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"Pay attention
to where you are going

because without meaning
you might get nowhere."

A. A. Milne





ZUSAMMENFASSUNG

Übergangsmetalloxide stellen eine hochinteressante Materialklasse dar, da sie
eine Vielzahl neuartiger Phänomene, wie z.B. multiferroische Eigenschaften und
Supraleitung, aufweisen. Diese Effekte sind die Folge eines komplexen Zusammen-
spiels zwischen den Freiheitsgraden von Ladung, Spin und der orbitalen Komponente
innerhalb eines korrelierten d-Elektronensystems. Sauerstoffstörstellen an der Ober-
fläche von einigen dieser Systeme führen zu der Ausbildung freier Ladungsträger und
der damit verbundenen Erzeugung eines 2-dimensionalen Elektronengases (2DEG).
Das in dieser Arbeit untersuchte Bariumtitanat (BaTiO3) ist ein typisches und sehr
vielversprechendes d0-Übergangsmetalloxid. Zum einen ist es ferroelektrisch bei
Raumtemperatur und zum anderen weist es mehrere strukturelle Phasenübergänge
auf, von kubisch über tetragonal (bei Raumtemperatur) und orthorhombisch zu rhom-
boedrisch. Die spontane elektrische Polarisation in BaTiO3 kann dazu verwendet
werden um physikalische Eigenschaften angrenzender Materialsysteme, z.B. von
Dünnfilmen, zu beeinflussen. Obwohl vor allem die makroskopischen ferroelektrischen
Eigenschaften von BaTiO3 bereits detailliert untersucht wurden, ist die mikrosko-
pische elektronische Struktur in BaTiO3 und in BaTiO3-Grenzflächen noch nicht voll-
ständig verstanden. Der Grund hierfür ist ein komplexes Wechselspiel zwischen elek-
tronischen Korrelationseffekten, Sauerstoffstörstellen, Ferroelektrizität und struk-
turellen Aspekten.

Diese Dissertation befasst sich mit der elektronischen Struktur von verschiede-
nen BaTiO3-Systemen, unter Verwendung der winkelaufgelösten Photoelektronen-
spektroskopie (PES). Zum einen wurde das Valenzband von BaTiO3-Einkristallen
systematisch untersucht und mit theoretischen Rechnungen verglichen. Dabei konnte
eine endliche p-d-Hybridisierung von Titan- mit Sauerstoff-Zuständen im Valenzband
festgestellt werden. Weiterhin wurde in BaTiO3-Dünnfilmen das Auftreten von spek-
tralem Gewicht nahe des Ferminiveaus beobachtet. Diese metallischen Zustände sind
auf eine erhöhte Dichte von Sauerstoffstörstellen an der Oberfläche zurückzuführen,
wodurch das System effektiv dotiert wird. Die systematische Untersuchung der elek-
tronischen Struktur in Abhängigkeit von Temperatur und Sauerstoff-Partialdruck
wurde erfolgreich durch ein Modell beschrieben, das eine Instabilität der metallischen
Zustände bei T ≈285 K aufzeigt.
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ZUSAMMENFASSUNG

Die ferroelektrische Eigenschaft von BaTiO3 kann in Heterostrukturen dazu
verwendet werden, um die elektronische Struktur an der Grenzfläche zu kontrol-
lieren. Zu diesem Zweck wurde in dieser Arbeit die mikroskopische elektronische
Struktur an der Grenzfläche von Bi/BaTiO3 bedeckungsabhängig charakterisiert
und im Hinblick auf die spin-polarisierten Zustände in Bi untersucht. So konnten
Rashba-spinaufgespaltene elektronische Zustände in der Volumenbandlücke des fer-
roelektrischen Substrates nachgewiesen werden. Eine Variation der Filmdicke in
Bi/BaTiO3 führte zu einer energetischen Verschiebung und zu einer Änderung des
Fermivektors der spinaufgespaltenen Zustände. Diese Beobachtung hängt stark mit
dem Ausbilden eines Grenzflächenzustandes zusammen, der für sehr niedrige Be-
deckungen beobachtet wurde. Beide Effekte weisen zudem auf eine Wechselwirkung
zwischen den Bi-Filmen und BaTiO3 hin.
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ABSTRACT

Transition metal oxides (TMO) represent a highly interesting material class as
they exhibit a variety of different emergent phenomena including multiferroicity and
superconductivity. These effects result from a significant interplay of charge, spin
and orbital degrees of freedom within the correlated d-electrons. Oxygen vacancies
(OV) at the surface of certain d0 TMO release free charge carriers and prompt the
formation of a two-dimensional electron gas (2DEG). Barium titanate (BaTiO3) is a
prototypical and promising d0 TMO. It displays ferroelectricity at room temperature
and features several structural phase transitions, from cubic over tetragonal (at
room temperature) and orthorhombic to rhombohedral. The spontaneous electric
polarization in BaTiO3 can be used to manipulate the physical properties of adjacent
materials, e.g. in thin films. Although the macroscopic properties of BaTiO3 are studied
in great detail, the microscopic electronic structure at the surface and interface of
BaTiO3 is not sufficiently understood yet due to the complex interplay of correlation
within the d states, oxygen vacancies at the surface, ferroelectricity in the bulk and
the structural phase transitions in BaTiO3.

This thesis investigates the electronic structure of different BaTiO3 systems by
means of angle-resolved photoelectron spectroscopy (ARPES). The valence band of
BaTiO3 single crystals is systematically characterized and compared to theoretical
band structure calculations. A finite p-d hybridization of titanium and oxygen states
was inferred at the high binding energy side of the valence band. In BaTiO3 thin films,
the occurrence of spectral weight near the Fermi level could be linked to a certain
amount of OV at the surface which effectively dopes the host system. By a systematic
study of the metallic surface states as a function of temperature and partial oxygen
pressure, a model was established which reflects the depletion and accumulation of
charge carriers at the surface of BaTiO3. An instability at T ≈ 285 K assumes a volatile
behavior of these surface states.

The ferroelectricity in BaTiO3 allows a control of the electronic structure at the in-
terface of BaTiO3-based heterostructures. Therefore, the interface electronic structure
of Bi/BaTiO3 was studied with respect to the strongly spin-orit coupled states in Bi by
also including a thickness dependent characterization. The ARPES results, indeed,
confirm the presence of Rashba spin-split electronic states in the bulk band gap of the

vii



ABSTRACT

ferroelectric substrate. By varying the film thickness in Bi/BaTiO3, it was able to mod-
ify the energy position and the Fermi vector of the spin-split states. This observation
is associated with the appearance of an interface state which was observed for very
low film thickness. Both spectral findings suggest a significant coupling between the
Bi films and BaTiO3.
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1
INTRODUCTION AND MOTIVATION

Conventional electronic devices, nowadays, are mainly based on semiconductors
and semiconductor heterostructures. On the one hand, the conductivity properties of
semiconductors can be easily manipulated and varied by doping, gating and tempera-
ture. On the other hand, the combination of semiconducting layers in a heterostructure
can result in the formation of a two-dimensional electron gas (2DEG) at the interfaces.
This conducting channel represents the starting point for the development of high-
electron-mobility transistors as in GaN-based systems [1]. The presence of a 2DEG
in semiconducting interfaces has been an important prerequisite for the discovery of
the integer [2] and fractional [3] quantum Hall effect. In general, conventional semi-
conductor electronic devices exhibit a wide range of applicability, e.g. in transistors,
light-emitting diodes, etc. The performance and reliability of these devices, however,
is strongly restricted to their size due to self-heating effects [4]. These limitations
have promoted the search for other alternative materials with additional physical
properties.

In the last years, there has been considerable effort to realize similar concepts
in the field of oxide heterostructures [5–11]. These materials have distinct advan-
tages over the use of conventional semiconductors. Almost every naturally occurring
compound on earth’s surface is an oxide. As these oxides usually are quite inert and
chemically stable under standard conditions, they can be easily processed with respect
to practical applications [12]. In addition, the class of oxides contains metallic con-
ductors, semiconductors as well as insulators. These electric properties allow oxides
to serve as e.g. source, drain and gate in a field effect transistor [13]. Today, even
an atomic-layer precision between two different oxide layers is achieved since the
fabrication of oxide superlattices and heterostructures has tremendously improved
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CHAPTER 1. INTRODUCTION AND MOTIVATION

in the last two decades [7]. All these properties represent important prerequisites in
order to implement future oxide devices.

The class of transition metal oxides (TMO) has a further advantage with respect to
conventional semiconductors. In these systems, strongly correlated d electrons from
the transition metal are embedded in an oxygen environment. A finite correlation
between these d electrons restricts a complete filling of d states per transition metal
lattice site and, hence, enables a local interaction of spin, charge and orbital degrees
of freedom [11]. The entanglement of these individual degrees of freedom varies
among the different TMO so that each TMO possess slightly different and unique
physical properties, namely magnetism, electrical transport, thermal conductivity,
optical response and superconductivity.

A first groundbreaking step towards a possible realization of oxide devices has
been the observation of a high mobility electron gas at the interface of the two TMO
LaAlO3 and SrTiO3 (LAO/STO) [14]. The microscopic origin of the 2DEG at oxide
heterostructures, in contrast to the semiconducting material class, can not be explained
by a simple band picture but comprises three crucial aspects [15]: i) the occurrence of
a 2DEG might be attributed to an electronic reconstruction at the interface [14]. Other
studies, moreover, stated that also ii) electrically active defects in the vicinity of the
interface [16, 17] and iii) deviations in the stoichiometry of the individual compounds
play an important role [18]. A crucial property of the 2DEG at the LAO/STO interface
is its superconductivity [19] which might enable the coexistence of superconductivity
and ferromagnetism in oxides [20, 21].

The formation of a 2DEG, however, is not restricted to the LAO/STO interface but
has also been observed on oxide surfaces, as on SrTiO3(001) [22, 23], TiO2(001) [24]
or KTaO3(001) [25, 26]. For STO, a lot of electronic properties have been proposed to
arise from the entanglement of spin, charge, orbital and lattice degrees of freedom in
the 2DEG, as e.g. Rashba-like spin splitting, quantum Hall effect, coherent polaronic
liquid, electron dichotomy, magnetism etc. [27–31]. In both cases, i.e. at the TMO
surface and interface, the existence of the 2DEG is strongly linked to the presence of
oxygen vacancies (OV) [16, 32–34]. The formation of a 2DEG due to OV, however, is a
delicate matter. In this respect, it is crucial to understand the equilibrium distribution
and diffusion kinetics of the OV as these quantities affect the properties of the 2DEG
[35, 36].

Among these TMO, Barium titanate (BaTiO3) possesses the interesting charac-
teristic of being ferroelectric at room temperature [37]. In addition to ferroelectricity,
BaTiO3 develops large polarized domains and has excellent dielectric and piezoelectric
properties [38]. By analogy with SrTiO3, BaTiO3 displays metallic states at its surface
[39] and at charged domain walls [40]. The ferroelectric property in bulk BaTiO3 as
well as in BaTiO3 films and heterostructures, however, is of greatest interest. Recent
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progress in the growth of oxide films allows also to fabricate high-quality superlattices
consisting of, e.g., alternating BaTiO3 and SrTiO3 layers [41]. This makes BaTiO3

heterostructures promising for applications. A change in the period of the superlattice
or in the ratio of the individual components affects the ferroelectric properties of
BaTiO3 [42]. Additional strain in thin BaTiO3 films, generated due to a certain degree
of lattice mismatch with the underlying substrate, leads to similar effects [43]. In that
way, the strength of the remanent polarization in BaTiO3 could be enhanced by values
up to 250 % in combination with elevated transition temperatures [44]. In addition,
highly strained BaTiO3 films exhibit an electroresistance large enough in order to
realize ferroelectric tunnel junctions [45, 46].

The discovery of the ferroelectric field effect in thin film oxide heterostructures
allows the realization of novel oxide materials in electronic devices [47]. The main
concept is based on the modification of the carrier concentration at the interface of
two oxide materials induced by the switching of the ferroelectric polarization [48, 49].
Recently, this effect has also been observed in the heterostructure BaTiO3/Ge(001)
[50] promoting ferroelectric field-effect transistors based on BaTiO3 thin films. A
further or actually the ultimate step regarding the implementation of BaTiO3 in
heterostructures is the coupling of its ferroelectricity to physical quantities of adjacent
materials. For instance, the magneto-electric coupling in Fe/BaTiO3 enables a direct
control of the magnetism in Fe by means of proximity effects [51, 52]. In that regard,
also a ferroelectric control of the 2DEG at an oxide heterointerface might be achieved
[53].

The ferroelectric behavior of BaTiO3 at room temperature has been known for
almost 70 years [54]. A large variety of subsequent studies improved the knowledge of
the macroscopic properties of ferroelectricity [38]. In addition, a ferroelectric response
of BaTiO3 has already been successfully applied in oxide heterointerfaces [55, 56].
However, a lot of open questions remain to be addressed, in particular, concerning
the microscopic electronic structure of BaTiO3 at its surface and interface. The main
difficulty is that several complex aspects collectively shape the low-energy electronic
structure of BaTiO3: the ferroelectricity in BaTiO3 accompanied by the formation of
domains, the different structural phases of BaTiO3 and the respective phase transi-
tions, a possible electronic correlation due to the Ti 3d states and the formation of
oxygen vacancies at the BaTiO3 surface.

The goal of this thesis is to investigate the electronic properties of BaTiO3 systems
by angle-resolved photoelectron spectroscopy (ARPES). ARPES, in general, allows to
directly map the electronic band structure of a material and is sensitive to many-body
effects. Thereby, the microscopic electronic structure of BaTiO3 single crystals and
BaTiO3 thin films in the bulk and at the surface shall be unveiled. An additional
objective of this thesis is to explore ferroelectric proximity effects on strongly spin-orbit
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CHAPTER 1. INTRODUCTION AND MOTIVATION

coupled states at the interface of a BaTiO3-based heterostructure, namely the Rashba
Ferroelectric Heterostructure Bi/BaTiO3(001).

In particular, the following questions are raised: i) is the band dispersion of the O
2p valence band resolvable by ARPES, can the experimental result be compared to
band calculations and to what extent does p-d hybridization of conduction and valence
band states play a role in the spectral weight of O 2p? ii) does a 2DEG exist at the
surface of BaTiO3, what is its microscopic origin and how do oxygen vacancies affect
this 2DEG or the electronic structure at the surface in general? iii) do spin split surface
states appear in a Bi/BaTiO3 heterostructure, what happens to the electronic structure
when the thickness of the Bi films is decreased and is a coupling of ferroelectricity and
spin-orbit split states observable?

In order to address these questions the thesis is structured as follows. Chapter 2
introduces the two materials of interest, BaTiO3 and Bismuth (Bi), by presenting
profound concepts of the respective material. Starting with their structure and char-
acteristic physical properties, their electronic structure in the bulk and at the surface
is derived. Chapter 3 introduces the experimental technique which has been used to
determine the electronic structure, namely photoelectron spectroscopy in general and
also states some specific methods which have been used. In addition, the experimental
setup and the sample preparation are presented. Chapter 4 covers some basic results
on the bulk electronic structure of BaTiO3 measured by ARPES. On the one hand, the
band structure of the O 2p valence band is compared to band structure calculations
and investigated in dependence on the surface condition and temperature. On the
other hand, the insulating nature and the hybridization in pure BaTiO3 is determined
by means of the Ti 2p core-levels.

Chapter 5 studies the surface electronic structure of BaTiO3 thin films via ARPES.
A quasi-particle state and an incoherent spectral contribution are observed at the
Fermi level of BaTiO3. Their orbital character is deduced from the results of a photon
energy, polarization and resonance study. In addition, the occurrence of the surface
electronic states at the Fermi level is linked to the formation of oxygen vacancies at
the surface of BaTiO3. Thereby, the density of oxygen vacancies can be controlled by
the illumination of the sample with synchrotron light, by the partial oxygen pressure
in the chamber and by the sample temperature. The integrated spectral weight of
the quasi-particle state and the incoherent spectral contribution as a function of
temperature is described by an appropriate theoretical model for the electron density
of a 2DEG. In addition, the charge state of the oxygen vacancy is determined which
provides information about the number of itinerant and trapped electrons in the
system.

Another relevant topic in this thesis is the interface electronic structure of BaTiO3

in a particular heterostructure, Bi/BaTiO3(001). Beside the magneto-electric coupling,
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a direct control of the ferroelectric polarization in BaTiO3 on spin-polarized carries
has been demonstrated [57]. Further studies reveal that the Rashba-type spin-orbit
coupling [58, 59], in general, can be manipulated by means of ferroelectricity [60–
62]. Possible application which result from a well-controlled engineering of the spin-
splitting in electronic states can be summed up under the concept of spintronics
[63, 64]. The spin field-effect transistor [65], thereby, is probably the most important
example. Referring to this exploratory work, in particular to the theoretical study
on a monolayer of Bi on BaTiO3(001) [60], the surface structure of the Bi films in
Bi/BaTiO3(001) as well as the electronic structure at the interface is investigated
in Chapter 6. The results demonstrate the realization of large spin split surface
state on a ferroelectric substrate and the appearance of a peculiar interface state in
Bi/BaTiO3(001).

