shows two peaks due to spinorbit splitting that correspond to 2p1/2 and 2p3/2 at Ebinding = 464.32±0.01 eV and
Ebinding = 458.62 ± 0.01 eV respectively, in very good agreement with literature
[58, 59]. The fit of the Ti 2p peaks is reported in the inset of Figure 3.3: taking
35

CHAPTER 3. RESULTS

O 1s

Intensity (a.u.)

Ti 2p3/2

Intensity (a.u.)

Ti 2p

Ti 2p1/2

466

464

462
460
Binding Energy (eV)

458

456

Ti 3p
Ti 3s

C 1s

500

400

300

200

100

O 2s

0

Binding Energy (eV)

Figure 3.3: Survey spectrum of anatase TiO2 thin film grown on LaAlO3 (001)
substrate taken with photon energy hν = 935 eV . The inset displays the fit of the
Ti 2p XPS peak, showing the main Ti4+ environment (blue) and the suboxide Ti3+
environment (orange); the binding energy scale is conventionally set as decreasing.
into account just the 2p3/2 peak, it can be seen that two components are present,
that is the main Ti4+ (Ebinding = 458.62 ± 0.01 eV ) and a shoulder at lower
binding energy values (Ebinding = 456.85 ± 0.04 eV ), separated by ∆Ebinding =
1.77 ± 0.04 eV . This shoulder is indeed the weak contribution of the Ti3+ cations,
which is usually related to the presence of a small number of oxygen vacancies [60].
A quantification of the amount of Ti3+ has been made by evaluating the area of
the peaks with respect to the total one, resulting in Ti4+ = 93.44 ± 0.02 % and
Ti3+ = 6.56 ± 0.02 %. This result is consistent with the possible formation of
oxygen vacancies during the film growth, as already pointed out in the discussion
of the XRD data.
The structural and chemical investigation of the surface of anatase TiO2 (001)
grown on LaAlO3 (001) by PLD has shown an optimal result: the samples possess an excellent crystal structure, chemical composition and long range surface
ordering, with a very low surface roughness, making them suitable for ARPES
measurements. The latter were performed in-situ at APE-Low Energy beamline
branch and the results over a thick TiO2 thin film sample are reported in Figure 3.4. Dispersion features are clearly evident in the valence band spectrum,
proving an excellent surface crystallinity (Bloch theorem), with an energy band
gap of approximately 3.2 eV .
Although the valence band spectrum apparently does not show any intensity
within the energy gap (that is, in the 0 ÷ 3 eV range), the inset of Figure 3.4 (a)
reveals the presence of a non-dispersive in-gap state at approximately Ebinding =
1.5 eV and, more evidently, the presence of a dispersive state crossing the Fermi
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Figure 3.4: (a) ARPES band dispersion of a thick anatase TiO2 thin film grown
on LaAlO3 (001) taken at hν = 46 eV and horizontal polarization (left panel) with
a zoomed-out image of the in-gap state and Fermi level region (right panel). (b)
ARPES map at Fermi energy in the first Brillouin zone and in the second Brillouin
zone (c).
level. ARPES maps at the Fermi level in the first and second Brillouin zones are
reported in Figure 3.4 (b) and (c), respectively. The dispersive state is the only
one that can contribute to the intensity at EF and its signature is clearly identified
in the circular patterns (Fermi contours), where, besides the strong signal observed
in the center of the zone, additional replicae are abserved along both kx and ky
directions: these are due to the (4 × 1) − (1 × 4) surface reconstruction also seen
in LEED. The valence band dispersion features do indeed evolve as a function of
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photon energy hν (not shown here), revealing their intrinsic bulk origin, while the
origin of the non-dispersive in-gap state and the dispersive state at Fermi level
is still debated. Currently, the in-gap defect electronic state is believed to be
correlated to the amount of Ti3+ component (namely, to the amount of oxygen
vacancies), but it could be the result of a combination of several other factors,
namely interstitial Ti3+ from shear planes, interdiffusion of Al from the highly
reactive LaAlO3 surface or oxygen vacancies [60]. Furthermore, in order to better
understand the true nature of the higly conducting electronic state at Fermi level,
it has been carefully investigated as a function of film thickness, starting from a
thick sample (i.e. at least 10 uc), down to a single unit cell.
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3.2