All the outcome obtained in Chapter 4 – 6 is summarized in Chapter 7. The results
from the respective chapters allow to draw conclusions which address a possible
implementation of future devices based on BaTiO3. At the end of Chapter 5 and 6 a
short outlook in the field of oxide heterostructures is given.
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2
MATERIALS OF INTEREST

Within the wide range of solid state materials there are two specific types of
electronic systems which are addressed in this thesis. The class of d0 TMO range from
narrow- to wide-band gap insulators for binary and ternary compounds, respectively
[66]. The detailed electronic structure depends on the crystal structure of the TMO and
on the configuration of bonding orbitals between the transition metal and the oxygen
ligands [12]. Electron correlation, defects and changes in the (surface) stoichiometry,
however, can tremendously influence the electronic properties of the TMO [67]. The
perovskite BaTiO3 (BTO) represents one special case among the different TMO as it
displays ferroelectrically polarized domains at room temperature.

The other class of material can be classified by the presence of strong spin-orbit
coupling (SOC). This physical property contributes to the total energy of electronic
states and, thereby, influences the electronic structure of the material. Under certain
conditions, SOC can even lead to a spin splitting in electronic states. In the group-V
semimetal Bi, the SOC is rather strong which slightly affects the dispersion of the
bulk bands but most prominently changes the electronic properties of the surface
states.

2.1 d0 Transition Metal Oxides

The unique structure inherent to TMO allows the interplay of charge, spin and
orbital degrees of freedom at a given lattice site [11] which might lead to novel phenom-
ena in the field of condensed matter physics. For instance, manganese oxide compounds
exhibit the colossal magnetoresistance (CMR) [68] while high TC systems are realized

6



2.1. d0 TRANSITION METAL OXIDES

in doped oxide-based superconductors [69]. Thereby, the physical properties strongly
depend on the configuration of the d orbital of the transition metal [70]. Recently,
the 3d0 system based on the transition metal Titanium became a topic of increasing
interest. The most studied example is SrTiO3 (STO) which shows electronic states
of two dimensional character at its bare surface [22, 23] as well as superconducting
carriers at the interface with LaAlO3 [19].

2.1.1 Perovskite crystal structure

A very prominent structure among the TMO is the class of ABO3 perovskite
crystals. Its cubic structure is depicted in Figure 2.1:

Figure 2.1: Crystal structure of a general
ABO3 perovskite. The transition metal B (gray)
is situated in the center of an oxygen
octahedron [BO6]n− (red). Eight of these
octahedrons located at the corner of a cubic
system provide the surrounding of the alkaline
earth metal A (green).

In the perovskite structure the alkaline earth metal A ideally has a coordination
number of twelve. This means that it is surrounded by twelve identical oxygen atoms
O. The transition metal B has a six-fold coordination and is located at the center of
an oxygen octahedron. From a different point of view the perovskite crystal can be
regarded as alternating AO and BO2 stacking layers. In the case of STO and BTO,
which are prominent representatives of d0 TMO, the bonding nature between the
alkali metal Sr2+ or Ba2+ (green) and the [TiO6]8− octahedron is supposed to be mainly
ionic (Figure 2.1). Within the octahedron, however, there also exists a certain amount
of covalency between the transition metal Ti4+ (gray) and the oxygen atoms O2− (red)
[71, 72]. In general, the physical properties of a TMO are to a large extent determined
by the transition metal, more precisely by the energetic situation of the transition
metal d-states. In our case this involves the energy position of the Ti 3d states and
their occupation.

The oxygen ligands which bond to the transition metal and form the [TiO6]8−

octahedron produce an external field. This so called crystal field lifts the degeneracy
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CHAPTER 2. MATERIALS OF INTEREST

of the Ti 3d orbitals and the energy of the eg and t2g states is increased and low-
ered, respectively (see Figure 2.2). Depending on their orientation with respect to
the ligands the electrostatic repulsion between the O 2p states and the respective
Ti 3d orbitals varies. For instance, the dx2−y2 - eg orbital which is directed along the
lobes of the px and py states is energetically less favorable than the dxy - t2g orbital
which points along the plane diagonal due to orbital overlap [73]. A distortion of the
[TiO6]8− octahedron itself, e.g. by a compression or extension along one axis, leads to a
further splitting of the Ti 3d states and additionally affects the degeneracy of the O
2p valence states. Both effects are accurately described within the Jahn-Teller theory.

Figure 2.2: Crystal field splitting
of d orbitals. The oxygen
octahedron lifts the degeneracy of
the d orbitals into eg and t2g

states.

2.1.2 Jahn-Teller Effect

The Jahn-Teller effect (JTE), in general, determines the equilibrium geometry
of any material system (e.g. in molecules, in crystals, etc.) by considering its energy
landscape as a function of all possible distortions Q. Certain displacements, however,
might also induce the formation of new covalent bonds which stabilize low-symmetric
configurations [74]. As already mentioned, the bonding within the [TiO6]8− octahedron
is not entirely ionic but includes additional covalency between valence and conduction
electrons. Hence, the high-symmetry structure of the [TiO6]8− octahedron (without
distortion) might not be the energetically most stable configuration. A detailed con-
sideration by means of the Jahn-Teller effect, however, clarifies the situation in the
[TiO6]8− octahedron. Thereby, the energy of the electronic ground state is expanded as
a function of the distortion Q according to the concept of perturbation theory [75]:

(2.1)
E(Q)= E(0)+〈0| (δH/δQ)0 |0〉Q+

1
2

(
〈0| (δ2H/δQ2)0 |0〉−2

∑
n

∣∣〈0| (δH/δQ)0 |n〉
∣∣2

En −E(0)

)
Q2 + ...
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with the energy of the undistorted ground state E(0) and of the excited states En and
their corresponding wavefunctions |0〉 and |n〉.

In the following, only the first excited state |1〉, which reflects the displacement
of the Ti4+ ion from the center, is regarded. This reduction of the system to a two-
level problem actually leads to the representation of the so-called pseudo Jahn-Teller
effect. For non-degenerate states, as in our case, the term linear in Q is zero. The
first quadratic term stabilizes the ground state energy due to Coulomb repulsion
between electron clouds, i.e. the undistorted system is energetically favorable [75]. In
contrast, the second quadratic term stabilizes the off-centering of the Ti4+ ion within
the octahedron. This distortion results from vibronic coupling between the ground and
the first excited state [74]. Three important criteria result in a reduction in energy
upon distortion of the system: first, the configuration of closed-shell ions reduces the
spacial extension of the involved orbitals. Hence, the Coulomb repulsion is minimized
and the first quadratic term becomes smallest. Second, low-lying excited states lead
to an enhanced mixing with the ground state. The small energy difference En - E(0)
enlarges the magnitude of the second quadratic term. Third, the excited states have to
satisfy strong symmetry restrictions [74]. The case of a noncentrosymmetric distortion
for a given centrosymmetric ground state implies that the lowest excited state has to
be noncentrosymmetric in order to have a non-vanishing contribution of the second
quadratic term [75].

In the Ti-based d0 TMO (as in STO and BTO) these requirements are fulfilled.
The shell of the Ti4+ ion is closed and the symmetry of the excited system with an
off-center displacement (noncentrosymmetric) differs from the unperturbed crystal
structure (centrosymmetric). Thus, the displacement of the Ti4+ ion from the center of
the octahedron is energetically stable and the energy minima within the octahedron
are each situated along the eight [1 1 1] directions [74]. A displacement of the Ti4+ ion
also affects the electronic structure, i.e. distinct O 2p and Ti 3d energy levels in the
density of states (DOS) are shifted with respect to the undistorted case [72]. However,
already the unperturbed perovskite structure decisively determines the electronic
structure of Ti-based d0 TMO.

2.1.3 Electronic structure in TMO

The energy levels of electronic states (mainly valence and conduction band) cru-
cially depends on the symmetry of the system and of its individual components.
Changing the point of origin in the perovskite structure displayed in Figure 2.1 essen-
tially facilitates the symmetry consideration. In the new basis the B atom is situated
at the origin, the A atoms at the corners and the O atoms at the face centers of a simple
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cubic cell. The Bravais lattice of a perovskite, hence, is simple cubic and belongs to
the space group O1

h in the Schönflies notation (Pm3̄m) [76]. For the respective atoms
this implies that also A and B are located at sites with full cubic point symmetry (Oh)
while the oxygen atoms O have tetragonal symmetry (D4h) [76]. All high-symmetry
points and lines in k-space are illustrated in the corresponding Brillouin zone (BZ) of
Figure 2.3.

There are several different approaches to describe the band structure of a given
system. Here, a quite simple but very intuitive electronic structure calculation for
the perovskite STO is presented. It involves the linear combination of atomic orbitals
(LCAO) or tight binding method by using Bloch functions [77–79]. Thereby, point-ion
or Madelung potentials [79] are incorporated into the LCAO ansatz. Later methods
mainly use a different choice of potentials, namely the muffin-tin potentials [76].
Now-a-days, also completely different approaches including density functional the-
ory are employed [80, 81]. However, this approach which is presented here already
qualitatively covers the main electronic features of the system. Figure 2.4 displays the
band structure of STO for selected high-symmetry lines taken from Ref. [79].

Figure 2.3: Brillouin zone of ABO3. The
primitive cell is simple cubic with the
high-symmetry points Γ, X, M and R.

The high-symmetry points ∆, Σ and Λ are located in the middle of the correspond-
ing high-symmetry lines Γ - X, Γ - M and Γ - R. In a d0 TMO only the Ti 3d and O 2p
states are taken into account since the next neighboring energy levels (O 2s and A
5s / 6s) are significantly below or above the considered energies [79]. The O 2p - Ti
3d energy gap in the calculation was adjusted to the optical gap [82] by varying the
oxygen charge. In addition to the ionic charges and the crystal field splitting, the LCAO
method includes also nearest neighbor O - O and Ti - O overlap integrals (no Ti - Ti).
The O - O bonds have either σ (ppσ) or π (ppπ) character. Same notation applies for
the Ti - O terms which are (pdσ) and (pdπ), respectively, with (pdπ)≈0.4 (pdσ) [79].

The band structure in Figure 2.4 reflects important properties of a d0 TMO. First,
this material system is a band insulator due to the p - d band gap of ≈3 eV. However,
one has to keep in mind that this value was indirectly chosen as an input parameter.
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Second, at the Γ-point (k = 0) the energy separation of the conduction band into Eg (Γ12)
and T2g (Γ25′) in Mulliken (Bethe) notation is solely due to the crystal field splitting
of Ti 3d states [73]. In the case of the valence band a similar splitting of the states
at k = 0 into Eu (Γ15), A2u (Γ25) and Eu (Γ15) in Mulliken (Bethe) notation occurs [73].
This fact is due to the (ppσ) and (ppπ) interaction and the axial crystalline field.
Third, (pdσ) and (pdπ) terms contribute to the band structure for nonzero k values.
Thereby, the intermixing of p and d orbitals increases towards the zone boundaries
and enhances the band splitting and, hence, the band width. In addition, the degen-
eracy of the particular states is further lifted. Its large contribution at the edge of
the BZ increases the bandwidth of both valence and conduction bands dramatically
(≈ 4 eV) [79]. Although the total energy eigenvalues in this LCAO approach might not
be completely accurate the general trends in the dispersion are nicely reflected. In
general, the interplay of O 2p and Ti 3d states tremendously influences the electronic
structure of a d0 TMO, in this case STO.

Figure 2.4:
Band structure
of SrTiO3 along
Γ - X, Γ - M and
Γ - R direction
taken from
Ref. [79].

2.1.4 Correlation effects in early-3d-TMO

So far we assumed that in the nominally d0 TMO, as STO and BTO, the Ti ion
actually has d0 configuration (Ti4+). In this purely ionic approximation the mentioned
perovskite materials are band insulators as shown in the previous subsection. Charge
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or electron density maps in various theoretical calculations exhibit a Ti static charge
which is significantly smaller (between 3+ and 2+) in both STO and BTO than in the
pure ionic case (nominally 4+) [71, 80, 83]. This also results in a finite occupation of
the Ti 3d states (between zero and one).

A system with one electron per lattice site is treated by the Hubbard model [84].
Thereby, the Hamiltonian Ĥ is determined by a hopping term t between neighboring
lattice sites and a Coulomb energy U which accounts for the energy cost of two
electrons situated at the same lattice site. In the case of U ¿ t, the Coulomb interaction
term is negligible and the system is described by the tight-binding Hamiltonian for
simple metals; for U À t the system is in the regime of a Mott-Hubbard insulator [67].
Both situations are illustrated schematically in Figure 2.5 by their corresponding DOS
in the vicinity of EF:

Figure 2.5: Representation of the
DOS near EF for a metal in (a)
and a Mott-Hubbard insulator in
(b) adapted from [85].

In a simple metal, electrons can be excited into the conduction band since a
respective band crosses EF. As the Coulomb energy U is dramatically increased, the
single band splits up into two while forming a energy gap around EF (Mott-Hubbard
insulator).

The description of a Mott-Hubbard model partly can be applied to the titanium-
based perovskite systems when the Ti 3d conduction band is filled by exactly one
electron. The d-d Coulomb interaction U in a d1 TMO as LaTiO3 and YTiO3 is fairly
large [86]. In a perovskite, however, no direct hopping between two titanium atoms is
possible as an oxygen atom lies in between (see Figure 2.1). Besides the hopping term
between two Ti 3d atoms also the O 2p orbitals have to be included in the description
of a TMO system. The problem is then given by the following Hamiltonian [67]:

(2.2)
Ĥ =∑

i, j

{
εdd+

iσdiσ+εp p+
jσp jσ− tpd

(
d+

iσp jσ+h. c.
)}

+Udd
∑

i
ndi↑ndi↓+Vpd

∑
〈i j〉

npi nd j ,

where Udd is the d-d Coulomb interaction, Vpd represents the intersite repulsion of
3d and 2p electrons, εd,εp are the energies of the 3d and the 2p states, respectively,
tpd describes the hopping amplitude and i, j are the site indices. d+

iσ and diσ or p+
jσ
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and p jσ are the creation and annihilation operators of the respective orbitals and ndi↑,
ndi↓ are the number operators defined by ndiσ≡ d+

iσdiσ. The term “h. c.” stands for
hermitian conjugate. In this description the p - p Coulomb interaction and the hopping
term between two O 2p orbitals was neglected as their contributions are significantly
smaller than the other terms.

The Hamiltonian Ĥ, in general, considers electronic interactions within and in
between single lattice sites. Thereby, the electronic structure of the system is described
in a “local” picture, in contrast to the common band picture. Another important
parameter in this “local” description of Ĥ, besides the Coulomb energy U, is the
charge transfer energy ∆. It describes the energy difference between the d- and p-
band represented by ∆≡ εd - εp. By relating U to ∆ two cases can be distinguished:
for ∆ÀU, the system is in the regime of a Mott-Hubbard insulator which features
an insulating ground state. In this case, hopping between the particular Ti atoms is
prohibited due to the Coulomb repulsion U . If ∆¿U the charge transfer energy ∆ is
the reference parameter. The gap size determines the charge excitation from the O 2p
to the Ti 3d state and the insulating ground state is called charge transfer insulator.
However, in the case of a comparable large tpd or t, i.e. t≥U or t≥∆, electrons can
smoothly hop in between lattice sites and the system is considered to be a simple
metal. An illustration of all regimes with respect to the corresponding parameters is
shown in Figure 2.6 [87]:

Figure 2.6: Phase diagram
illustrating the regimes for a
Mott-Hubbard and a charge transfer
insulator following the diagram of
Zaanen-Sawatzky-Allen (adapted
from Ref. [87]).

Most of the TMO are situated in either one of both regimes according to this “local”
description [88, 89]. STO and TiO2, for instance, are situated in the intermediate
regime (∆≈U) but slightly more on the charge transfer side [89]. For BTO, however, a
classification according to the Zaanen-Sawatzky-Allen phase diagram is missing.
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2.1.5 Effects of defects and oxygen vacancies

Up to here the theoretical considerations include only a perfect crystal structure
without any imperfections like defects or impurities. However, the upper most layers
of TMO surfaces tend to create oxygen vacancies (OV) under certain conditions (for
details see Section 3.8). These defects or vacancies additionally influence the electronic
structure of the presented TMO.

Such a situation can be described by an impurity situated in a host electron system
which is treated within the Anderson impurity Hamiltonian Ĥ = ĤFermi + ĤOV [90].
The first term ĤFermi represents the “kinetic” part of Equation (2.2) neglecting the
Coulomb energy U. Here, besides the hopping tpd between the neighboring p and d
orbitals also hopping tpp between two next-nearest neighbor p orbitals is considered.
In the 2D representation within the x-z plane ĤFermi yields [34]:

(2.3)

ĤFermi =
∑

i, j,o=x,z

{
εdd+

i di +εp p+
j,o p j,o

}
−∑

i, j

{
tpd

[
d+

i p j,x +d+
i p j−x̂,x +d+

i p j,z +d+
i p j−ẑ,z +h. c.

]}
−∑

i, j

{
tpp

[
p+

j,x p j,z + p+
j,x p j+x̂,z + p+

j,x p j−ẑ,z + p+
j,x p j+x̂−ẑ,z +h. c.

]}
,

where x̂ and ẑ are displacements from the lattice site j in direction of x or z, respec-
tively, and o = x, z represent the direction of the po orbitals. All other parameters are
already explained in connection with Equation (2.2). The interaction of the itinerant
electrons with the OV is given by the correlation term ĤOV [34]:

(2.4) ĤOV =∑
σ

{
εimpc+bσcbσ+EOV p+

j,z p j,z − g
[
c+bσdiσ+ c+bσdi+ẑσ+h. c.

]}
,

where c+bσ is the creation operator of a bonding orbital associated with the impurity
site, EOV is a large on-site potential in order to model an oxygen vacancy and g
represents the coupling between two Ti 3d orbitals and the bonding orbital.

Figure 2.7 displays the schematic picture of the band structure and of the individual
orbital contributions as well as coupling or hopping terms discussed in Equations (2.3)
and (2.4). Through the creation of an OV (e.g. at the surface of a TMO) two electrons
are released into the host system. These electrons might be either itinerant and occupy
a delocalized bath level, i.e. the formerly empty Ti 3d conduction band, or are trapped
in a localized level, the bonding state |b〉 illustrated in Figure 2.7 (a) [34]. Moreover,
the system is reduced to the 2D representation of the x− z plane so that only O 2px

and O 2pz as well as Ti 3dxz orbitals are considered as shown in Figure 2.7 (b). The
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bonding orbital (blue) between the two Ti 3d states and the OV is a hybrid state based
on Ti 3d3z2−r2 . Its origin is a local mixing of Ti 3d3z2−r2 and Ti 4pz due to the breaking
of symmetry at the OV site, from cubic to C4v symmetry [91].

This model which was adjusted to experimental results (e.g. the band gap of 3.2 eV)
qualitatively reproduces the observations in the photoelectron spectroscopy experi-
ments of STO [92, 93]. Although it has been confirmed that the in-gap state is related
to the formation of oxygen defects at the surface [22], the presented model of Ref. [34]
is not completely established. Other studies propose that the energy position of the
in-gap state in STO depends on the vacancy clustering [94] or that the properties of
the in-gap state in LAO/STO correlate with the thickness of the LAO layer [95]. A
recent density functional theory study shows that in the case of multiple OV even two
or three localized states might be present in the first few layers of STO [96].

Figure 2.7: Illustration of the
band and the local orbital picture
for an OV in a TMO in (a) and (b),
respectively (adapted from
Ref. [34]).

2.1.6 2D Electron Gas at TMO surfaces

The creation of OV at the surface of a TMO leads to a nonuniform charge-carrier
distribution at the surface [97]. Fully ionized OV provide two electrons per vacancy
site and, hence, act as a dopant. Thereby, an equilibrium surface space-charge layer
with a thickness d forms close to the surface of the TMO [97]. In the case of a large
d which applies to STO [98] the point-defect concentrations can be schematically
illustrated as shown in Figure 2.8 (a). At the surface of the TMO, a surface charge
QS and an enhanced oxygen vacancy concentration V··

O are present. The charge dis-
continuity in the system leads to a subsequent redistribution of the OV as well as
to an electrostatic charging in Figure 2.8 (a) highlighted by the black and red solid
lines for the oxygen vacancy and electron concentration, respectively. The acceptor
concentration A remains the same. Moreover, the presence of electrostatic charges at
the surface of TMO causes a potential gradient so that excess electrons can accumulate
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in the surface space-charge layer (see bright-red area in Figure 2.8 (a)).

Figure 2.8: (a) Concentration of acceptors A, oxygen vacancies V and electrons n
after creation of point-defects in the form of oxygen vacancies at the surface of BTO.
Schematic diagram is adapted from Ref. [97]. (b) Band picture of STO including a
confining potential at the surface adapted from [93]. This gradient induces a
downward bending of the Ti 3d-eg, Ti 3d-t2g energy levels and the valence band (VB).
Simultaneously, quantum well states (QW) and an in-gap state (IG) appear below the
Fermi level EF.

It has been demonstrated that the electrical potential at the surface which depends
on the amount of OV [99] can be described by a wedge model [23] or by the Poisson
equation implemented into the Schrödinger Hamiltonian [22]. This confining potential
induces a downward bending of the individual bands of STO near the surface [93,
97]. As a result the Ti 3d-t2g states of STO shift below the EF and form 2D quan-
tum well states [22, 23, 93]. A schematic representation of the band structure at the
surface is displayed in Figure 2.8 (b). The itinerant electrons which occupy the Ti 3d
states exhibit profoundly different physical properties compared to the localized states,
so-called in-gap (IG) states.

Changes in the carrier density n which can occur due to a different bulk doping
[23] or different ultraviolet irradiation doses [22] do not affect the Fermi contour of
STO. The independence on doping implies a 2D character of the respective Ti 3d-t2g

states. In addition, this 2D nature was confirmed by the appearance of Shubnikov-de
Haas oscillations in δ-doped STO [100]. The impact of the carrier density on the 2D
electron gas has also been nicely modeled theoretically [101].
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2.1.7 Unique characteristics of BaTiO3

The crystal and electronic structure discussed so far applies for most Ti-based d0

TMO, as for instance STO, BTO or CaTiO3 (CTO). Since the physical properties in
these materials mainly depend on the valence O 2p and conduction Ti 3d states no
crucial consequence might be expected by exchanging the alkali metal from Ca to Sr
or to Ba. However, only BTO exhibits some additional and unique properties which do
not appear in the other structural isomorphs.

In order to understand the differences among CTO, STO and BTO, it is necessary
to compare the adiabatic potential curvature K which represents the energy landscape
within the JTE (Subsection 2.1.2) of the three mentioned compounds. K = K0 + Kv

is given by the two quadratic contributions of the pseudo JTE in Equation (2.1).
The positive K0 is the average value of the curvature operator and the negative
Kv is the vibronic contribution [74, 102]. Taking into account all possible vibronic
excitations, K yields -0.17 , -0.10 and -0.10 for BTO, STO and CTO, respectively [102].
As a consequence, the structural displacement of the Ti4+ ion according to theory
is most stable in BTO. BTO, indeed, exhibits a tetragonal crystal structure at room
temperature resulting from such a distortion. This structural change in BTO is
accompanied by the occurrence of ferroelectricity [37]. In a ferroelectric material,
an atomic displacement establishes a spontaneous electric polarization which can be
switched by an external electric field. This physical property might be of great use in
non-volatile devices [46, 55, 56]. In contrast, CTO is not ferroelectric and STO shows
ferroelectric behavior just at very low temperatures when pressure is applied or in the
presence of impurities [74].

Besides its room temperature ferroelectricity BTO displays several structural
phase transitions on varying the temperature [103] (cubic to tetragonal at 383 K
[104], tetragonal to orthorhombic at 278 K [105] and orthorhombic to rhombohedral at
183 K [106]). A schematic picture is shown in Figure 2.9:

Figure 2.9: Structural phase
transitions in BTO.
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In the tetragonal phase the electric polarization points along the c-axis ([001]),
in the orthorhombic phase it is oriented along the plane diagonal [011] and in the
rhombohedral phase it follows the room diagonal [111] [54]. The cubic phase is
paraelectric and, hence, shows no spontaneous electric polarization. Initially the
ferroelectricity in BTO was explained by the displacive model [107]. Recent theoretical
studies, however, revealed that the rhombohedral phase, among the four phases, is
the energetically most favorable under distortions (see also Subsection 2.1.2) [37,
74]. These conclusions support a deviating approach in order to understand the
ferroelectric phases in BTO, the order-disorder model [108]. According to this theory
all ferroelectric phases (with their different polarizations) are actually composed of
unit cells with rhombohedral structure. By averaging over a certain number of these
unit cells along one direction all the other phases (orthorhombic, tetragonal and cubic)
can be constructed. The several structural phase transitions in BTO [103] result from
an enhancement in the system’s symmetry due to temperature. Experimentally this
approach was verified by local structural and electronic probes [109, 110].

Room temperature ferroelectricity, the concurrence of structural phase
transitions and the possibility of surface conductivity (see Subsection 2.1.6) make
BTO a potential building block for oxide heterostructures. Due to these reasons BTO
is of particular interest and, despite its long scientific history, still the subject of a lot
of recent studies, including this thesis.

2.2 Group-V semimetals

In a bulk TMO the conduction band minimum (CBM) and valence band maxi-
mum (VBM) usually are separated by a narrow band gap. This insulating behavior
in a pure d0 case is in contrast to a semimetal where the CBM and the VBM both
cross EF. In general, semimetals represent an additional class of solid next to in-
sulators, semiconductors and metals according to electronic band theory. The most
prominent representatives are located in group V of the periodic table, as e.g. Arsen
(As), Antimony (Sb) and Bi.

In particular, Bismuth (Bi) is an essential element in a variety of compound
systems which exhibit exceptional physical properties. On the one hand Bi plays an
important role in the class of three-dimensional topological insulators (TI) as Bi1−xSbx

[111] or in Bi2Se3 and Bi2Te3 [112]. At the surface of these TI, topologically protected
surface states span the bulk band gap [113]. This results in a conducting channel
at the surface of the insulating bulk materials. On the other hand, Bi forms surface
alloys with the noble metals Ag(111) and Cu(111) [114–116] as well as with the
semiconductor Si(111) [117]. The presence of a strong Rashba effect in these alloys
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induces a large spin-splitting in the electronic structure [58, 118]. In the case of a
TI or a Rashba material, the spin-orbit coupling (SOC) has to be significantly strong.
This requirement, however, is already fulfilled in pure Bi.

2.2.1 Spin-orbit interaction

In heavy elements the effect of SOC on the total energy of certain states is con-
siderably large. This correlation of atomic number Z and SOC is also displayed in
the respective Hamiltonian ĤSOC which describes the interaction of spin and orbital
angular momentum:

(2.5) ĤSOC = ~
4m2c2 (∇V ×~p)~σ,

where ~σ is the Pauli spin operator and ∇V is the potential gradient. The latter
parameter reflects the attracting force of the core-hole on the electron and strongly
scales with the atomic number of the material. The strong coupling of spin and
momentum in the heavy element Bi can be easily detected in its electronic structure.
For instance the valence p states (p1/2 and p3/2) of Bi with an atomic number of Z = 83
are split by ≈1.5 eV [119]. A detailed description of the electronic properties in Bi in
the presence of strong SOC is discussed in Subsection 2.2.3.

In general, when the spin of the electron is included in the representation of the
band structure two conditions have to be considered. The presence of time-reversal
symmetry in a system leads to a so-called Kramers degeneracy of a Bloch stateΨ~k(~r, s)
with its complex conjugate Ψ∗

~k
(~r, s) [113]. In the band structure this fact leads to

E(~k,↑) = E(−~k,↓). On the other hand, the preservation of inversion symmetry in the
systems results in E(~k,↑) = E(−~k,↑). The combination of both symmetries requires
that for every state with the energy E(~k,↑) there has to be a state with inverted spin
E(~k,↓). Then, each energy level is occupied by two electrons with opposite spin which
is referred to the degeneracy of energy eigenstates. In the bulk electronic structure of
Bi the strong SOC results in a lifting of degeneracies [120]. At the surface where also
the inversion symmetry of the system is broken SOC even more affects the electronic
structure.

However, before displaying the consequences of the SOC on the surface electronic
structure of Bi it is necessary to understand the (surface) structure of the material.
In general, each crystal symmetry can be assigned to a space group in real space
which refers to a BZ in reciprocal space. The symmetry of the corresponding BZ then
determines the high-symmetry directions in the electronic structure.
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2.2.2 The Bismuth crystal structure

The Bi crystal displays a rhombohedral symmetry and belongs to the trigonal
space group R3̄m. In this configuration each atom has three equidistant nearest- and
next-nearest neighbors. In an alternative perspective the crystal can be regarded to
be hexagonal with six atoms per unit cell or, with respect to the rhombohedral ([1 1 1])
direction, as an assembly of buckled bilayers [121, 122]. In the following, the crystal
structure of Bi is always described in its representation of a buckled bilayers.

The bilayers are oriented along the Bi(0001) plane of the hexagonal structure which
coincides with the Bi(111) plane in the rhombohedral representation. Figure 2.10 il-
lustrates two of these Bi bilayers from a top and a side view [123]. The atoms within
the buckled bilayer form covalent bonds which are indicated by black connecting
lines (Figure 2.10). In contrast, the individual bilayers interact via some type of van
der Waals bonding. Hence, the bonding strength within the bilayer (intra-bilayer) is
stronger than between two bilayers (inter-bilayer). This difference is also reflected by
the atomic distances shown in Figure 2.10 [122]. These structural aspects determine
the symmetry of the BZ of Bi with its high-symmetry points and lines, especially, with
respect to its projection to the surface.

Figure 2.10: Crystal structure of Bi along
the (0001) plane. The Bi bilayers are
illustrated by a top and a side view (adapted
from [123]).

2.2.3 Surface electronic structure of Bi(0001)

Due to the shallow hole and electron pockets at particular high-symmetry points
of the bulk BZ (T and L point) Bi exhibits a semimetallic behavior in the bulk [121].
At a critical layer thickness of 30 nm, however, Bi becomes semiconducting by passing
through a semimetal-to-semiconductor transition from the bulk material to a thin film

20



2.2. GROUP-V SEMIMETALS

system [124]. In the following, it will be focused on the surface electronic structure of
semiconducting thin Bi films.

A projection of the Bi bulk BZ to the (0001) surface leads to a hexagonal surface
BZ. In the projected spin-orbit gap of the bulk electronic structure the existence of
surface states was reported [125, 126]. These surface states cross the Fermi level EF

and show a peculiar Fermi surface which mirrors the symmetry of the SBZ [127]. A
schematic of the SBZ and the Fermi surface is illustrated in Figure 2.11 [128].

Figure 2.11: Hexagonal SBZ of Bi(0001) with
the high-symmetry points Γ̄, M̄ and K̄. The
corresponding Fermi surface consists of six
consecutive electron and hole pockets along the
Γ̄ - M̄ direction (adapted from [128]).

The Fermi surface consists of a hexagonal electron pocket at the Γ̄-point and six
hole pockets which form narrow lobes elongated along the Γ̄ - M̄ direction. In addition,
at the six M̄-points of the SBZ shallow electron pockets appear. The 2D nature of these
states was confirmed by photoelectron spectroscopy (PES) measurements [129, 130].
One important property of Bi is its larger number of charge carriers at the surface
compared to bulk [122] and, hence, its large surface conductivity [131]. Another aspect
is the unique structure of the Fermi surface which can not be explained by geometric
considerations nor by the presence of dangling bonds [122]. Instead, the breaking of
inversion symmetry in combination with SOC, as explained in the previous subsection,
plays an important role.

For the quasi-2D surface states which experience a potential gradient perpendicu-
lar to the surface the spin degeneracy E(~k,↑) = E(~k,↓), except at the high-symmetry
points, is lifted. In this case, SOC crucially modifies the electronic structure at the
surface as shown in Figure 2.12 which is taken from [132]. The splitting of the states
is strongly anisotropic and differs along the Γ̄ - M̄ and Γ̄ - K̄ direction. Unfortunately,
the surface states in the vicinity of Γ̄ and M̄ lie in the projected bulk bands and are
not resolvable in PES experiments [130].

The appearance of spin-split surface states renders Bi an interesting material in
the expanding scope of spintronics. Spintronics, in general, aims at exploiting the
spin degree of freedom instead of the charge of the carrier. By this concept, the size of
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electronic devices can be further reduced without self-heating effects [4].

Figure 2.12: Surface electronic
structure of Bi(0001). The black
and red lines represent the
surface states without and with
SOC, respectively. The projection
of the bulk band is illustrated by
the violet (without SOC) and
yellow (with SOC) shaded areas
(taken from Ref. [132]).
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3
EXPERIMENTAL REPRESENTATION OF THE

ELECTRONIC STRUCTURE

The purpose of this thesis is to investigate the properties of pure TMO and TMO-
based hybrid systems by probing their electronic structure. A powerful tool to study
energy levels of electrons in solids and the band structure of materials, in general, is
represented by photoelectron spectroscopy (PES). This chapter covers, on the one hand,
the basic theoretical framework of PES and introduces two particular techniques which
are applied throughout this thesis. On the other hand, specific conditions that become
valid in the study of TMO are discussed. Furthermore, the different experimental
conditions including their individual setups are presented and the treatment and
preparation of the different sample systems are illustrated.

3.1 Introduction to PhotoElectron Spectroscopy

Photoelectron spectroscopy (PES) is based on the photoelectric effect which has
been discovered by Hertz in 1887 and explained by Einstein a few years later [133,
134]. Thereby, the illumination of a material with light can result in the emission of
electrons if their kinetic energy is higher than the work function φ0 of the material.
These photoelectrons emitted in the photoemission process have a maximal kinetic
energy of Emax

kin = hν -φ0 depending on the excitation energy hν of the light.
The measured physical quantity in PES, on the other hand, is the photocurrent

I(k,Ekin) which contains much more information of the studied system than the mere
Ekin of the photoelectrons determined by energy conservation. The description of
I(k,Ekin) is derived in the following, based on the references [135, 136].
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In the photoemission process the interaction between a photon field A and the
N-electron system induces the excitation of electrons from their ground states Ψi to
an available final state Ψ f . For a weak interaction the transition probability w f i can
be approximated by Fermi’s golden rule:

(3.1) w f i ∝
2π
~

∣∣∣〈ΨN
f

∣∣∣ Ĥint

∣∣∣ΨN
i

〉∣∣∣2δ(
EN

f −EN
i −hν

)
,

with the final and initial state energies EN
f and EN

i , respectively, the interaction
Hamiltonian Ĥint and the reduced Planck constant ~. The δ-function describes the
energy conservation in the system.

The sum over all possible transitions determines the photocurrent acquired in PES
experiments: I(k,Ekin)∝∑

f ,i w f i. The interaction Hamiltonian yields

(3.2) Ĥint = e
2m

(A ·p+p ·A)− eφ+ e2

2m
A ·A≈ e

m
A ·p,

where A and φ are the vector and the scalar potentials, respectively, p is the momen-
tum operator and m, e are the electron mass and the elementary electron charge.
Several assumptions lead to the approximation at the end of Equation (3.2): two pho-
ton processes are not considered so that A ·A is negligible, the gauge φ= 0 is chosen
and the commutator relation [p, A] = –i~∇ ·A is applied.