Electron states evolution as a function of film
thickness

As already discussed and reported, anatase TiO2 thin films exhibit a dispersive
electron state at Fermi level, which has been intensively investigated in the last few
years. In particular, the dimensional nature of this state is still a matter of discussion among the scientific community: Moser et al. [2] report a three-dimensional
character deduced from ARPES measurements as a function of perpendicular momentum (namely, photon energy hν), while Rödel et al. [3] first and Wang et al.
[4] later report a highly two-dimensional character in similar measurements. The
purpose of this section is to try to address this important aspect of the electron
states of anatase, showing an accurate study of the dispersive electron state at
Fermi level as a function of thin film thickness: it could be expected that, if the
state is purely two-dimensional (that is a two-dimensional electron gas, 2DEG), it
should not depend on the film thickness (namely kz , out-of-plane direction). Moreover, a 2DEG has been reported at the surface of many perovskite oxide systems,
in particular, it has been intensively investigated in strontium titanate SrTiO3
(STO), which shares with titanium dioxide TiO2 the structural arrangement of
the terminating layer. A 2DEG in STO has been initially observed at the interface with LaAlO3 substrates [61, 62] above a critical thickness of 4 uc and later on
bare STO substrates [63, 64]. Thus, since in some cases a 2DEG is formed above
a critical thickness, the purpose of this section is to investigate also this aspect for
TiO2 .
At the moment, the spectroscopic investigation of a monolayer structure (namely,
a single unit cell) of TiO2 has not been yet reported. This in mainly due to the
pratical problem of recovering pristine TiO2 surface once the film has been exposed to air. As a matter of fact, the typical methods to overcome such an issue
(e.g. thermal annealing, ion-bombarding, . . . ) can destroy the single unit cell
layer. Therefore, the only possible strategy to investigate such an extreme regime
is UHV in-situ transfer of the as-grown films to an ARPES and XAS facility, which
is uniquely possible at NFFA-APE beamline.
In order to minimize possible phenomena due to epitaxial strain induced by the
substrate, the thickness-dependence series of samples as been grown on LaAlO3
(001) oriented, where a negligible strain is expected, as discussed previously in
section 3.1. However, commercial substrates may exhibit defects and impurities
that could compromise the interface with the film: this is in fact a major problem
due to the extreme thin regime taken into account. For this reason, a LaAlO3 buffer
layer of a few unit cells has been grown by means of NFFA Pulsed Laser Deposition
apparatus on the LaAlO3 (001) substrate, in order to reduce the number of defects
and impurities, improve the overall surface roughness and optimize the interface
with the overlying TiO2 thin film.
The optimized growth parameters of LaAlO3 have been obtained following the
same procedure already discussed for TiO2 in section 3.1. Several samples, namely
more than 20 nm thick, have been deposited on Nb doped SrTiO3 (001) oriented
substrate; subsequently, the structure and the surface long range ordering have
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Figure 3.5: (a) XRD symmetrical θ −2θ high-resolution scan of a thick (i.e. more
than 15 nm) sample of LaAlO3 grown on Nb doped SrTiO3 (001) substrate. (b)
Low-angle X-ray reflectivity (XRR) curve of a LaAlO3 sample grown on Nb doped
SrTiO3 (001) substrate (Nb:STO, blue) and corresponding simulation (red) with
a thickness of 12.5 nm. (Right) LEED pattern of a LaAlO3 thin film grown on Nb
doped SrTiO3 (001) substrate at E = 79 eV .
been carefully investigated by means of XRD and LEED (Figure 3.5), in order to
identify the best growth conditions (i.e. oxygen ambient pressure, temperature of
the substrate, laser fluency and frequency).
Optimized LaAlO3 thin films have been grown with the following parameters
on Nb doped SrTiO3 (001) oriented-single crystal substrate:
LaAlO3 growth parameters
Laser fluence
250 mJ
Laser frequency
1 Hz
Substrate temperature 700 ◦ C
Oxygen pressure
10−4 mbar
Figure 3.5 (a-b) reports the XRD structural analysis of LaAlO3 optimized thin
films: symmetrical high-resolution θ −2θ scan contains only the (00l ) delta-shaped
diffraction peaks of the substrate and the (001), (002) LaAlO3 peaks occurring at
2θ(001) = 23.616 ± 0.006◦ and 2θ(002) = 48.277 ± 0.007◦ . The absence of secondary
phases and other crystallographic orientations confirms the preferential c-axis orientation of the film. The out-of-plane lattice parameter has been calculated from
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Figure 3.6: (a) Ti L-edge x-ray absorption spectrum evolution as a function of
thin film thickness (namely 14, 3, 2, 1.5, 1.25 and 1 unit cells). (b) Zoomed-out
image of Ti L3 edge of ultra-thin films (i.e. 3, 1.5 and 1 unit cells). (c) Comparison
between two significant thin films XAS spectra, namely 3 unit cells and 1 unit cell.
the (001) and (002) Bragg reflections, leading to c = 3.77 ± 0.05 Å, in good
agreement with the expected value (3.78 Å), but slightly smaller (about 0.3 %).
This difference could be largely ascribed to an epitaxial tensile strain induced by
the Nb doped SrTiO3 substrate, which is characterized by a pseudo-cubic lattice
parameter of 3.905 Å [50]. XRR measurements are reported in panel (b) of Figure 3.5: the oscillations, clearly visible up to 2θ = 4◦ , demonstrate a very low
surface roughness. A simulation performed by means of XOP software allowed to
extrapolate the growth rate, which has been found to be around 45 laser shots
per unit cell. Finally, LEED measurements reported in Figure 3.5 exhibit the expected pseudo-cubic surface structure with no trace of reconstructions and prove
the general excellent surface quality of the samples.
In the ultra-thin regime, namely down to a single unit cell, the crystal structure of the film is impossible to deduce from ordinary x-ray diffraction techniques,
which instead require a thickness of at least a few nanometers to ensure an observable intensity from the thin film. In this framework, in-situ X-Ray Absorption
Spectroscopy at the Ti L-edge has been performed to investigate the electronic
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structure of the samples and infer the crystal phase of the TiO2 ultra-thin films:
the purpose of this measurements is basically to understand the evolution of the
anatase crystal structure down to a single unit cell.
XAS experiments were performed in-situ at APE-High Energy beamline branch
in the total electron yield (TEY) mode with the incident beam at fixed horizontal
polarization and incidence angle of 45◦ ; the drain current from a transparent mesh
was used to normalize the signal with respect to the incident photon flux. A typical
L-edge (namely 2p → 3d transitions) titanium absorption spectrum is divided into
four main peaks due to crystal-field splitting [65]: two are located at E = 458 eV
and E = 460 eV and corresponds to the L3 absorption edge, while the other two
are located at E = 463 eV and E = 465 eV , and are related to the L2 absorption
edge. In particular, the second peak located around 460 eV presents a shoulder
on the high energy side, which is typical of anatase TiO2 and uniquely identifies
this crystal structure from others (e.g. rutile) [66].
A thickness-dependence anatase TiO2 thin films series has been grown on
LaAlO3 (001) oriented substrate with a LAO (001) buffer layer of a few unit
cells (namely, 5 uc). In-situ X-ray Absorption Spectroscopy at the Ti L-edge are
reported in Figure 3.6. In particular, the series starts from a thick 14 uc thin
film down to a 1 uc monolayer: the peaks positions have been rescaled in energy according to previous studies. The thicker film (14 uc, green curve) presents
the typical bulk-like anatase spectrum features, verifying the stabilization of the
anatase crystal structure; also the 3 uc sample (black curve) is in good agreement
with the thicker one, confirming that 3 uc can be considered a threshold thickness
for a bulk-like behaviour of the anatase thin film. As a matter of fact, starting
from 3 uc and moving down to a 1 uc monolayer, the peaks become wider, in
particular the one at 460 eV , which gradually loses the typical anatase splitting.
This behaviour is expected considering the fact that in the ultra-thin regime the
structure is not still comparable to a bulk-like one, and the electronic bands are
not yet well-defined (low-dimensional effect), with the increase of the indetermination in the spectrum peaks, given by the reduction of constraints on the 3D part
of the electronic band structure. Moreover, the possible presence of some disorder
in the ultra-thin structure, namely inequivalent sites at the interface and on the
surface, could contribute to the peaks broadening of the XAS spectrum, therefore
questioning if such an ultra-thin structure can be still ascribed to anatase phase.
Electronic band dispersion has been probed in-situ by ARPES experiments at
APE-Low Energy beamline branch. Firstly, a thick sample (namely 14 uc) has
been measured in order to obtain a bulk-like band structure, according to the
previously discussed XAS results. The sample has been grown on LAO substrate
without a buffer layer: because of the relative high thickness, i.e. about 14 nm,
defects and impurities at the film-substrate interface do not influence the ARPES
measure, which in fact probes the first few layers of the film. The sample was also
annealed in UHV at high temperature (i.e. about 700◦ ) to increase the number
of oxygen vacancies and thus conductivity, in order to avoid sample charging.
Thinnest samples (namely 2, 1.5 and 1 uc) have been grown on a metallic Nb
doped SrTiO3 (Nb:STO) substrate with a 5 uc LAO buffer layer. The change of
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Figure 3.7: Second Brillouin zone ARPES band dispersion at Fermi level of
anatase TiO2 thin films with different thickness: 14 uc anatase TiO2 (001) grown
on LAO (001) substrate with 10’ UHV annealing at 700 ◦ C; 2 and 1.5 uc anatase
TiO2 grown on LAO (001) buffer layer over a Nb doped STO substrate.
the substrate from the original LaAlO3 was a necessary choice due to charging
issues and the impossibility to anneal such thin films without compromising the
anatase TiO2 thin film structure. The evolution of the dispersive state at Fermi
level has therefore been studied for different TiO2 film thickness (namely 14, 2, 1.5
and 1 unit cells), the results are reported in Figure 3.7, showing the metallic state
occurring with decreasing intensity at the surface for three out-of four thicknesses.
In the thicker sample, a clear parabolic dispersion can be noticed. Due to the