In addition, the wavelength of the light for low excitation energies (hν≤100 eV)
is substantially larger than the atomic distances in the photoemission experiment.
Under these circumstances the vector potential A = A0 can be regarded as a constant
so that ∇ ·A = 0 [135]. Mathematically, the so-called dipole approximation which is
applied to the expansion of the plane wave A leads to the relation [135]:

(3.3)
〈
ΨN

f

∣∣∣A ·p
∣∣∣ΨN

i

〉
∝

〈
ΨN

f

∣∣∣A0 ·r
∣∣∣ΨN

i

〉
,

by taking into account commutation relations and the quantum mechanical identity
of p. The constant A0 contains information about the light polarization ε.

Until now, in order to obtain the accurate solution for the photocurrent one has
to solve a N electron problem. A common simplification is given by the sudden
approximation. Within this assumption the photoelectron φk

i before the excitation is
decoupled from the remaining (N – 1) electron system ΨN−1

i . The ionization process
itself is considered to take place rather abruptly. As a result the wave function of the
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initial system then can be factorized by:

(3.4) ΨN
i =A φk

iΨ
N−1
i ,

where A is an antisymmetric operator in order to sustain an antisymmetric wave
function satisfying the Pauli principle for fermions. The sudden approximation has a
direct implication on Equation (3.3):

(3.5)
〈
ΨN

f

∣∣∣A0 ·r
∣∣∣ΨN

i

〉
∝

〈
φk

f

∣∣∣A0 ·r
∣∣∣φk

i

〉 〈
ΨN−1

m

∣∣∣ ĉk

∣∣∣ΨN
i

〉
,

where the first term represents the one-electron dipole matrix element Mk
f i, ĉk is

the annihilation operator for an electron and the second term describes the overlap
integral of the N electron system with the remaining (N – 1) electrons which now are
in an excited state ΨN−1

m with energy EN−1
m .

According to all the assumptions and considerations made above, the transition
probability yields:

(3.6) w f i ∝
2π
~

∑
f ,i

∣∣∣Mk
f i

∣∣∣2 ∑
m,i

∣∣∣〈ΨN−1
m

∣∣∣ ĉk

∣∣∣ΨN
i

〉∣∣∣2δ(
EN−1

m +Ekin −EN
i −hν

)
,

where interference effects between the photoelectron and the remaining (N – 1) elec-
trons are neglected. The last sum depicts the spectral function A(k,w) which includes
all the many-body effects of the N particle system. In order to solve this rather compli-
cated spectral function A(k,w) the Green’s function formalism is applied. However,
this is not in the scope of this thesis but can be found in elaborated literature on
PES, as e.g. in [135]. On the other hand, the one-electron dipole matrix element Mk

f i
comprises mainly the geometry of the experiment as light polarization, measurement
scattering plane, etc.

3.2 PES on core-levels of 3d-TMO

Photoemission experiments on the core-levels of specific materials are usually
conducted in the range of X-rays (XPS). At these comparable high photon energies the
sudden approximation is applicable even in the sense that in the overlap integral the
(N – 1) initial state ΨN−1

i is used.
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For a constant A0 Equation (3.5) yields [135]:

(3.7)
〈
ΨN

f

∣∣∣r∣∣∣ΨN
i

〉
∝

〈
φk

f

∣∣∣r∣∣∣φk
i

〉∑
s

cm,i,

with the probability
∣∣cm,i

∣∣2 =
∣∣〈ΨN−1

m
∣∣ΨN−1

i

〉∣∣2 to find the (N – 1)-particle system in the
excited state m after the removal of an electron. The probability factor is unity for a
particular m = m̃, where ΨN−1

i =ΨN−1
m̃ is fulfilled; for all other m cm,i is zero. In the

spectrum of PES, the non-zero state (m = m̃) results in the so-called main line at a
specific energy which derives from the energy conservation δ

(
EN−1

m +Ekin −EN
i −hν

)
in the system. The shape of this spectral feature can be approximated by a delta
function which implies instant photoemission in a non-interacting system, the so-called
sudden approximation [135]. In strongly correlated systems, however, several

∣∣cm,i
∣∣2

are also non-zero due to the non-vanishing overlap of ΨN−1
i and ΨN−1

m eigenstates.
This results in the contribution of several satellite lines in the spectrum located at
lower Ekin.

In the respective spectra of 3d-TM a particular satellite line, namely, the charge
transfer satellite appears. The charge transfer in Ti-based TMO between the titanium
metal of d character and the oxygen ligand L (introduced in Subsection 2.1.4) crucially
affects the eigenstates of the system. This concept can be adopted to the representation
of the ground state which then is a linear combination of 3d0, 3d1 L and 3d2 L2

configurations [137, 138], where L represents a hole in the usually fully occupied
oxygen 2p orbital. For the following we neglect the 3d2 L2 term since it is qualitatively
not changing the XPS spectra. The energy difference in the initial states is given by the
charge transfer energy: E[3d1 L] – E[3d0] =∆. On the other hand, also the final state
of XPS is varied by the core hole potential so that the individual final states are 2p 3d0

and 2p 3d1 L, where 2p reflects the core hole. The energy difference of both states

yields:
∣∣∣E[2p3d1 L] − E[2p3d0]

∣∣∣ =
∣∣∆ − Vpd

∣∣. Vpd represents the p - d hybridization
interaction of the O 2p orbital with the Ti 3d (see Subsection 2.1.4).

The scenario of the XPS process is schematically depicted in Figure 3.1. Thereby,
energy EB reflects the binding energy of the initially excited core electron and is
defined by EB = EN−1

m – EN
i or by the more commonly used equation within the non-

interacting electron picture: EB = hν–φ– Ekin. Depending on the magnitude of the
energies Vpd and ∆ either final state 1 (Vpd > ∆) or final state 2 (Vpd < ∆) is present in
the core-level spectra. In the case of final state 1 the main line consists of 3d1 L states
and the satellite line of 3d0 states and for final state 2 the situation is vice versa.
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Figure 3.1: Illustration of
the initial and the different
final states of a 3d-TM with
the corresponding spectra in
core-level spectroscopy
adapted from [135].

3.3 Resonant PES

At an absorption threshold a resonant enhancement of the spectral weight of par-
ticular states in the photoemission spectra can be reached. PES at such an absorption
edge is called resonant PES (resPES). Thereby, an additional two-electron process
besides direct photoemission is involved. Here, resPES of the 3d conduction band at
the L-edge (including mp6 states where m = 2 or 3) is considered. The term for direct
photoemission yields:

(3.8) mp63dn +hν→mp63dn−1 + e−(ε),

where the excited electron has the kinetic energy ε= Ekin. At photon energies which
directly yield the specific energies in the absorption (here at the L-edge) electrons
in the mp6 core-level are excited into the 3d conduction band. The spectrum of a
2p63d0 to 2p53d1 excitation in Ti-based d0-TMO, for instance, exhibits a character-
istic multiplet structure [139]. This fact can be explained by the substantial crystal
field splitting in the conduction band (see Subsection 2.1.1) and the spin-orbit split
Ti 2p core-level. In the presence of absorption a second process is involved in resPES.
This direct combination process is represented by the following steps:

(3.9) mp63dn +hν→ [
mp53dn+1]∗ →mp63dn−1 + e−(ε),

Thereby, the excitation of a Ti mp core-level represents the first step [140]. From the
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subsequent intermediate state
[
mp53dn+1]∗ one 3d electron decays back to the Ti

mp core-level (Auger decay). The resulting energy gain allows to excite a second 3d
electron into the vacuum with the exact same energy ε as in the direct PES process.
The complete resPES process is schematically depicted in Figure 3.2 [141].

In the absorption process of resPES the electron of the Ti mp core-level is actually
lifted into the energetically higher 3d-eg state. The excited photoelectron, however,
stems from a 3d-t2 g conduction state by analogy with direct photoemission. Both
channels interfere quantum mechanically so that above the optical threshold the
spectral weight of Ti 3d states in resPES is enhanced [135, 141].

A similar consideration can be made for the O 2p valence states. The valence band
in Ti-based d0-TMO partly consists of Ti 3d states resulting from a finite overlap of Ti
and O orbitals as discussed in Subsection 2.1.3. Under these circumstances an electron
from a Ti mp core-level can be lifted into a 3d-t2 g conduction state which, in the end,
leads to an excitation of an O 2p valence electron in the subsequent Auger decay. The
probability of this process, however, strongly depends on the band gap of the TMO.

Figure 3.2: Scheme of resPES with
its two channels. Direct PES (left) and
the direct combination process in
photoemission (right) both lead to the
excitation of a 3d photoelectron. In
the latter case (Auger-like decay) an
electron from the 2p core-level is lifted
in the 3d conduction band and its
decay back to the Ti mp core hole
allows to excite a second 3d electron
into the vacuum (adapted from the
Supplemental Material of [141]).

3.4 Angle-resolved PES

In the treatment of the PES process only the energetics of the involved (initial and
final) states have been considered so far. The kinetic energy of an excited photoelectron
considering the energy conservation yields: Ekin = hν –φ – EB.

In addition to the kinetic energy of the photoelectron, angle-resolved PES (ARPES)
allows to probe its momentum. By this method the actual band structure of a material
might be reconstructed. This, however, requires the conservation in momentum of
the N electron system [142]: kN

f – kN
i = khν. ARPES is mainly conducted in the range
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of ultraviolet radiation (hν< 100 eV) where the photon momentum, in the order of
10−3 Å−1, can be neglected. In the case of an infinite crystal with a periodic potential
the momentum kN of a N electron system can be written as the crystal momentum k.
Then, the resulting momentum conservation k f = ki implies that the optical transition
of the photoelectron from an initial to a final state (as explained in Section 3.1) is
“vertical” [135]. This picture in the reduced zone scheme can be transferred into the
extended zone scheme so that: k f = ki +G, where G represents a reciprocal lattice vec-
tor. The corresponding matrix element Mk

f i(ki,k f ) in the optical transition (described
in Section 3.1) now depends on the momentum and solely contains the initial and final
Bloch states within the crystal [135]. Figure 3.3 illustrates the individual wave vectors
which are involved in the PES process.

An exclusive consideration of the optical excitation is only possible within the
three-step model of PES [143, 144]. This model splits up the photoemission process
into three parts so that the optical excitation, the travel of the photoelectron to the
surface and its transmission through the surface are regarded as separate steps.
Inelastic scattering of the photoelectron with other electrons or phonons in the crystal
on its way to the surface result in a loss of energy and momentum information. This
strongly restricts the information depth of photoemission which actually is described
by the inelastic mean free path (IMFP) of electrons in a material (see Figure 3.5).
A more realistic approach (which will not be discussed in detail) is represented by
the one-step theory which treats a semi-infinite crystal. Thereby the final state is a
so-called reversed LEED (low energy electron diffraction) state which is a damped
state near the surface of the material [135, 145, 146].

Figure 3.3: Schematic
representation of the
optical transition within
the crystal (left) and of
the free-electron final
state in vacuum (right)
including the wave
vectors and the involved
energies (adapted from
[135]).

In ARPES the wave vector of the photoelectron is measured. Inside the crystal its
momentum is defined by K = ki +G, in contrast to the crystal momentum k. Outside
the crystal the wave vector of the photoelectron is described by K f = p/~. Its three
components along the Cartesian coordinates
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(3.10)

Kx = 1/~
√

2mEkin sinϑ cosϕ

K y = 1/~
√

2mEkin sinϑ sinϕ

Kz = 1/~
√

2mEkin cosϑ

are defined by the polar (ϑ) and the azimuthal (ϕ) emission angle of the experiment.
The corresponding components parallel (K∥ = Kx + Ky) and perpendicular (K⊥ = Kz)
to the surface result from Equation (3.10). In context of the three-step model the
introduction of a surface (in the last step) has a severe implication on the momentum
conservation. Due to the translational symmetry along the surface plane the parallel
component of the momentum in- (k∥) and outside (K∥) of the crystal is conserved:

(3.11) k∥ =K∥ = 1/~
√

2mEkin sinϑ.

On the other hand, the component perpendicular to the surface is not conserved
anymore because of a surface potential step of depth Ev − E0. Thereby, Ev represents
the vacuum level and E0 the bottom of the valence band [135]. Different experimental
methods have been developed in order to overcome the discrepancy of K⊥ and k⊥ [135].
Some of these approaches are able to accurately map the whole 3D band. However,
they are quite complicated and demand a complementary experimental data set [135,
147, 148]. Another possibility is to approximate the photoelectron momentum by
including an inner potential V0 in the nearly-free-electron representation of the final
state:

(3.12) k⊥ = 1/~
√

2m
(
Ekin cos2ϑ+V0

)
,

where V0 = |E0| +φ. This latter approach, however, requires the knowledge of an
appropriate inner potential V0. V0 can be either deduced from experiment data by
considering the periodicity of E(k⊥) over several BZ (tunable photon source) or from
theory by the application of muffin tin potentials [142].

ARPES allows to illustrate the whole 3D band structure E(k) of a material. On
the one hand, the energy dispersion E(k⊥) along k⊥ is determined experimentally by
varying the photon energy hν of the incident light. On the other hand, the parallel
component E(k∥) is acquired by the acceptance angle of the analyzer and by the
rotational degrees of freedom of the manipulator (see experimental setup).
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3.5 Reciprocal map of BaTiO3

Figure 3.4: Reciprocal map of cubic BTO. The high-symmetry points of the cubic BZ
along [1 0 0], [1 1 0] and [0 0 1] direction are depicted. Colored lines mark the maximal
kinetic energy Ekin of photoelectrons excited by characteristic photon energies of a
Helium discharge lamp (blue, red and green) with their corresponding momentum
outside (K, dotted hemisphere) and inside (k, solid hemisphere) the solid.

The kinetics of the system including the individual components of the momentum
(see previous section) can be nicely summarized in a reciprocal map. Figure 3.4 il-
lustrates such a map for the material of interest, namely BTO. The high-symmetry
points (Γ, X, M, X′, M′ and R) are depicted along the high-symmetry directions [1 0 0],
[1 1 0] and [0 0 1] according to the cubic BZ of BTO (see Figure 2.3). Please note that
at room temperature actually the tetragonal structure of BTO has to be considered.
However, the change in the lattice parameter c and k⊥ = 2π/c is less than 1% [54]. The
high-symmetry points Z and A of the tetragonal phase [149] are assigned to X′ and M′

in the reciprocal map of Figure 3.4, respectively, in order to distinguish them from the
high-symmetry points in the Γ plane. In general, the reciprocal map of a material al-
lows to visualize the momentum of the photoelectron in k-space which is probed by an
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explicit photon energy. Here, the most prominent energies of a Helium discharge lamp
which has been used in the home lab setup (see Section 3.7) are displayed: the blue, red
and green lines represent the energies of He Iα (hν= 21.22 eV), He IIα (hν= 40.84 eV)
and He IIβ (hν= 48.37 eV), respectively. In order to obtain the perpendicular compo-
nent of the momentum, an inner potential of V0 = 12 eV is assumed (see Section 3.4)
according to previous studies on STO [92, 150]. The momentum of the nearly-free
electronic state inside the solid k (solid lines) can be deduced from the measured
momentum K outside the crystal (dotted lines) in accordance to Equation (3.11) and
(3.12). Note, that K itself is defined by the polar angle ϑ and the kinetic energy Ekin

of the photoelectron.

3.6 Experimental conditions

Figure 3.5: The
dependence of the IMFP
λm on the kinetic energy
(black dots). Its slope can
be simulated by an
universal curve shown as
a solid line taken from
[136] (original version:
Ref. [151]).

As the theoretical background of PES has already been discussed (see above), this
section focuses on its practical realization. PES is a very surface-sensitive technique
due to the limited IMFP of electrons in solids (see explanation of three-step-model
in Section 3.4). This means that the excited photoelectron in the PES process is only
able to penetrate through a certain amount of atomic layers (usually in the order of
Å). In general, the IMFP of electrons in a material is mainly determined by electron-
electron scattering and strongly depends on the kinetic energy of the electron [151].
In Figure 3.5 the IMFP λm in thickness (nm) is shown as a function of the kinetic
energy for several different materials. Since the IMFP λm is almost independent on
the investigated material (black dots) it can be described by an universal curve (solid
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line). The function of the universal curve is experimentally derived and yields:

(3.13) λm = 538
E2 +0.41(aE)1/2,

where E is the kinetic energy and a is the monolayer thickness (nm). The limited IMFP
of the photoelectron in PES leads to the necessity of a clean surface in order to probe
the sample itself and not unwanted adsorbates. Therefore, the experimental setup
used in PES experiments is composed of a network of different ultra high vacuum
(UHV) chambers. The following two subsections describe in detail the two UHV setups
which were used during this thesis.

3.7 Experimental setups

In general an ultra-high vacuum (UHV) network is preferably composed of at
least of three chambers which are separated by valves: an entry chamber with a
base pressure p≈10−8 mbar, a preparation chamber (p≈10−10 mbar) and a main
chamber (p≤10−10 mbar). In an entry chamber samples can be loaded in and out of
the UHV. The preparation chamber allows to clean, grow and prepare the samples for
the subsequent photoemission experiment. Since the preparation procedures differ for
the individual samples, each preparation will be explained more explicitly in the next
subsection. The actual photoemission experiments, however, take place in the main
chamber. This centerpiece of each photoemission setup is, therefore, equipped with
the photon sources and the analyzer. The sample movement within the UHV network
is performed by a transfer system which is adjusted to the sample holder.