higher intensity, the measurements have been performed in the second Brillouin
zone. In particular, TiO2 sample 1 uc thick does not show the occurance of the
state (and therefore has not been reported in the figure), while already at 1.5 uc
it is present, despite the much lower intensity. It is worth noting that ultra-thin
samples display a shift of the kx position with respect to the thicker one that it is
believed to be the result of some error in the tilt positioning, which it is expected
to be of about 2◦ . Moreover, a change in the position of EF , namely Ebin = 0 eV ,
is clearly visible for the ultra-thin samples, which appear to be shifted towards
higher binding energies: this fact is ascribed to a slight charging of the samples
considerig their thickness and the insulating character of the LAO buffer layer and
substrate below.
The decreasing intensity with film thickness, particularly noticed in the 1.5 uc
sample, and the absence of the dispersive state in the monolayer may be due to
different reasons. In particular, the close proximity of the film with the substrate
is a critical point. In fact, chemical interdiffusions and lattice mismatches at the
film/substrate interface can likely take place, even if they are usually considered
negligible. As shown by high-resolution TEM investigations [67], the anatase TiO2
initial layers at interface with the substrate usually show different contrast with
respect to regions far from it, which can be compatible with a significant interdiffusion from the substrate. In particular, to prevent aluminum interdiffusion at the
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Figure 3.8: (a) XRD symmetrical θ − 2θ high-resolution scan of a thick (i.e.
more than 15 nm) sample of LaNiO3 grown on LaAlO3 (001) substrate. (b) Lowangle X-ray reflectivity (XRR) curve of a LaNiO3 sample grown on LaAlO3 (001)
substrate (blue) and corresponding simulation (red) with a thickness of 22 nm. (c)
Resistivity vs Temperature curve of a LaNiO3 thin film grown on LaAlO3 (001)
substrate. (Right, below) LEED pattern of a LaNiO3 thin film at E = 70 eV .
TiO2 /LAO interface, a different buffer layer has been used, consisting of elements
with higher chemical stability in contact with TiO2 , i.e. which do not affect the
lattice registry, such as Ti and Al-free LaNiO3 . Furthermore, LaNiO3 is metallic and this could minimize charging issues that often take place while measuring
oxides, as already pointed out.
LaNiO3 (LNO) buffer layer has been grown by means of NFFA Pulsed Laser
Deposition apparatus on LAO (001) oriented substrate, following the same conceptual procedure already discussed for TiO2 and LaAlO3 . Several samples more than
20 nm thick have been deposited on LAO (001) and characterized with XRD and
LEED, to optimize the growth parameters and check the overall crystal structure
and surface quality. Results are reported in Figure 3.8. Optimized LaNiO3 thin
films have been grown with the following parameters:
LaNiO3 growth parameters
Laser fluence
250 mJ
Laser frequency
2 Hz
Substrate temperature 700 ◦ C
Oxygen pressure
10−1 mbar
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Figure 3.9: Second Brillouin zone ARPES band dispersion at Fermi level of
anatase TiO2 thin films with different thickness, namely 20, 1.25 and 1 unit cells,
grown on LaNiO3 (001) buffer layer (10 uc thick) over a LaAlO3 (001) substrate.
Again, symmetrical high-resolution θ − 2θ scan contains only the (00l ) deltashaped diffraction peaks of the substrate and the (002) LaNiO3 peak occurring
at 2θ = 46.440 ± 0.005◦ . The absence of secondary phases and other crystallographic orientations confirms the preferential c-axis orientation of the film. The
out-of-plane lattice parameter has been calculated from the (002) Bragg reflections,
leading to c = 3.91 ± 0.02 Å, which is about 2% bigger than the expected value of
3.84 Å [68]. This difference is mainly attributable to a compressive strain induced
by the LAO substrate and some oxygen vacancies formed during the film growth.
XRR measurements confirm a very low surface roughness, with oscillations clearly
visible up to 2θ = 4◦ , while the LEED pattern exhibits the expected pseudo-cubic
surface structure with no trace of reconstructions and prove the good surface quality of the film. The simulation performed by means of XOP software allowed to
extrapolate the growth rate, which has been found to be around 94 laser shots
per unit cell. Moreover, electrical transport properties of LaNiO3 thin films were
measured in a four-probe Van der Pauw configuration [69], resulting in a typical
resistivity value at room temperature of approximately 1 mΩ cm, which is one
order of magnitude higher than the best LaNiO3 thin films reported in literature
[70]: this discrepancy is ascribed both to the epitaxial strain induced by the substrate and the presence of oxygen vacancies distributed in the film. Nevertheless,
the resistivity as a function of temperature presents a typical metallic behaviour.
A thickness-dependence series of anatase TiO2 samples with 10 uc LaNiO3
buffer layer over LAO (001) substrate has been grown and measured at APE
beamline, following the same procedure of the previous one. In particular, three
significant thicknesses has been considered, namely 20, 1.25 and 1 uc, which are
reported in Figure 3.9. The main result is that the 1 uc thick sample does not
present any intensity at Fermi level, in agreement with the previous measures,
while at 1.25 uc the dispersive state is clearly visible. Moreover, the latter shows
much more intensity with respect to the prior 1.5 uc sample. The thicker one (i.e.
20 uc) displays the same dispersion features and intensity of the 14 uc sample
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Figure 3.10: ARPES evolution of the dispersive state at Fermi level as a function
of thin film thickness: 20 uc (TiO2 /LNO/LAO), 5 and 3 uc (TiO2 /LAO), 2 uc
(TiO2 /LAO/Nb:STO), 1.25 and 1 uc (TiO2 /LNO/LAO). The parabola has been
fitted from the thicker sample and reported on the other with a rigid shift upward.
grown previously. Again, the shift of kx occurring in the ultra-thin is ascribable
to an error in tilt positioning, as already discussed.
Therefore, the use of a LaNiO3 buffer layer has turned out to be advantageous: not only it has allowed the measurements of the samples without charging
issues (no external modification such as annealing was necessary), but it has also
improved the intensity of the photoemission spectra in the extreme ultra-thin
regime.
In Figure 3.10 the most significant samples from the previous are reported,
displaying the evolution of the dispersive state at Fermi level as a function of film
thickness. The 20 uc sample has been taken from the TiO2 /LNO/LAO series
together with the 1.25 and 1 uc samples; the 5 uc and 3 uc samples are taken from
a TiO2 /LAO (no buffer layer) series measured previosuly at this work, while the 2
uc sample is part of the TiO2 /LAO/Nb:STO series of samples. The thicker one, as
already pointed out, exhibits the best resolved dispersion, allowing to identify and
fit a parabolic curve which is reported in the figure. Moreover, MDC (Momentum
Density Constant) curves extracted at Fermi level and reported in Figure 3.11 (a)
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Figure 3.11: (a) Momentum Constant Energy (MDC) curve extracted at the
Fermi level for the thickness-dependence series: intensities and kx positions have
been adapted. (b) Minimum energy value of the parabola reported as a function
of film thickness (blue markers) and corresponding fitting curve (red).
display a decreasing width of the Fermi surface with film thickness, compatible
with a reduction of the parabola in k-space and a rigid shift of the latter upward,
i.e. towards lower binding energies values, with a consequent decrease of the
number of electrons occupying the state. This behaviour has been emphasized in
Figure 3.10 by superimposing qualitatevely the same 20 uc parabola over the other
samples with a rigid shift upward. Furthermore, the energy decreasing trend is
reported in Figure 3.11 (b), where the minimum value of the parabola is depicted
as a function of film thickness. The negative exponential behaviour followed by the
data (red curve) suggests that for sufficiently thick sample a condition of saturation
will be eventually reached, and the number of electrons in the state will remain
approximately constant.
To conclude, a layer-by-layer growth of anatase TiO2 has demonstrated a dependence of the dispersive state at Fermi level on thin film thickness. In particular,
the width of the parabola presents a decreasing behaviour as a function of thickness. This trend seems not strongly correlated with the particular substrate (LAO,
Nb:STO) or buffer layer (LAO, LNO) chosen for the deposition, as one can see
from Figure 3.10. Nevertheless, the growth of this particular heterostructures has
allowed the reach of the ultra-thin regime and permitted the corresponding measure. Moreover, the monotone evolution of the dispersive state seems not strongly
correlated with epitaxial strain, which can be expected by using Nb:STO substrate
(c = 3.90 Å) or LNO buffer-layer (c = 3.84 Å) compared to anatase. Is it thus
clear that film thickness influences the filling of the state, as already pointed out
in Figure 3.10 and in Figure 3.11. It can be expected that between 1 uc and 2
uc the anatase crystal phase is not completely stabilized, as one can infer from
previous XAS measurements discussion, nevertheless, the difference between 5 uc
and 20 uc suggests that the state is not purely two dimensional, since its filling
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depends on the film thickness. However, the parabolic dispersion and its presence
in a bulk band-gap is a behaviour characteristic of a surface state [71], which is a
particular state that is filled with electrons in order to minimize the total energy
of a solid: if the solid is very thin one can expect that the total energy is different
with respect to a thicker one. Therefore, it is possible that when the thickness is
very low, namely 3 ÷ 1 uc, the state is poorly filled, or not filled at all. As a matter
of fact and to the best of this analysis, the only thing that changes as a function
of film thickness is the electron filling: the state does not undergo hybridization
or acquisition of new simmetries, but it is indeed always the same. It can be concluded that the dispersive state at Fermi level is indeed a characteristic surface
state of anatase TiO2 : the charge filling this state has a therefore two-dimensional
extension (namely, it is a two-dimensional electron gas, 2DEG) but its quantity
depends on film thickness. For this reason, it more appropriate to conclude that
the state possesses a quasi-two-dimensional character.
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3.3