3.7.1 Home laboratory

Figure 3.6 schematically presents the PES setup in the home laboratory in Würzburg.
In this setup a He gas discharge lamp (MB Scientific AB) and a X-ray tube, both with
an attached monochromator, function as photon sources (green box). The excitation
energies of the monochromatized He lamp are hν= 21.22 eV (He Iα), hν= 23.09 eV
(He Iβ), hν= 40.84 eV (He IIα), hν= 48.37 eV (He IIβ) and, therefore, are in the region
of ultraviolet (UV) light. In order to probe the core-levels of the material an addi-
tional monochromatized X-ray tube with an aluminum anode for Al-Kα excitation
(hν= 1486.6 eV) is mounted to the chamber. The angle of incident light (from both light
sources) and the surface normal has been chosen to be α= 54.7◦ (magic angle), so that
the photocurrent does not depend on the angular momenta of the photoelectron wave
function, the light polarization or the symmetry of the initial state but only on the
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total cross section [135, 152]. The excited photoelectron e− leaves the sample (orange)
under the polar (ϑ) and the azimuthal (ϕ) emission angle and enters the transfer lens
of the hemispherical analyzer (gray, Scienta R4000). By means of the lens system the
electrons with a particular Ekin are focused onto the entrance slit and at the same
time their velocity is adjusted (by retardation) to the pass energy EP of the analyzer.
Thereby, EP yields [153]

(3.14) EP = eU
R2/R1 −R1/R2

and is defined by the applied voltage U and by the geometry of the hemisphere with
radii R1 and R2. The kinetic energy Ekin and the emission angle of the photoelectrons
are recorded simultaneously on the multichannel plate (MCP). Via a CCD camera at
the backside of the MCP the data is transferred to the measuring computer where it is
processed by the appropriate software (SES software). The instrumental energy reso-
lution ∆E depends on specific dimensions of the analyzer and is roughly given by [153]

(3.15) ∆E ≈ EP

( s
2R

)
,

where s is the entrance slit width and R = 1/2 (R1 + R2). Hence, a lowering of the
EP leads to better resolution but also decreases the count rate in PES. The optimal
corresponding angular resolution ∆ϑ of the Scienta R4000 analyzer is 0.2◦ [153].

Figure 3.6: Schematic illustration of the
PES setup installed in the laboratory in
Würzburg with a R4000 analyzer.
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Since the sample (orange) is put on a manipulator it can be adjusted along the
three axis (x, y and z) and the rotational degree of freedom given by angle α. This helps
to find the right focal point of analyzer, sample and light spot where the measured
photocurrent is optimal. Furthermore, a rotation of the sample by the angle α in
combination with the large acceptance angle (30◦) of the analyzer (for Scienta R4000)
allows to map a large area in the material’s k||-space. This is in accordance with
Equation (3.10) and (3.11) where, besides Ekin, the polar (ϑ) and the azimuthal (ϕ)
emission angle determine the respective k value. As the manipulator is linked to a
cryostat with an open Helium circuit the sample can be cooled down to approximately
10 K in order to perform temperature dependent measurements or to reduce the
thermal broadening.

3.7.2 Synchrotron facility

In a home laboratory the experimentalist is restricted to certain photon energies
(light source) and light polarizations. The light from most of the commercially available
photon sources is unpolarized. At a synchrotron, however, the photon energy can be
varied over a large range and the polarization direction of the light can be changed. The
first fact becomes important whenever the cross section of the investigated material
changes drastically with the excitation energy. In addition, a continuous energy range
allows to investigate resonant effects as e.g. at the L-edge of Ti (see Section 3.3).
The light polarization, on the other hand, directly influences the one-electron dipole
matrix element Mk

f i in Equation (3.5) [154]. As a result, electronic states in the band
structure with distinct orbital character get either enhanced or reduced for a certain
polarization.

Figure 3.7: Sample geometry in
the µARPES chamber at the ALS
including the polarization vector
of the light, the entrance slit of
the analyzer and the
corresponding scattering plane.
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Due to these two facts a part of the experiments was performed at beamline 7
(BL7) of the Advanced Light Source (ALS) in Berkeley. This beamline provides photon
energies between 20 – 1000 eV with a light polarization which can be changed from
linear horizontal (LH), to circular (CP+, CP-) or to linear vertical (LV). In this setup
thin films of BTO have been prepared in a pulsed laser deposition (PLD) chamber
which additionally serves as a preparation chamber (see preparation section). The
experiments were conducted in the µARPES main chamber where the spot size of the
synchrotron light is in the range of 20µm×20µm. The configuration of the ARPES
experiment is in principle the same as the one shown in Figure 3.6. In view of the
polarization of the light~ε, however, it is important to consider the light’s polarization
vector with respect to the scattering plane of the experiment. The sample geometry
and the scattering plane are clarified in Figure 3.7. The direction of the polarization
vector~ε which lies in the scattering plane is referred to p-polarized (p-pol.) light and
the vertical component as s-polarized (s-pol.) light. Furthermore, the manipulator of
the µARPES chamber has two additional rotational degrees of freedom (around y- and
z-axis) compared to the home lab system. In this synchrotron setup the temperature
of the sample can be varied from 15 K up to 2300 K.

3.8 Sample preparation

Photoelectron spectroscopy is a powerful tool to investigate the material’s band
structure. As a consequence of the creation of photoelectrons in PES, however, the
substrate is slightly positively charged. In the case of metals this depletion is balanced
out by a careful grounding of the experimental setup so that a charging of the sample is
prevented. Pure BTO, on the other hand, is a ceramic and exhibits insulating behavior
even at elevated temperatures (≈400 K) [155]. Therefore, the preparation of BTO for
PES is a delicate procedure since also the ferroelectricity of BTO strongly depends on
the degree of doping [156, 157]. The aim of the preparation steps presented in the next
subsections has been to maintain the ferroelectric behavior in BTO while considerably
doping the system in order to be able to use PES.

3.8.1 BaTiO3 single crystals

The first class of samples investigated in this thesis are BaTiO3 single crystals
(10mm×10mm×2mm) purchased from SurfaceNet. Their special shape (hat-shape)
facilitates to mount the sample on the sample holder (Figure 3.8). In addition, the
sample’s polished surface (7mm×7mm) represents the highest point in the experi-
mental setup and not the clamps as otherwise. This particular feature ensures that
the sample surface is not decontaminated from its surrounding while heating the
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sample. A schematic picture of the sample and the sample holder system is given in
Figure 3.8 (a) and (b).

The individual preparation steps consist of several cycles of sputtering and anneal-
ing (see Figure 3.8 (c)). First, the surface is bombarded by Ar+ ions in order to clean the
surface from adsorbates. Therefore, Ar gas which is let into the preparation chamber
(pAr = 5× 10−5 mbar) gets ionized and, then, is accelerated to the surface by means of
a sputter gun working at voltages between 0.5 – 3 keV. In the subsequent annealing
process the sample is heated to high temperatures (T≈ 800 – 1500 K) to smoothen the
surface again. These preparation steps also lead to the creation of oxygen vacancies
(OV) at the surface of BTO. Their extent can be controlled by the sputtering voltage
and the annealing temperature but also by a partial oxygen pressure pO2 in the prepa-
ration chamber. In general, OV provide itinerant electrons to the host system (at least
one) [34] which leads to a certain amount of doping of the initially insulating BTO
substrate. This also means that depending on the preparation the doping level of BTO
varies. Additionally, these vacant oxygen sites at the surface induce a large variety
of surface reconstructions at the surface [158–160]. This might as well represent
an advantage since the substrate can be tuned within these surface reconstructions.
However, the reconstruction itself also affects the ferroelectric polarization of BTO
[161, 162].

Figure 3.8: Illustration of the hat-shaped BaTiO3

samples in (a), of their mounting on the sample
holder in (b) and of the preparation setup in (c).

For our experiments at the home laboratory we prepared the BTO substrate accord-
ing to Ref. [159] (1 keV acceleration voltage and T≈ 1200 K) in order to obtain a (2× 1)
reconstruction with a TiO2 termination. In the same way a (1× 1) surface reconstruc-
tion was prepared, however, by supplemental partial oxygen pressure pO2 ≈ 10−6 mbar
in the chamber. As the BTO crystal tend to break by passing the Curie tempera-
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ture TC = 383 K of the ferroelectric-paraelectric phase transition the BTO sample
was carefully heated up to the required annealing temperature. Due to the minor
reduction of the sample by OV the ferroelectric domains in BTO persist even after the
preparation [163]. After each preparation the quality of surface was checked. Via low
energy electron diffraction (LEED) it is possible to verify both surface reconstruction.
Furthermore, a clean and smooth surface exhibits very sharp LEED spots without
additional broadening. A possible decontamination of the surface with absorbents
was monitored by means of XPS (investigating carbon C 1s peak). The corresponding
results (LEED, XPS and ARPES) are described in Section 4.1.

3.8.2 Bi/BaTiO3 hybrid system

The BTO substrates used in the hybrid system Bi/BaTiO3 were prepared in the
same manner as the pure BTO crystal (see previous subsection). In a subsequent
step thin Bi films of variable thickness (2 – 12 ML) are deposited on the clean and
freshly prepared substrate surface via a Knudsen cell. An accurate monitoring of the
crucible’s temperature in the evaporation process ensures a constant deposition of
Bi with a rate of 0.1 ML/min. Prior literature designates the buckled Bi layer as a
bilayer [121, 122] in this thesis, however, we utilize the term “monolayer” (ML). It it is
more unambiguous with respect to penetration depths and inelastic mean free paths
(IMFP). For a smooth and continuous film growth of constant thickness the Bi films
were post-annealed to 350 K for 2 min since at this elaborate temperature the Bi atoms
tend to thermally redistribute at the surface [164]. The surface alloy reconstruction of
BiCu(111)(

p
3×p

3) served as a model system to calibrate the evaporator [115]. As the
lattice constants of Bi(0001) and BTO(001) fit almost perfectly along the substrate’s
[1 0 0] and [0 0 1] direction an epitaxial growth of the Bi films on BTO is assumed.
The characterization of the surface structure of Bi/BaTiO3 by LEED as well as the
determination of the Bi layer thickness are presented in Section 6.1 in detail.

3.8.3 BaTiO3 thin films

In contrast to the home lab experiments the measurements at BL 7 of the Advanced
Light Source (ALS) were conducted on thin BTO films. By means of pulsed laser
deposition (PLD) thin films of BaTiO3 with a particular thickness are grown on
(001) oriented 0.05 % Nb-doped SrTiO3 substrates. The setup in the PLD chamber is
schematically shown in Figure 3.9. In the PLD process a 248 nm Coherent Complex Pro
205 F Excimer Laser with a repetition rate of 1 Hz and a power of 150 mW bombards a
rotating monocrystalline BTO target [24]. The generated BTO plasma deposits on the
doped STO substrate which itself is glued on a molybdenum sample holder using silver
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paste. During the whole growth process the sample holder is continuously heated up to
a temperature of 700◦ C with a filament at the backside. The silver paste guarantees a
good thermal and electrical contact between substrate and sample holder. In addition,
the chamber is kept at a 1×10−4 mbar O2 atmosphere mixed with ozone in order to
compensates for most of the generated OV at the surface.

These growth parameters ensure an epitaxial growth of alternating TiO2 and BaO
layers [165]. The sample quality was monitored by means of in situ reflective high
energy electron diffraction (RHEED) throughout the whole growth process. Based on
the corresponding RHEED oscillations the thickness of the BTO films was determined.
The RHEED results in combination with LEED and XPS allow to fairly well charac-
terize the sample quality, termination, composition etc. (see Section 5.1).

Figure 3.9: Schematic representation of the
preparation chamber at BL 7 (ALS) with its
PLD setup.
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4
ELECTRONIC STRUCTURE OF BATIO3: SINGLE

CRYSTALS

Although the ferroelectric properties of BTO have been discovered more than 60
years ago [54] and it is known by recent calculations that an indication for ferroelec-
tricity can be found in the valence band structure and valence band density of states
[37, 72], there is a lack of experimental results on the electronic structure of BTO.
Most of them focus on angle-integrated valence and core-level spectra [166, 167]. There
are some additional resonant studies [168–170] but only one on the angle-resolved
valence band [163]. This chapter gives an overview of the O 2p valence band of single
crystalline BTO investigated by ARPES. The experimental findings are compared
to recent band structure calculations [80] and to the optical gap of BTO [171]. A
significant p - d hybridization of conduction and valence band states is found in the
spectral weight of the valence band. Furthermore, the creation of OV at the surface of
BTO influences the surface stoichiometry and affects the BTO valence band structure.
As BTO deviates from a perfect d0 system, correlation among Ti 3d states might arise.
In the Ti 2p core-level spectra of BTO, indeed, clear indications for such a correlation
is observed.

4.1 Surface structure of BaTiO3 single crystals

The characterization of the surface structure of BTO concerning the terminating
layer as well as possible surface reconstructions is crucial. For BTO there exist two
possible surface terminations, either a BaO or a TiO2 layer and several different
surface reconstructions, namely, (1× 1), (2× 1), c(2× 2), (2× 2), etc. [158]. Since these
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facts tremendously influence the electronic properties of the substrate [158–160] their
behavior has to be clarified before analyzing the actual ARPES data. In addition,
the level of defects in insulating BTO depends on the preparation treatment. It has
already been shown that OV and itinerant electrons might have an impact on the
ferroelectricity in BTO [156, 157].

After the sample preparation, which is explained in Subsection 3.8.1, the quality
and the reconstruction of the individual BTO surfaces were examined via LEED. The
LEED patterns of the two different preparations realized in this thesis are shown in
Figure 4.1:

Figure 4.1: LEED patterns of
two different BaTiO3 surfaces
measured at a beam energy of
39 eV. (a) The standard
preparation leads to a (2×1)
reconstruction and (b) additional
annealing under O2 atmosphere
results in a (1× 1) reconstruction.

The preparation of the BTO crystal via sputtering and annealing, following the
protocol of Ref. [159], leads to a (2×1) reconstruction. The corresponding pattern is
illustrated in Figure 4.1 (a), for a beam energy of 39 eV measured at room temperature.
LEED, in general, depicts the reciprocal lattice of the surface geometry including the
first 2 -3 unit cells. The red circles highlight the (10)-, (11)-, (01)-, etc. points of the
reciprocal lattice which represent the centers of the BZ (Γ-points) in the extended zone
scheme. Their distance is given by the reciprocal lattice vector G = 2π/a, where a is
the in-plane lattice constant of BTO. On the other hand, the characteristic diffraction
spots of the (2×1) reconstruction are depicted by the black dotted circles. These
spots appear along the [1 0 0]- as well as along the [0 1 0]-direction in the diffraction
pattern. Thus, the surface structure consists of two different domains which are
rotated by 90◦ with respect to each other. The same preparation, however, with an
annealing at a partial oxygen pressure pO2 results in a (1×1) reconstructed surface.
The corresponding LEED pattern shown in Figure 4.1 (b) was acquired under the
same conditions concerning temperature and beam energy as the (2×1) surface
reconstruction in Figure 4.1 (a).

The width of the LEED spots, furthermore, give some indication about the surface
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quality with respect to the surface roughness [172]. Due to the rather sharp (1×1)
spots in the LEED patterns of both reconstructions, a clean and smooth BTO surface
after the preparation can be assumed. However, in order to support this assumption
additional XPS measurements on the individual BTO samples were conducted. The
respective results provide further information on the surface quality and purity since
XPS is able to detect possible contamination of the surface. By this method, moreover,
the surface termination can be determined and an assumption regarding the doping
level can be made. Figure 4.2 presents the XPS spectra of the crucial core-levels of
BTO measured at a (2×1) surface reconstruction.

Figure 4.2: XPS
spectra of the O 1s,
Ti 2p and Ba 4d
core-levels for the
different take-off
angles of 0◦ and 60◦.
The measurement
was done with a Al-Kα

excitation source at
room temperature
and the spectra are
normalized to the
background intensity.

The O 1s, Ti 2p and Ba 4d core-levels at two different take-off angles (0◦ and 60◦),
measured with an Al-Kα X-ray tube at room temperature, are displayed. Depending
on the take-off angle of the XPS setup the probing depth of photoelectrons varies [173].
For higher take-off angles the measurement becomes more surface sensitive while
spectral weight from deeper layers is reduced. The spectral weight of the O 1s and Ti
2p core-levels in Figure 4.2 stays almost unaltered upon changing the take-off angle
from 0◦ to 60◦. In contrast, the intensity of the Ba 4d core-level decreases by 20 %. As
shown in Subsection 2.1.1 the BTO crystal can be regarded as a stack of alternating
TiO2 and BaO layers. Hence, the results of the angle-dependent XPS measurements
suggest that the terminating surface layer is predominantly TiO2.

In addition, the level of OV for a Ti-based d0 TMO can be extracted from the ratio
of the Ti3+ and Ti4+ signals of the Ti 2p3/2 core-level [174]. As the Ti3+ contribution at
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the lower binding energy side in Figure 4.2 is vanishingly small, a moderate doping of
the sample by the creation of OV might be assumed. By comparison to studies on STO
[29, 161] including their sample preparation the carrier density in the sample can be
estimated to be between 5 · 1013 cm−2 and 1 · 1014 cm−2. This low electron concentration
is related to a small amount of OV at the surface so that surface conductivity might
be induced by band bending (Subsection 2.1.6). However, the ferroelectric behavior in
bulk BTO is proposed to be maintained [156]. In all the XPS spectra no distinguishable
C 1s signal was visible so that a strong contamination of the surface due to adsorbates
can be excluded.

4.2 O 2p valence band

In the previous section we carefully characterized the single crystalline BTO
surface in order to obtain a clean and smooth surface which allows a characterization
of the BTO electronic structure by photoemission. The O 2p valence band of BTO can
be found in an energy range of 3 eV to 9 eV below the Fermi level (E - EF) as illustrated
in the angle-integrated measurement of Figure 4.3:

Figure 4.3:
Angle-integrated
valence spectra of
BaTiO3 for different
excitation energies
(He Iα, He Iβ, He IIα
and He IIβ). The dotted
line represents the
slope at the valence
band maximum
extrapolated from its
steepest rise.

Undoped BTO is considered to be a regular band insulator when the correlation
effects of the Ti 3d states are neglected. By extrapolating the slope of the valence
band maximum (black dotted line) in Figure 4.3 the band-gap of BTO is estimated to a
size of 3.3 eV indicated by the black circle. This value is in accordance to another PES
study [168] and close to the value of 3.2 eV in optical-absorption measurements [171].
In addition to the valence band, the Ba 5p and O 2s core-levels are accessible with
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higher excitation energies, namely He IIα and He IIβ. Inside the band-gap of BTO an
additional state at around 1 eV appears as shown in the inset. This state is connected
to the creation of OV at the BTO surface and can be attributed to the bonding state
introduced in Subsection 2.1.5 [34]. The microscopic origin and properties of this state
will be further investigated in the context of the results presented in Chapter 5. The
intensities of the spectra measured at different excitation energies in Figure 4.3 are
not normalized with respect to each other. Their spectral weight, thus, reflects the
change in intensity of the different Helium emission lines, where He Iα amounts
to 88 % of the total intensity while the contribution of He IIβ is only 0.5 % of the
total intensity. In addition, the photoionization cross section for O 2p increases for
smaller energies leading to a higher spectral weight in the photoemission spectra [175].
However, not only the overall intensity varies but also the shape of the valence band
depends on the excitation energy as will be explained in detail in Subsection 4.2.3. In
the following subsections different aspects of the O 2p valence band are investigated,
e.g. its band structure is displayed and its spectral weight is discussed depending on
the photon energy, the surface reconstruction as well as on temperature effects. Most of
the measurements presented below were performed on a (2× 1) reconstructed surface
and are measured with the He IIα emission line at 60 K, unless stated otherwise.

4.2.1 Constant energy maps

Similar to the LEED experiment, constant energy maps allow to reveal the high-
symmetry direction of the investigated BTO crystal. Therefore, individual ARPES
measurements (kx vs E - EF), where kx is directed along the analyzer slit, are extended
to a 3-dimensional data set by continuously changing the polar angle (ky). Constant
energy maps represent cuts through this 3-dimensional data set (kx, ky and E - EF)
at constant energies E - EF. From symmetries in the intensity distribution the high-
symmetry points or directions can be determined.

In Figure 4.4 five of these constant energy maps (CEM) at certain energies within
the valence band of BTO (at -8.4 eV, -6.8 eV, -5.6 eV, -5.0 eV and -4.1 eV) are displayed.
CEM as well as the LEED pattern (previous chapter) reflect the symmetry of the
BTO crystal and, thus, depict the high-symmetry directions. In the LEED experiment,
however, the BTO crystal was rotated by 45◦ with respect to the geometry in the
ARPES measurements so that the LEED patterns and the CEM can be directly
compared by a rotation of 45◦. Since the k directions in the CEM are not directed along
high-symmetry directions they are referred to as k′

x and k′
y. The CEM at -8.4 eV in

Figure 4.4 (a) suits best to highlight the cubic (1× 1) surface BZ of BTO (dashed lines)
and the corresponding high-symmetry points Γ̄, M̄ and X̄. Furthermore, the colored
lines depict the four high-symmetry lines oriented along the Γ̄ - X̄ direction (yellow
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and blue) and along the Γ̄ - M̄ direction (red and green). The measurements shown in
Figure 4.4 are performed at a temperature of 60 K where BTO is in its rhombohedral
structural phase. The actual change of less than 2 % in the lattice constant are too
small to be recognized by either LEED or ARPES [105]. For the following consideration
concerning the electronic structure of the BTO valence band, hence, the cubic lattice
parameters are considered. Particular distinctions between the different phases are
stressed in Subsection 4.2.5.

Figure 4.4: Constant energy maps at different energies (E - EF) within the O 2p
valence. (a) The high-symmetry points, the borders of the cubic (1×1) BZ (dashed
lines) and the four different high-symmetry lines along Γ̄ - X̄ direction (yellow and
blue) and along Γ̄ - M̄ direction (red and green) are presented. (e) The color scale for
the normalized intensity (from low to high) is given.

From the CEM at -5.6 eV, -5.0 eV and -4.1 eV it becomes obvious that the spectral
weight along two nominally equal high-symmetry directions differs. This becomes
obvious in particular along the blue and yellow lines which reflect Γ̄ - X̄ directions. The
intensity variations in the CEM, in particular in Figure 4.4 (b) and (e), might be caused
by the (2×1) surface reconstruction of BTO which results in a smaller tetragonal
surface BZ. Thereby, the electronic states from higher surface BZ are backfolded into
the first surface BZ and influence the intensity distribution within the CEM [176].
These variation in the electronic structure are more pronounced in the O 2p valence
band which will be discussed in the next subsections.

Although there is a spectral signature of the (2×1) reconstruction it might be
rather small. First, the BTO surface is composed of two domains which are rotated by
90◦ with respect to each other according to the LEED pattern presented in Section 4.1.
Therefore, it can be assumed that also in ARPES the spectral weight of both domains
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overlap and contribute to the total PES signal. Since both domains exhibit equal LEED
intensity none of the two domains forms preferentially at the surface and, hence, is
dominantly measured in ARPES. Second, the LEED spots of the (2× 1) reconstruction
are slightly suppressed in contrast to the (1×1) spots so that also in the ARPES
maps, in general, the spectral features of the (2× 1) reconstruction are supposed to be
weaker.

In addition, matrix-element effects which occur due to the setup’s geometry might
affect the different intensity distributions in the CEM along nominally equal high
symmetry directions [154]. Thereby, the symmetry of the specific O 2p orbital with
respect to the scattering plane of the photoelectrons determines in the photocurrent
even when the exciting light is unpolarized.

4.2.2 Band structure

In this subsection the band structure along the four high-symmetry directions is
investigated in order to get further insight in the electronic structure of the valence
band. The following ARPES data sets of BTO along specific high-symmetry directions
(k|| vs E - EF) are extracted from the total 3-dimensional data set (k′

x, k′
y and E - EF).

A further processing of the data by means of a 2nd derivative method [177] is applied
in order to distinguish individual spectral features within the valence band as they
are subject to a experimental and intrinsic broadening, see Ref. [23, 163, 178].

Figure 4.5: Comparison of experiment and theory
for the O 2p valence band of BTO. The
experimental data is extracted along the red line in
the CEM of Figure 4.4 (a) measured with He IIα
emission (hν= 40.84 eV) at T = 60 K. In order to
enhance the visibility the band structure the
experimental data is displayed by its 2nd derivative.
The red lines represent band structure calculations
for the high-symmetry directions Γ̄ - M̄ taken from
Ref. [80]. The splitting of the O 2p energy bands is
highlighted according to Subsection 2.1.3.

In Figure 4.5 the band structure of the valence band extracted along the red line in
Figure 4.4 (a) is presented. At a photon energy of hν= 40.84 eV (He IIα) the photoemis-
sion hemisphere intersects the 3D BZ of BTO along the Γ̄ - M̄ direction, by assuming
an inner potential of V0 = 12 eV (see Figure 3.4). The experimental electronic structure
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is superimposed by a theoretical band structure calculated for the Γ̄ - M̄ direction
as displayed by red lines [80]. In order to allow a direct comparison of theory and
experiment the calculation is shifted to the valence band maximum (VBM) of the
ARPES measurement and adjusted to the experimental energy and momentum (in
k′

x direction) scale. The splitting of the valence band into Eu, A2u and Eu by the axial
crystalline field (see Subsection 2.1.3) as well as the dispersion of the bands towards
the zone boundary are nicely resolved by the experiment (see Figure 4.5). In addition,
the experimental data is in good agreement with the result of a recent band structure
calculation [80], in particular close to normal emission (k′

x = 0).

Figure 4.6: Calculated and
experimental band structure
of the BTO valence band
along different
high-symmetry directions.
The 2nd derivative plots of the
experimental spectra with the
colored calculation
correspond to the respective
high-symmetry lines in
Figure 4.4 (a) measured with
He IIα emission
(hν= 40.84 eV) at T = 60 K.
The theoretical curves are
adapted from Ref. [80].

An additional electronic feature which appears at the VBM in Figure 4.5 is not
supported by theoretical band calculations [80, 81]. Its position in momentum space,
k′

x = 0.55 Å−1, coincides with the surface BZ boundary at k′
x =

p
2π/2aBTO of the (2× 1)

surface reconstruction along [1 1 0] where aBTO is the lattice constant of BTO. This elec-
tronic feature, hence, might represent accumulated spectral weight at k′

x =
p

2π/2aBTO

which stems from backfolded bands due to the (2×1) surface reconstruction in BTO.
The intensity contours in the CEM of Figure 4.4 (b) and (e) also indicate a backfolding
of electronic states into the first surface BZ. This electronic feature might also be
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related to surface contributions in the PES signal due to the termination layer (BaO
or TiO2) which will be discussed in detail in Subsection 4.2.4.

The band structure of the remaining high-symmetry directions (green, yellow and
blue line) are illustrated in Figure 4.6. At the top, the experimental results extracted
along the blue and the yellow line of Figure 4.5 (a) are compared to the theoretical
calculation along the Γ̄ - X̄ direction from Ref. [80]. Both experimental band structures
display significant differences in their dispersion behavior. Whereas the electronic
features of the O 2p valence band disperse along the blue line in Figure 4.6 (a) they
are considerably more shallow along the yellow direction as displayed in Figure 4.6 (b).
These differences in the spectral weight along both lines were already observed in the
CEM of Figure 4.4. An explanation might be the suppression of particular electronic
features in the PES process by geometry or spectral changes due to the (2× 1) surface
reconstruction in BTO.

The band structure in Figure 4.6 (c) which is extracted along the green line in
Figure 4.5 (a) gives an overview of the O 2p band structure beyond the first (1×1)
surface BZ. Although all the electronic features from the first BZ are nicely reflected
in the second BZ they are slightly more faint and less pronounced.

4.2.3 Photon energy dependence

In this subsection the dependence of the valence band on the photon energy is
investigated. At different photon energies the photoemission hemisphere cuts the
BTO 3D BZ at different k⊥ values. As a consequence photoemission probes bulk
electronic states at different position in the 3D k space as depicted in Figure 3.4. This
is accompanied by a variation in the spectral weight measured in the experiment.
2D surface states, however, are not affected and show no dispersion as a function of
photon energy.

The BTO O 2p valence band exhibits a change in its shape upon varying the
excitation energy which has already been displayed in the angle-integrated spectra
of BTO in Figure 4.3. Therefore, the character the O 2p valence band is expected
to be bulk-like. In order to further characterize the valence band structure ARPES
measurements along the red line of Figure 4.4 (a) are performed for He IIα, He IIβ
and He Iα excitation. The experimental results are depicted in Figure 4.7 (a), (b) and
(c), respectively, whereas the red lines represents the corresponding theoretical band
structure from Ref. [80].

PES measured with He IIα (hν= 40.84 eV) excitation probes the electronic struc-
ture near the Γ̄ - M̄ direction and in the case of the He Iα line (hν= 21.22 eV) the
X̄′ - R̄ direction is measured (see Figure 3.4). In the latter case of He Iα excitation a
significantly smaller k′

x range is accessible by PES for the same experimental geom-
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etry. This prevents a qualitative comparison with the theoretical band structure for
k′

x ≥0.4 Å−1. The He IIβ line lies within the BTO BZ and in the middle of the Γ̄ - M̄
and the X̄′ - R̄ direction. In Figure 4.7 (b), however, the spectral contribution is mainly
determined to be along X̄′ - R̄ by comparison with the calculation. This observation
suggests that the position of the He emission energies in the reciprocal map of BTO
(see Figure 3.4) are at slightly higher k⊥ values so that the inner potential is actually
larger than V0 = 12 eV. In total, the ARPES spectra in Figure 4.7 nicely resolve the
valence band structure and the experimental band structure for all photon energies
is fairly reproduced by the calculated electronic band structure along the different
high-symmetry directions [80].

Figure 4.7: Photon energy dependence of the O 2p valence band of BTO along the
red line in Figure 4.4 (a) measured with (a) He IIα (hν= 40.84 eV), (b) He IIβ
(hν= 48.37 eV) and (c) He Iα (hν= 21.22 eV) at T = 60 K. The 2nd derivative plots of the
experimental data is superimposed by the respective calculation adapted from
Ref [80].

Another important aspect in the photon energy dependence of the BTO valence
band is the Ti 3p→3d absorption transition, presented in Equation (3.9), at a photon
energy close to ≈38 eV [168]. At photon energies which exceed a certain threshold
an additional photoemission channel based on Auger decay contributes to the total
spectral weight. This leads to an enhancement of Ti 3d states in the photoemission
spectra of the O 2p valence band (see Section 3.3). ResPES experiments on BTO
already demonstrated an increase in spectral weight at the higher binding energy
side of the valence band [168–170] in accordance to similar findings for partial d DOS
in electronic structure calculations [179, 180]. He IIβ with the excitation energy of
hν= 48.37 eV is expected to lie above the threshold of the absorption transition [168,
170].
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The measured band structure in Figure 4.7 (b), indeed, exhibits a strong enhance-
ment in spectral weight between -6 eV≤E - EF ≤ -8 eV. However, in 2nd derivative
plots the photoemission intensity can not be trusted quantitatively. Therefore, angle-
integrated spectra for He IIα (red) and He IIβ (green) excitation are considered in
Figure 4.8 (a). All spectra are normalized to the background and to the first maximum
of the valence band (at around -4.9 eV). By increasing the photon energy above the
absorption edge a crucial enhancement of the photoemission signal positioned around
-7 eV occurs which is highlighted by the black arrow. Figure 4.8 (b) displays a resonant
photoemission which has been integrated over the total O 2p valence band taken from
Ref. [168]. The energy position of the He IIα line (red bar) is just before the strong
increase of spectral weight due to the absorption transition, whereas He IIβ (green
bar) is energetically located after the threshold.

This finding supplies some evidence for the existence of Ti 3d states in the spectral
weight of the O 2p valence band. In addition, a p - d hybridization of valence and
conduction states in BTO is suggested which is in accordance to electronic structure
calculations [179, 180]. A similar observation has already been reported for the
Ti 2p→3d absorption edge in a resonant inelastic x-ray scattering (RIXS) experiment
on BTO [181].

Figure 4.8: (a) Comparison of angle-integrated valence spectra of BTO for photon
energies below (He IIα with hν= 40.84 eV in red) and above (He IIβ with hν= 48.37 eV
in green) the absorption threshold. By varying the photon energy the intensity at the
high binding energy side of the valence band varies significantly (black arrow). The
spectra are normalized to the background intensity and to the respective spectral
weight at EF - 5 eV. (b) Photoemission intensity integrated over the O 2p valence band
as a function of photon energy taken from Ref. [168]. The red and green bar mark the
energy position of the He IIα and He IIβ line.
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4.2.4 Different surface reconstruction

The data and spectra discussed in the previous subsections address only (2×1)
surface reconstructions prepared by sputtering and annealing cycles. A subsequent
annealing under partial oxygen pressure, however, leads to a (1×1) reconstructed
surface as verified by LEED (see Figure 4.1). These surfaces also exhibit distinct
differences in spectral weight.

Figure 4.9: Changes in the spectral weight of the BTO valence band due to different
surface reconstructions. In (a) and (b) the angle-integrated photoemission spectra for
(2×1) and (1×1) reconstructed surfaces are compared directly for He IIα and He IIβ
excitation, respectively. The data was measured at T = 60 K and the spectral changes
are highlighted by black arrows. All spectra are normalized to the background
intensity.

In Figure 4.9 (a) and (b) the integrated spectral weight for the (1×1) surface is
compared with the (2× 1) surface for He IIα and He IIβ excitation. The spectra of the
(1×1) reconstruction is shifted by ≈70 meV towards higher E - EF with respect to
the spectra of the (2×1) surface reconstruction. The partial oxygen pressure in the
preparation of the (1×1) reconstruction partly heals out OV and leads to a smaller
OV concentration at the BTO surface [93, 182]. As a result, the band bending at the
surface is narrowed and the accompanied shifting of the core-levels is reduced (see
Subsection 2.1.6). These effects are studied in more detail in Chapter 5 for thin BTO
films.

In addition to a change in the defect concentration, a transfer of spectral weight
from the high-energy side of the valence band (-5 eV≤E - EF ≤ -4 eV), for a (2× 1) recon-
struction, to the middle of the valence band at ≈EF - 6 eV, for a (1× 1) reconstruction,
is observed. This finding is illustrated by black arrows highlighting the increase and
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decrease of spectral weight. While the O 2p spectral weight is changing, the in-gap
state at ≈EF - 1 eV is almost not affected (not shown). Different surface terminations
in BTO (BaO or TiO2) depending on the sample preparation and the corresponding
surface reconstructions might alter the electronic structure of BTO. Band structure
calculations which consider surface effects [183, 184], indeed, state that different
surface terminations induce surface states at different energy positions in the spec-
tra. For a BaO-termination surface states appear in the middle of the valence band
whereas a TiO2 termination shows the respective surface features at the VBM [184].
By comparison with our results, it might be assumed that the (1× 1) surface is mainly
BaO-terminated and the (2×1) surface mainly TiO2-terminated. Already the XPS
spectra discussed in connection with Fig 4.2 exhibit a TiO2-termination for the (2× 1)-
reconstructed surface. In general, the most stable and prominent phase for a BaO
terminated surface in BTO is the (1×1) reconstruction while the TiO2 termination
displays several different phases according to theoretical surface phase diagrams [161,
162].