Epitaxial strain induced evolution of electronic
states

In the previous section, an accurate analysis of the evolution of the dispersive
2DEG state as a function of film thickness has been performed, intentionally overlooking some peculiar aspects of the ARPES spectra. In particular, focusing for
example on the thicker anatase TiO2 samples, besides the parabolic profile around
Fermi energy, one can clearly see an extension of the photoemission intensity in a
region well below Ebin = 0 eV : this characteristic is also clear when considering
the ultra-thin regime. The origin of this peculiar dispersion and, more precisely,
the nature of the interactions involved in the process, are still debated within the
scientific community.
This behaviour has been reported as a signature of long-range electron-phonon
coupling (Fröhlich polarons) in anatase TiO2 [2] and SrTiO3 [72]. Generally speaking, an electron polaron is a quasiparticle composed of an electron and its corrispective self-induced polarization in a crystal. Physically speaking, the electron pulls
nearby positive ions towards it and pushes away negative ions [73]: these Coulomb
interactions with the lattice can be thought of as a cloud of phonons surrounding
the particle as it moves through the crystal. In many materials the radius of a
polaron is much larger than the lattice constant: these are the so-called Fröhlich
polarons (or "large" polarons). In this framework, the photoemission spectrum
presents a main peak followed by a progression of vibronic satellites separated by
a constant energy given by h̄ω, where ω is the frequency of the particular phonon
taken into account. In particular, nh̄ω is the extra amount of energy required
to extract an electron coupled with one of the n vibrational excited states. As
reported by Moser et al. [2], this scenario explains well the measured ARPES
spectrum by considering the electron interaction with a longitudinal optical (LO)
phonon mode of h̄ω = 108 meV observed with Raman spectroscopy. Nevertheless, other hypotheses going further a simple electron-phonon coupling may be
advanced to effectively explain the data. More precisely, Nie et al. [74] studied a two-dimensional electron liquid formed at the surface of La-doped Sr2 TiO4
(a complex oxide) thin film and observed a similar ARPES spectrum behaviour;
however, their explanation is an interplay of disorder (dopant-induced or vertical
faults) and electron-phonon coupling acting cooperatively at similar energy scale.
The resistivity of a system following a polaronic behaviour is given by an expression that can be summarized as follows [75, 76]:
ρ(T ) ∝ exp(Ep /2kB T )
where Ep is the polaronic binding energy. Therefore, one could think that a possible
way to determine if the anatase dispersive state is indeed composed of polarons is
to perform a resistivity measure as a function of temperature. However, the quasitwo-dimensional nature (namely, the surface confinement) of the electron state
proven in the previous section makes this procedure experimentally very difficult
to perform with a traditional four probe technique, due to the UHV environment
necessary to the very existance of the state. Instead, a different approach can be
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Figure 3.12: XRD symmetrical θ − 2θ high-resolution scan of anatase TiO2 thin
films (more than 20 uc thick) grown on LaAlO3 (001) (black curve), SrLaAlO4
(001) (blue curve) and SrLaGaO4 (001) (red curve). The inset displays a zoomedin image of the anatase (004) diffraction peaks around 2θ = 38◦ .
considered, exploiting the possibilities provided by the thin film technology. In
particular, it is well reported in literature that an epitaxial strain induced by the
substrate and, more in general, structural deformations (like variations of buckling
angles), can increase or decrease the polaron activation energy Eg = Ep /2, and
thus resistivity, of manganite thin films [75–78] such as La1−x Bax MnO3 (LBMO)
and La1−x Cax MnO3 (LCMO). Moreover, the manganite belong to the perovskite
family, which has some structural similarities with anatase TiO2 : for example,
the presence of BO6 octahedra considering a general perovskite ABO3 chemical
formula. Therefore, it has been followed the subsequent procedure over thick
(i.e. 20 uc) anatase TiO2 thin films: the samples have been grown by means of
NFFA-PLD apparatus on different substrates, inducing an epitaxial strain given
by the in-plane lattice parameters mismatch, and the dependence on strain of the
dispersive state at Fermi energy has been measured in-situ at APE-Low Energy
ARPES facility. The main purpose of this experiment was to monitor the surface
state by introducing controlled deformations in the system, following the same
conceptual procedure previously applied to manganite.
Three anatase TiO2 thin films approximately 20 uc thick have been deposited
on LaAlO3 (001), SrLaAlO4 (001) (SLAO) and SrLaGaO4 (001) (SLGO) substrates. As already discussed, the epitaxial strain is negligible on LAO, while it is
expected to be compressive on SLAO (in-plane lattice parameter of 3.75 Å [50])
and tensile on SLGO (in-plane lattice parameter of 3.84 Å [50]). Symmetrical