A direct comparison for the band structure of both terminations is shown in
Figure 4.10 measured for He IIα excitation:

Figure 4.10: 2nd derivative
plot of the O 2p valence band
structure measured with
He IIα emission and T = 60 K
at a (2×1) and a (1×1)
surface reconstruction
presented in (a) and (b),
respectively. The red and
orange ellipses mark the
areas where additional
spectral weight for the
corresponding reconstructions
appears.

The (2× 1) reconstruction in Figure 4.10 (a) exhibits a pronounced electronic feature
at the VBM highlighted by the red ellipse which is absent in the measurement of the
(2×1) reconstructed surface. On the other hand, the (1×1) surface reconstruction
in Figure 4.10 (b) displays an additional spectral feature at around E - EF ≈ -4.5 eV
(orange ellipse). Thus, the difference in spectral weight observed in Figure 4.9 can
be directly related to the appearance or absence of surface electronic features in
Figure 4.10.
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4.2.5 Temperature dependence

The material BTO is still the subject of extensive research since it displays ferro-
electricity at room temperature [37] as well as various structural phase transitions
[103]. Therefore, a change in the electronic structure, for instance a difference in
the magnitude of spectral weight or shape, is expected when the temperature of the
sample passes through a particular transition [185].

In Figure 4.11 (a) and (b) angle-integrated photoemission spectra of the valence
band are presented as a function of temperature:

Figure 4.11: Temperature effects on the BTO valence band investigated with He IIα
excitation (hν= 40.84 eV). The valence band shifts towards lower E - EF by decreasing
the temperature from 300 K to 230 K (orthorhombic phase of BTO) in (a) or from
300 K to 150 K (rhombohedral phase of BTO) in (b). All spectra are normalized to the
background intensity.

The BTO samples (I and II) employed in the photoemission data shown in Fig-
ure 4.11 (a) and (b) were prepared at different days so that their spectral shape slightly
varies. In order to exclude variations in the photoemission signal due to slightly differ-
ent sample surfaces each spectra in the low temperature phase was directly compared
to the data for the tetragonal phase measured subsequently. Figure 4.11 (a) displays
the spectral weight of the valence band measured at room temperature (tetragonal
phase) and at 230 K (orthorhombic phase) whereas Figure 4.11 (b) shows the angel-
integrated spectra for the tetragonal phase and the rhombohedral phase measured at
room temperature and at 150 K, respectively. In the angle-integrated spectra as well
as in the band structure (not shown) no crucial differences are observed. The decrease
in temperature, however, gives rise to a small shift of the total spectra towards lower
E - EF (∆E≈60 meV for 300 K→150 K) indicated by the black arrows. This shift is
not related to the different structural phases, but it is rather a general consequence of
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OV diffusion in BTO and due to changes in the defect concentration at its surface. A
similar effect is detected when the sample is annealed under partial oxygen pressure
which also leads to a change in the number of OV at the surface. In this case, however,
the spectra are shifted towards higher E - EF. A detailed description of OV on the
surface of BTO and its implications for the electronic structure are given in Chapter 5
for thin BTO films.

4.3 Ti 2p core-level studies

The 2p core-level of 3d TMO, in general, contains information on certain param-
eters that are relevant in the description of a Mott-Hubbard and a charge transfer
insulator [88, 89]. In particular, the Coulomb energy U , the charge transfer energy ∆
and the hybridization strength (pdσ) can be extracted by comparing a cluster model
calculation with experimental 2p core-level spectra [88]. The configuration-interaction
cluster model is fitted to a measured XPS spectra and convoluted with an extrinsic
inelastic loss background as determined by EELS (electron energy loss spectroscopy)
for better comparison. The best fitting results yield the values of U, ∆ and (pdσ)
within the cluster model.

By means of this model the respective values of two nominally d0 TMO, namely
TiO2 and STO, were already determined in a combined theoretical and experimental
study demonstrated in Ref. [89]. A similar consideration for BTO, however, is lacking.
In the following an indirect and qualitative evaluation of the Ti 2p core-level spectra
of BTO is demonstrated by considering the experimental and theoretical results of
TiO2 and STO.

Figure 4.12 compares the Ti 2p core-level spectra of single crystalline BTO mea-
sured with an Al-Kα source (hν= 1486.6 eV) at room temperature (green) to the calcu-
lated spectra of TiO2 (orange) and STO (red) taken from [89]. All spectra are plotted
with respect to the energy position of the Ti 2p3/2 core-level. In the BTO spectra a
linear background was subtracted. The Ti 2p1/2 spin-orbit peak position is not shifting
in energy among TiO2, STO and BTO which proves that the spin-orbit splitting is
almost the same for the different TMO. This is in contrast to the energy positions
of the satellite peaks which slightly vary for TiO2, STO and BTO. In addition, the
satellite peak structure in BTO does not seem to be determined by a single Voigt peak.
EELS measurements on the STO sample in Ref. [89], indeed, reveal that the structure
of the satellite peaks in the XPS core-levels is actually given by a superposition of
two loss features A and B for each individual Ti 2p1/2 and the Ti 2p3/2 spin-orbit
peak. In the case of this qualitative study, however, it is sufficient to compare the
main intensities in the satellite peaks. This concept has already been successfully
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demonstrated in the combined theoretical and experimental study of Ref. [89].

Figure 4.12: The 2p
core-level of BTO
(green) is compared
to the results for
TiO2 (orange) and
STO (red) from a
cluster model
calculation taken
from [88].

Before interpreting this phenomenon it is crucial to recall the origin of this char-
acteristic satellite structure (see Section 3.2). In the presence of an orbital overlap
of the O 2p (ligand) and the Ti 3d states and strong p - d hybridization [137, 138]
an additional electronic state with 3d1 L configuration appears in the photoemission
spectrum. The ground state in this approach is given by a linear combination of 3d0,
3d1 L, 3d2 L2, ..., 3dn Ln configurations.

This ansatz is also applied in the cluster model for calculating the core-level
spectra of TiO2 and STO. Thereby, configurations up to the 5th order are taken into
account to obtain reliable results [89]. According to Ref. [89] the energy shifts of the
satellite peaks observed in the TiO2 and STO spectra are only determined by the
hybridization strength (pdσ). From the cluster model calculation the values of pdσ
are estimated to be 2.60±0.1 and 2.43±0.1 eV for TiO2 and STO, respectively. All
other input parameters for TiO2 and STO remain unchanged, namely, U = 4.5± 0.5 eV,
∆= 4.0±2 eV and the Ti 3d occupation number is nd = 1.1±0.2 (see Ref. [89]).

The energy position of the satellite peaks in BTO are in between the ones of TiO2

and STO. Therefore, it can be concluded that for BTO the hybridization strength is
between the theoretical values for TiO2 and STO: 2.43 eV≤ (pdσ)BTO ≤2.60 eV [89].
In contrast, the values of U, ∆ and nd are proposed to not change for TiO2 and STO
[89], so that also in BTO they are expected to stay the same. The value for the Ti 3d
occupation number nd = 1.1, indeed, agrees fairly well with recent electronic structure
calculations [71, 80]. Hence, these results suggest that BTO, as STO and TiO2, is in
the intermediate region (near U =∆) of the Zaanen-Sawatzky-Allen phase diagram
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[87]. Other theoretical work proposes that STO and TiO2 are rather charge transfer
insulators than Mott-Hubbard insulators [186] which also puts BTO in the charge
transfer regime of the Zaanen-Sawatzky-Allen phase diagram.
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ELECTRONIC STRUCTURE OF BATIO3: THIN FILMS

A transition from bulk BaTiO3 to thin film systems by continuously decreasing
the size of the crystal weakens the ferroelectricity in BaTiO3 but the ferroelectric
polarization, in general, is retained [187]. Strain in thin film systems tend to influence
the ferroelectric properties [43] and even lead to an enhancement of the remanent
polarization [44]. Therefore, BaTiO3 thin films are of growing interest, in particular,
since the film growth can be nicely controlled by PLD under oxygen atmosphere [165].
This chapter addresses the surface and electronic structure of BaTiO3 thin films. Due
to the creation of OV at the surface of BTO a quasi-particle state and a incoherent
spectral contribution in the vicinity of the Fermi level are observed. Both electronic
states are characterized by means of photon energy, light polarization, partial oxygen
pressure and temperature. In addition, a schematic model is proposed which correlates
the appearance of the electronic states to the formation of OV at the surface. The
depletion and accumulation of charge carriers at the surface could be controlled by
temperature and partial oxygen pressure [188].

5.1 Surface structure of BaTiO3 thin films on
SrTiO3

In contrast to the commercially available BTO single crystals the BTO thin films
on a Nb-doped (0.05%) STO substrate are directly prepared in a separated UHV
chamber through PLD (see Subsection 3.7.3) by following the preparation protocol of
Ref. [165]. The lattice constants of the STO substrate (aSTO = 3.905 Å) and the BTO
films (aBTO = 3.994 Å) agree fairly well so that only a slight lattice mismatch at the
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interface during growth is expected. According to a growth study the preparation via
PLD, indeed, leads to a layer-by-layer growth (alternating TiO2 and BaO layers) of the
BTO films as long as the critical thickness of 12 unit cells (u.c.) is not exceeded [189].
The surface of thin BTO films during and after growth has already been extensively
studied in literature by RHEED [190] and LEED [191]. In Figure 5.1 the characteristics
of the prepared BTO films are shown:

Figure 5.1: Characterization of the BaTiO3 films grown on SrTiO3 via PLD. (a) Final
RHEED image after the growth of 8 unit cells. (b) Intensity variation of the (0,0), (0,1)
and (0,2) RHEED reflections indicated by the respective colors. (c) LEED image of the
BaTiO3(001) films measured at E0 = 75.2 eV and T = 100 K.

From the number of RHEED oscillation n = 8 the thickness of the BTO films is
deduced to 8 u.c consisting of 4 TiO2 and BaO layers illustrated in Figure 5.1 (b). A
damping in the oscillations after 4 u.c. is attributed to a certain amount of strain
due to the slight difference in the lattice constants aBTO and aSTO of BTO and STO.
It has already been shown that at low thicknesses of 1.6 nm the BTO films tend
to grow quasi-pseudomorphic to STO, i.e. with the bulk tetragonal c values of STO
[56]. At higher thicknesses the in-plane lattice parameters of the BTO films, however,
approach the BTO bulk values (aBTO = 3.994 Å, cBTO = 4.0335 Å) [56, 105]. The strong
reflections in the RHEED and LEED patterns in Figure 5.2 a) and c), respectively,
suggest a rather high film quality with a 1×1 reconstruction at the surface of BTO.

XPS spectra give indication of the chemical composition of the BTO films. In
Figure 5.2 all relevant core-levels of BTO until a binding energy of 145 eV are presented
[169]. No traces of STO in the form of the prominent Sr 3d states, where the cross
section is by one magnitude higher than for Ba 4d and Ti 3p [175], are observed
(see black dotted box). The BTO films, hence, are expected to grow in thick enough
closed layers in order to not unveil the STO substrate. According to the RHEED
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oscillations the terminating layer during the growth is assumed to be BaO. This fact
is further supported by the 1×1 reconstruction in LEED which is most stable for a
BaO termination [158, 161, 162]. In addition, the Ba 4d core-levels exhibit side-peaks
at higher binding energies which have been attributed to under coordinated Ba at the
surface (see inset of Figure 5.2) [169].

Figure 5.2: XPS spectra of the BTO films on Nb doped STO measured at the photon
energies of 200 and 210 eV and at a temperature of T = 100 K. No traces of STO are
identified in the spectra (black dotted box) so that exclusively signatures of BTO are
detected by PES. The inset shows a close-up scan of the Ba 4d states. All spectra are
normalized to the background intensity.

In addition, the Ti3+ shoulder at the lower binding energy side of the Ti 3p states
(blue box) in Figure 5.2 is clearly suppressed. From the ratio of Ti4+ and Ti3+ states in
the XPS spectra the carrier density can be deduced [174]. This suggests a considerable
low carrier density in the BTO films which is related to a low OV concentration at the
surface. Similar investigations on the carrier concentration of a Ti-based TMO have
been conducted at the Ti 2p and Ti 3p core-level of BTO and STO, respectively [93,
163]. In general, the carrier concentration considerably affects the electronic structure
in oxide materials, in particular, the electronic states near the surface of STO [29,
192]. This fact will be studied in more detail at the end of this chapter.

At photon energies above 40 eV and at high intensities of the photon beam the
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illumination of oxide materials, in particular titanates, with light leads to the creation
of OV at its surface [24, 182, 193]. This leads to a creation of itinerant electrons at
the surface of the thin films so that no further preparation is required, in contrast to
the preparation of the BTO single where several cycles of sputtering and annealing
reduce the sample surface (see Subsection 3.8.1).

5.2 O 2p valence band

According to the characterization of the surface structure in the previous section
the BTO thin films with a thickness of 8 u.c. mainly display a lattice constant close the
BTO bulk value in X-ray diffraction [56]. In order to confirm a bulk-like behavior of
the BTO films the O 2p valence band is investigated and compared to band structure
calculations of bulk BTO [80, 81].

Figure 5.3 illustrates the valence band structure of BTO in the form of angle-
integrated spectra around the X̄′-point and constant energy maps (CEM) at particular
energies E - EF measured at T = 300 K with a photon energy of hν= 100 eV and p-
polarized light:

Figure 5.3: O 2p
valence band of BTO
thin films. (a) The
spectral weight around
the X̄′-point displays
five characteristic
energies at
E - EF = -7.5 eV, -6.8 eV,
-5.8 eV, -4.5 eV and
-3.8 eV. (b - f) The
intensity distribution
in k-space is presented
by several constant
energy maps which are
labeled with respect to
their energy position
in the O 2p valence
band.
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At the excitation energy of hν= 100 eV the PES hemisphere at normal emission
and along k⊥ direction cuts the 3D BZ of BTO near its X′-point. A kz (= k⊥) plot along
the in-plane [1 1 0] direction and for photon energies 80 eV≤ hν≤180 eV is shown
in Figure 5.6 (a). Figure 5.3 (a) displays the integrated spectral weight around the
X̄′-point of the BTO valence band. It exhibits four intensity maxima and one distinct
shoulder at E - EF = -7.5 eV, -6.8 eV, -5.8 eV, -4.5 eV and -3.8 eV. Measured CEM at each
of these energy positions display a characteristic intensity distribution in k-space
illustrated in Figure 5.3 (b) - (f). In the map at E - EF = -5.8 eV the projected cubic BZ
with the high-symmetry points (X̄′, M̄′ and R̄) is superimposed (Figure 5.3 (c)).

The CEM of the BTO thin films can not directly be compared to the results
of the single crystals in Figure 4.4. Due to their different excitation energies, the
photoemission hemisphere in the experiment of single crystalline BTO with a photon
energy of hν= 40.84 eV cuts k⊥ at the Γ-point for normal emission, in contrast to the
X′-point for thin BTO films with hν= 100 eV. This affects the intensity contours in the
CEM since the valence bands is measured along different high-symmetry directions.

In addition, the CEM in Figure 5.3 for the BTO thin films exhibit a strong left-right
asymmetry in their intensity which is not observed in the case of the BTO single
crystals (see Figure 4.4). The intrinsic CEM intensity contours for a cubic system
are expected to be 4-fold and symmetric. Therefore, this variation in photoemission
intensity is deduced to be an effect of the PES measurement itself. The light polar-
ization in combination with the geometry of the photoemission setup, for instance,
contribute to the matrix element in the transition probability of the PES process
displayed in Equation (3.6) and, hence, might affect the measured photocurrent [154].
By assuming a plane-wave final-state the resulting matrix element Mk

f i of Equation
(3.3) is determined by A ·k, where A is the vector potential and k the wave vector of the
photoelectron. This assumption leads to an enhanced PES intensity for photoelectrons
which are emitted parallel to the light polarization (p-polarization) compared to the
perpendicular case [194]. According to this consideration the photocurrent at positive
k (corresponds to the right side of the analyzer slit in Figure 3.7) is amplified whereas
the photocurrent at negative k (the left side) is reduced. This is, indeed, observed in
the CEM of the BTO thin films measured with p-polarized light where the light is
coming from negative k values. In the case of the BTO single crystals measured with
unpolarized light such an intensity asymmetry is missing (see Chapter 4).

For a better comparison of BTO thin films and BTO single crystals an analogous
data set on the BTO thin films at hν= 40 eV was measured (not shown). However, in
these measurements the PES spectral weight is strongly reduced so that the dispersing
spectral features of the valence band are hardly visible. This might be due to the
fact that the photon energy of hν= 40 eV is not sufficiently high enough or just at the
threshold in order to efficiently create OV and, hence, reduce the system [193]. On
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the contrary, the single crystals are prepared by alternating cycles of sputtering and
annealing so that the photon energy does not affect the reduction of the surface.