XRD θ − 2θ high-resolution scan are reported in Figure 3.12: the three delta-like
shaped peaks of the substrates are in the correct position as expected, while the
well known anatase (004) thin film peaks appear at different positions, showing the
clear presence of an induced epitaxial strain. More precisely, the peaks occur at
2θLAO = 37.873±0.003◦ , 2θSLAO = 37.459±0.003◦ and 2θSLGO = 38.00±0.01◦ , giv50
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Figure 3.13: ARPES evolution of the dispersive state at Fermi level as a function
of epitaxial strain: anatase TiO2 thick sample grown on SrLaAlO4 (a), LaAlO3
(b) and SrLaGaO4 (c). (d-e-f) EDC at kF extracted from the corrispective data
above (white dashed line). Note: the sample grown on LaAlO3 has been measured
with circular polarization instead of horizontal, which has been normally used in
this work.
ing an out-of-plane lattice parameter of cLAO = 9.49 ± 0.04 Å, cSLAO = 9.59 ± 0.04
Å and cSLGO = 9.46±0.08 Å. As expected, the SLAO epitaxial compressive strain
has induced an increase of the TiO2 out-of-plane lattice parameter of about 1%,
while the SLGO epitaxial tensile strain a decrease of about 0.3%. This discepancy
could be mainly ascribed to the structure of anatase: compressive strain is quite
effective, since the elongation of the whole unit cell along the vertical axis does not
affect the minimum distance among the Ti-O bonds, while the compression in the
plane is accomodated by increasing the Ti-O-Ti buckling angles and/or rotation
of the TiO6 octahedra. On the contrary, the reduction of the whole unit cell along
the vertical axis, as a result of the in-plane tensile strain, is limited by the Ti-O
chemical bonds, which cannot be compressed beyond a certain limit (i.e. ionic
distances).
ARPES measurements of the strain-dependent anatase TiO2 samples are reported in Figure 3.13 (a-b-c). The analysis of the spectrum has been carried out
as follows: firstly, an EDC was extracted at kF , which was inferred from a MDC
curve extracted at Ebin = 0 eV ; subsequently, an intgration of the EDC spectrum
was performed, in order to remove the background noise affecting the data. Finally, also the in-gap state was removed from the EDC by fitting it with a gaussian
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function convoluted with a sigmoid to account for the Fermi-Dirac distribution at
Ebin = 0 eV . The results of this procedure are displayed in Figure 3.13 (d-e-f).
Focusing on the un-strained anatase TiO2 grown on LAO, it is very clear the
presence of some extra-peaks in the spectrum tail besides the main one at zero
binding energy. For this reason, the spectrum has been fitted with four gaussian
peak, obtaining a good representation of the experimental data. In particular, the
spacing between the peaks has been found to be ∆E = 108±25 meV , in agreement
with [2]. Furthermore, the strained samples present a different behaviour, particularly evident in the spectrum tail: the same fitting procedure leads to a spacing
between the peaks of ∆ESLAO = 129 ± 12 meV and ∆ESLGO = 79 ± 16 meV .
However, despite in the SLAO spectrum it is evident the presence of at least one
extra peak located in the tail, the same can not be said for the SLGO sample,
which do not exhibit clear features; also the relative intensities of the replicas
in the tail are very different from the sample grown on LAO. Nevertheless, this
results demonstrate that there is a clear modification of the spectrum in the transition from an un-strained condition to a compressive and tensile strain regimes,
suggesting a potential tunability behaviour of the state.
The discrepancy between the three samples could be the result of a modification of the polaron activation energy due to the structural deformations induced
by strain, as it happens for manganite, therefore conferming a polaronic character
of the system. In this framework, a tensile strain seems to unfavour the formation
of polaronic replicas, which are not clearly visible in the spectrum tail, while it
seems to be the opposite case for a compressive strain, as one can directly infer
from the spectrum. However, other explainations are possibile: for example, the
deformations of the structure induced by the strain could change the characteristic frequency of the anatase LO optical phonon, therefore implying a variation of
the spectrum tail and energy distance of the replicas. Furthermore, going beyond
a simple electron-phonon coupling mechanism, also disorder or interactions with
multiple phonons should be considered. The previous preliminar qualitative discussion highlights the need of an appropriate theoretical model that should take
into account the effect of controlled structural deformations on anatase TiO2 , in
order to better clarify the nature of the dispersive state at Fermi energy. New
ARPES experiments as a function of photon energy over a broad soft X-ray range
could also provide information on kz , i.e. on the pure two-dimensional nature of the
surface state or its quasi two-dimensional nature with some dispersive behaviour
along kz , as found for example in WTe2 [79].

52

CHAPTER 3. RESULTS

3.4

On going work

Despite the tremendous research activity carried out on the study of titanium
dioxide, and in particular on anatase both thin film and single crystal, the electronic properties of this system are still far from being completely understood. As
the quasi-two-dimensional dimensionality of the dispersive state at Fermi energy
is now commonly accepted, as shown in section 3.2, the same could not be said
regarding its nature, as pointed-out in section 3.3, and the true character of the
non-dispersive in-gap state localized around 1.5 eV . For these reasons, further
measurements and analysis are required. The application of an external perturbation and the control of the corrispective response represents indeed a good strategy
to infer more physical properties of the system, as previously discussed.
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Figure 3.14: ARPES spectra evolution as a function of annealing: (a) as-grown
anatase TiO2 thick sample grown on LaAlO3 ; (b) annealed (10’ in vacuum at
700◦ C) anatase TiO2 thick sample grown on LaAlO3 . (c) MDC extracted at Fermi
energy. (d) EDC extracted at Fermi wavevector.
In this framework, a simple comparison has been made between a thick TiO2
sample grown on LaAlO3 with about 10 minutes annealing in vacuum at deposition
temperature (namely 700◦ C) and a thick as-grown TiO2 thin film deposited on
the same substrate. Results are reported in Figure 3.14. A parabolic dispersion
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is evident for the two samples, as expected from the considerations of section 3.2:
moreover, the same fitting procedure has been performed, resulting in a rigid shift
of the parabola downward for the annealed thin film, suggesting a simple electron
doping effect. This fact is also clear considering the MDC curve extracted at
Fermi energy (namely Ebin = 0 eV ), where an evident increase of the width of
the parabola can be seen. Focusing now on the EDC curves extracted at Fermi
wavevector, a modification of the non-dispersive in-gap state can be noticed: in
particular, a shift towards lower binding energy.
The rigid shift of the parabola downward is compatible with the common opinion regarding this type of systems that oxygen vacancies (induced by the thermal
annealing in this case) act as carriers donors by partly filling the dispersive state at
Fermi energy and the localized in-gap state [80]. However, this description seems
definetly too simple to fully explain the experimental data: in particular, the shift
of the in-gap state, which is believed to be due also to oxygen vacancies (see section
3.1), could be explained with the rise of an another non-dispersive state at lower
binding energy, making the in-gap state the sum of two distinct states. Therefore,
in this possible picture, the oxygen vacancies created with annealing could be in
some way different in energy [80] from those that are intrinsic of the system, or
those created with other techiniques (for example, by long UV irradiation), resulting in distinct localized in-gap states. Indeed, this aspects need to be investigated
more accurately in order to better explain the electronic properties of anatase
TiO2 .
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Conclusions and perspectives
The main purpose of this work was to investigate the electronic properties at the
surface of anatase TiO2 thin films. Such effort is of relevance as nano-structured
TiO2 materials have peculiar electronic and catalytic properties. The extreme
versatility and accuracy of Pulsed Laser Deposition (PLD) made this technique
perfectly suited for a layer-by-layer growth, which turned out to be fully controllable thanks to the low deposition rate. X-Ray Diffraction (XRD) measurements
confirmed the preferential c-axis orientation of the films, without other secondary
phases or crystallographic orientations, and a very-low surface roughness. Moreover, Low Energy Electron Diffraction (LEED) proved the long range order with
the expected (4×1)−(1×4) surface reconstruction and an overall excellent quality
of the samples.
The evolution of the anatase TiO2 dispersive state at Fermi level was analyzed
as a function of thin film thickness: the results demonstrated a parabolic dispersion and a quasi-two-dimensional nature, where the filling of the state is directly
correlated with the out-of-plane direction (i.e. perpendicuar to the surface). In
particular, the width of the parabola decreases with thickness, revealing a lowering
in the electron population of the state; nevertheless, the parabolic dispersion and
its presence in a bulk band-gap are indeed peculiar characteristics of a surface
state.
Thin films technology enabled the introduction of controlled structural deformations in the TiO2 samples by suitably changing the deposition substrate
and inducing an epitaxial tensile or compressive strain. A preliminary qualitative analysis revealed a clear modification of the dispersive state switching from
an unstrained to a tensile and a compressive strain regimes, revealing a possible
polaronic behaviour, in agreement with other systems like the manganite, where
the polaron activation energy changes as a function of structural deformations.
Moreover, the response of the dispersive state with respect to a thermal annealing was qualitatively investigated, resulting in a rigid shift of the parabola
downward, which is compatible with electron doping as a consequence of the presence of a variable density of oxygen vacancies. Nevertheless, the shift of the energy
position of the non-dispersive in-gap state suggests that this picture may be too
simplistic.
Summing up, this work proved an efficient growth protocol of anatase TiO2 thin
films by means of Pulsed Laser Deposition and an accurate electronic characterization with synchrotron radiation. The results deepen the knowledge of the dispersive state at Fermi level and lay new foundations for the complete understanding
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of this system. The future prospects of this work are to carefully investigate the effects of external solicitations on the electronic properties of anatase: in particular,
suitable theoretical models that account for epitaxial strain are needed, together
with a complete and accurate temperature-dependence analysis to better clarify
the role of oxygen vacancies in this system. Nevertheless, new Angle-Resolved
Photoemission Spectroscopies experiments over a broad soft X-ray energy range
would also provide more information on the pure two-dimensional nature of the
surface state, thus finally confirming its dimensionality.
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