The experimental band structure of the O 2p valence band is also directly com-
pared to a theoretical band structure calculation [80] as presented in Figure 5.4. The
band structure in Figure 5.4 (a) and (b) is extracted along the high-symmetry direc-
tions X̄′ - M̄′ and X̄′ - R from Figure 5.3 (c), respectively. The individual bands are nicely
resolved in the photoemission experiment without the application of a 2nd derivative
method which was used to display the band structure of the BTO single crystals, e.g.
in Figure 4.5. In addition, experimental and theoretical results match well, especially
near the X-point where the 4 intensity maxima are nicely reproduced by the band
structure calculation (see also Figure 5.3 (a)). This means that the BTO films of 8 u.c.
are thick enough to induce a considerably high bulk contribution in the PES signal
especially as the inelastic mean free path of the photoelectrons is 2 - 3 atomic layers
in this photon range.

Figure 5.4: Experimental (BTO thin films) vs. theoretical band structure of the BTO
O 2p valence band along two high-symmetry directions: (a) X̄′ - M̄′ and (b) X̄′ - R̄
direction. The experimental data was measured with hν= 100 eV and p-polarized
light at T = 300 K. The theoretical spectra are adapted from a study on the bulk
electronic structure of BTO (Ref. [80]). At the right side, the color scale for the
normalized ARPES intensity is given.

5.3 Electronic structure at the surface

In the PES process, the illumination of the BTO thin films by synchrotron light
leads to the creation of OV at the surface and induces itinerant and localized electrons
[24, 182, 193]. This effect is accompanied by the occurrence of additional spectral
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weight near the Fermi level EF. The characteristics of this peculiar electronic states
and their dependence to the generation of OV is studied in this section.

Figure 5.5 gives a general overview of the ARPES results measured with p-
polarized light at hν= 150 eV and at a sample temperature of T = 100 K. The PES data
was measured over several SBZ of BTO, namely around Γ̄00, Γ̄01, Γ̄10 and Γ̄11 and the
respective boundaries between these SBZ are emphasized by red dashed lines.

Figure 5.5: Overview of the electronic structure of thin BTO films with a thickness of
8 u.c. ARPES was measured at hν= 150 eV, p-polarization and T = 100 K. (a) The
Fermi surface, (b - c) the band structure along specific high-symmetry lines Γ̄00 - Γ̄01
(top) and Γ̄10 - Γ̄11 (bottom) and (d) the angle-integrated spectral weight are presented.
The Γ̄hk-points (in red) are labeled by Miller indices according to their position in
k-space . Red dashed lines highlight the zone boundaries of the BTO’s surface BZ in
(a - c) and black dashed lines at the right mark the conduction band minimum (CBM)
and valence band maximum (VBM).

In the Fermi surface of Figure 5.5 (a) hardly any spectral weight is visible at Γ̄00

whereas at Γ̄01 and Γ̄10 spectral signatures are faintly discernible pointing along kx

and ky, respectively. Both ellipsoidal contributions next to an additional circular con-
tour become observable at Γ̄11. The extent of each contribution is indicated by dashed
sketches. At higher k values (kx ≥2π / a and ky ≥2π / a), however, the spectral weight
is almost completely suppressed. A similar FS for similar experimental condition has
already been observed for BTO single crystals [185]. The spectral weight of the Fermi
surface is attributed to quasi-particle states (QPS). An associated incoherent spectral
(ICS) contribution is still present in the ARPES signal at ≈2 eV and, thus, reaches
far into the BTO band gap. Both spectral features become obvious in the ARPES
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measurements along the Γ̄00 - Γ̄01 (top) and Γ̄10 - Γ̄11 (bottom) direction in Figure 5.5 (b)
and in the angle-integrated spectra in Figure 5.5 (d).

At Γ̄01 and Γ̄11 the band structure mainly is determined by the QPS while its
spectral weight is significantly suppressed at Γ̄00. The ICS, on the other hand, is
prominently observable at Γ̄00 and centered at ≈0.75 eV. Since both contributions
are rather broad in energy (FWHM > 0.2 eV) and indistinct in their dispersion a
substantial quasi-particle scattering might be expected. However, a more complete
picture of these electronic states becomes available when their response in the PES
process is studied with respect to photon energy, light polarization and resonant effects
as shown below.

In general, the reduction of the BTO surface leads to metallic states at EF, namely
to a QPS at approximately 0.28 eV, and to a downward shifting of the valence band
where the valence band maximum (VBM) is at approximately 3.55 eV. This scenario
is best shown in the angle-integrated spectra in Figure 5.5 (d). Despite the shift in
energy, the size of the band gap is maintained (Eg ≈ 3.27 eV [171]) as evaluated by the
difference of conduction band minimum (CBM) and VBM given in black dashed lines.

5.3.1 Photon energy dependence

In order to correctly determine kz = k⊥ of BTO from the photon energy hν (see
Equation 3.12) the knowledge of the lattice constant cBTO [105] as well as the use of
an appropriate inner potential V0 are essential. Here, an optimized inner potential of
V0 = 14.5 eV [195] is employed which is slightly higher than the value of V0 = 12 eV used
in the previous chapter. The reason is that for V0 = 14.5 eV the intensity modulation
at the high-symmetry points along kz in the BZ of BTO are more nicely reproduced.
Figure 5.6 (a) presents the corresponding kz-map for the spectral weight of the QPS
along Γ00 -Γ11.

Intensity maxima in the spectral weight appear at the Γhkl-points in the 3D BZ of
BTO, namely at Γ004, Γ113 and Γ114. The ones at Γ004- and Γ114-point are cut by the
PES arcs for the photon energy of hν= 135 eV and 150 eV, respectively (black dashed
lines). Note here, that the photon energy of hν= 100 eV as used in the measurements
of the O 2p VB (Section 5.2) intersects with the Γ00 direction near the X-point between
Γ003 and Γ004 and with the Γ11 direction at the Γ113-point highlighted by a blue arc in
Figure 5.6 (a).

In Figure 5.6 (b) - (e) the corresponding Fermi surfaces are presented, along with
the ones for hν= 80 eV and 120 eV. Their intensity distribution within the kx-ky plane
strongly varies with the photon energy. For instance, in the FS maps at hν= 120 eV
and 135 eV in Figure 5.6 (c) and (d) a considerable intensity of the QPS is visible at
Γ̄00. In the respective FS maps for hν= 80 eV and 135 eV (Figure 5.6 (b) and (e)), on the
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other hand, a noticeable QPS contribution is observed at Γ̄10 and Γ̄01. However, the
ARPES signal of the QPS not only modulates laterally but also along kz as already
mentioned above in the kz-map of Figure 5.6 (a). The modulation along kz most likely
is due to a finite number of BTO layers contributing to the total intensity. This con-
versely means that the QPS is not completely confined at the surface but marginally
penetrates into the bulk. However, a prominent dispersion of the QPS along kz is not
discernible so that the QPS is considered to be of 2D character. Further properties of
the QPS and the ICS can be unveiled by studying their polarization dependence.

Figure 5.6: Photon energy dependence of the electronic states in a 8 u.c. thin BTO
film. (a) The spectral weight of the QPS is displayed as a function of kz measured in
the photon energy range of 80 eV≤ hν≤ 180 eV. (b - e) Different Fermi surfaces for the
particular excitation energies of hν= 80, 120, 135 and 150 eV measured at T = 100 K
and with p-polarization. Each excitation energy is emphasized by a black arc in the
kz-scan in (a). In addition, the PES hemisphere for hν= 100 eV is plotted in blue. The
red dashed lines indicate the BZ boundaries in the different FS and in the kz-scan.
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5.3.2 Polarization dependence

The FS for hν= 135 eV and p-polarized light in Figure 5.6 (d) exhibits relatively
high intensity at Γ̄00 as the PES hemisphere cuts the 3D BZ of BTO at Γ004 along
kz and at normal emission. In addition, the elongated ellipsoids along kx, ky and the
circular contour are separately visible at Γ̄01, Γ̄10 and Γ̄11, respectively. Figure 5.7
illustrates how the spectral weight of the QPS and the ICS varies when the light
polarization is altered from p-polarization to s-polarization. This also means that the
polarization vector which originally lies within the PES scattering plane (p-pol.) is
rotated out of the plane pointing in perpendicular direction (s-pol.) (see Subsection
3.6.2).

Figure 5.7: Polarization dependence of the electronic states. The top / bottom panel
shows the ARPES results for p / s-polarized light measured with hν= 135 eV at
T = 100 K. (a - b) Direct comparison of the intensity distribution in the FS map, (c - d)
for the CEM at EF -0.75 eV and (e - f) of the electronic structure along Γ̄00-Γ̄01
direction for both light polarizations is possible. Black arrows highlight the spectral
weight of the ICS in (c - d). In addition, the signatures of an electron and a hole pocket
are observed at the Γ̄00-point for p- and s-polarized light, respectively, indicated by
shallow red parabolas in (e - f).

In the FS map of Figure 5.7 (b) the spectral weight of the QPS is strongly reduced
within the whole kx-ky plane for s-polarization, besides at Γ̄10 and Γ̄11. At the high-
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symmetry points the intensity nearly stays the same or is even increased for Γ̄10 and
Γ̄11, respectively. In the first case, the elongation of the electronic feature, moreover, is
rotated by 90◦. In order to consider the intensity distribution of the ICS, respective
CEM at EF -0.75 eV in Figure 5.7 (c) and (d) are regarded. The spectral features of the
QPS are faint, however, also additional spectral weight accumulates around the Γ̄00-
point. In the case of p-polarization this supplementary intensity which is highlighted
by black arrows exhibits a circular contour whereas for s-polarization it appears in
the form of a paddle along Γ̄00-Γ̄01 direction. The corresponding ARPES maps along
Γ̄00-Γ̄01 direction in Figure 5.7 (e) and (f) clarify the spectral properties of the QPS
and the ICS. For instance, the shape of the QPS at the Γ̄00-point can approximately
be described by an electron pocket as highlighted by a red dashed parabola (see
Figure 5.7 (e)). This electronic feature, however, is only discernible for p-polarized
light and for the photon energies of hν= 135 eV and 120 eV (not shown). In contrast,
s-polarization reveals signatures of hole-like bands around Γ̄00 and Γ̄01 leading to the
paddles in the respective CEM. Their dispersion is indicated by red dashed parabolas
in Figure 5.7 (f) and resembles in shape and dispersion an electronic state observed in
the layered system Al/BTO/STO [196].

The contribution of the QPS and the ICS to the complete spectral weight in PES
becomes obvious in EDC at particular high-symmetry points, e.g. at Γ̄00 and Γ̄10, as
displayed in Figure 5.8 (a) and (b). The dashed lines reflect the energy positions of
the ICS as suggested in the CEM in Figure 5.7 (c) and (d) and of the QPS. A general
trend is the increase of the ICS spectral weight when the polarization vector is
rotated into the scattering plane of the PES geometry. Circular polarization contains
contribution of both polarization vectors and, thereby, the measured spectral weight
averages over those of p-pol and s-pol. In addition, the ICS seems to be composed
of several electronic contributions which are pronounced at distinct Γ̄-points. At Γ̄10

in Figure 5.8 (b) the ICS is centered at EF - 0.75 eV whereas at Γ̄00 in Figure 5.8 (a)
two different spectral contributions at an energy < EF - 0.75 eV and > EF - 0.75 eV are
observed. These contributions are enhanced for a certain light polarization so that the
prominent feature at the higher binding energy is best visible for s-polarization.

The ARPES signal, on the one hand, significantly modulates in the 3D k-space
which was studied in the previous subsection. On the other hand it strongly depends
on geometry parameters and on the symmetry of the experiment as light incidence,
light polarization, scattering plane, etc. [154]. Changes in the spectral weight of the
individual electronic contributions of QPS and ICS with respect to the light polariza-
tion can be attributed to their orbital character including their orientation in k-space.
This is manifested by the initial wave function of the electronic states. However, in
order to unambiguously determine the origin of the QPS and the ICS a resonant PES
experiment was performed. At the end of Subsection 5.3.3 both electronic contributions,
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QPS and ICS, are assigned to particular orbitals based on the results of the photon
energy dependence, the polarization dependence and the resPES results.

Figure 5.8: Polarization dependence of the QPS and ICS. Spectral weight of the QPS
and the ICS are illustrated as a function of light polarization (p-pol, circular
polarization (circ-pol) and s-pol) at Γ̄00 in (a) and Γ̄10 in (b). The dashed lines at higher
E - EF coincides with the energy positions of the CEM in Figure 5.7 (c) and (d) and the
dashed line near EF approximately gives the energy position of the QPS at
≈EF - 0.2 eV. All spectra are normalized to the background intensity and to the
spectral weight at EF.

5.3.3 Resonant PES

The technique of resonant PES (resPES) excites particular electronic states near
or slightly above EF due to a process based on an Auger decay besides the direct PES
process (see Section 3.3). In our case these electronic states are the QPS and the ICS
which are expected to be derived from the originally, with no surface reduction, empty
Ti 3d conduction band.

Resonant PES usually is applied in combination with the respective X-ray absorp-
tion spectrum (XAS) of a corresponding material’s K , L, M edge. In order to study the
origin of the QPS and the ICS with respect to Ti 3d states, the Ti L2,3 edges are of in-
terest. The Ti L3 (L2) edge corresponds to an excitation of an electron from the Ti 2p3/2

(2p1/2) core-level to the Ti 3d conduction band. In addition, the perovskite structure
of BTO affects a splitting of the conduction band, the so-called crystal field splitting,
with the distinct energy levels Ti 3dt2g and Ti 3deg (see Section 3.1). Theoretical XAS
spectra exhibit a characteristic multiplet structure reflecting the Ti 2p spin-orbit
splitting and the Ti 3d crystal field splitting. This has been first shown experimentally
and theoretically for a series of different TMO [139, 197]. More elaborated theoretical
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studies reproduce the experimental results on BTO single crystals [198] as well as for
thin BTO films in a BTO/STO multilayer system [199].

Figure 5.9 (a) presents the XAS data for the 8 u.c. thin BTO films on STO measured
at T = 300 K via total electron yield (TEY). The experimental spectra displays the
expected multiplet structure and is in good agreement with a recent theoretical
calculation for the tetragonal ferroelectric phase [198]. In addition, the XAS spectra
allows to determine the carrier density at the surface which has already been shown
for STO [192]. By comparing the line shape of the XAS spectrum in Figure 5.9 (a) to
the results of STO [192] a low 2D carrier density in the order of 1014 cm−2 for the thin
BTO films can be deduced. A more elaborated evaluation of the carrier density for the
BTO films, however, is depicted at the end of this subsection. In general, by means of
the XAS results it is possible to estimate the doping level besides the determination
via the Ti 2p core-levels [174].

Figure 5.9: (a) XAS results at the Ti L3 and Ti L2 edge of BTO measured by means
of total electron yield (TEY) at T = 300 K. The multiplet structure closely resembles
the results of a recent theoretical study [198]. (b) Angle-integrated PES spectra of the
QPS and the ICS measured in the same photon range as the XAS spectra but at
T = 100 K. The red / black dashed lines highlight the individual resonances at the Ti
L3 / L2 edge for Ti 3dt2g / 3deg states and the blue dashed lines the 2nd order peak in
PES signal for synchrotron light.

In Figure 5.9 (b) the response of the individual electronic states, namely of the
valence band, the ICS and the QPS, are studied depending on the photon energy near
the Ti L3 (L2) edge. The red dashed lines indicate the respective excitation energies
for the absorption edges. The spectral weight at the top of the valence band, i.e. at
approximately EF - 4 eV, is strongly enhanced for excitation energies at the Ti L3 edge
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and at the eg part of the Ti L2 edge. Also the intensity of the ICS is increased at these
energies, especially at the Ti L3 edge (black box). This means that both, valence band
and ICS, are partially composed of Ti 3d states. In the case of the valence band this
has been already shown theoretically and experimentally traced back to a finite p - d
hybridization of valence and conduction band states [37, 72, 170, 181]. The ICS in BTO
is also supposed to exhibit a significant p - d hybridization as shown for the structural
isomorph STO [200]. For the QPS, however, a similar evaluation is not possible due to
the large 2nd order peak in PES signal for synchrotron light as highlighted by the blue
dashed lines. A subtraction of this interfering spectral weight which is shown in the
Supplementary Material of Ref. [141] is rather challenging since the ARPES signal in
total is too small.

Figure 5.10: ResPES results of the ICS in BTO thin films. (a) CEM at EF - 0.75 eV
measured with hν= 460.3 eV and p-polarized light at T = 100 K. This excitation
energy coincides with the eg part of the Ti L3 edge marked by the second lowest
dashed line in the k-map highlighted by a black circle. (b) Variations in the ICS
spectral weight along kx as a function of photon energy.

The intensity distribution of the ICS (at EF - 0.75 eV) is further investigated by
means of a CEM in Figure 5.10 (a). It is apparent that most of the ICS spectral
weight appears at the Γ̄hk-points (red). The circular contour at these high-symmetry
points resembles the results for hν= 135 eV and p-polarized light in Figure 5.7 (c). In
Figure 5.10 (b) a photon energy map of the ICS intensity along kx is displayed. Spectral
weight accumulates at Γ̄00 and Γ̄10 for photon energies corresponding to the eg part of
the Ti L3 and the Ti L2 edge. In contrast, the ICS signal at the t2g part of the Ti L
edges is significantly smaller.
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In summary, the CEM in Figure 5.7 and Figure 5.10 reveal that the ICS is delocal-
ized in k space and its intensity distribution in the kx-ky plane reflects the one of the
QPS. In addition, there is no strong decoupling of both electronic contributions. Hence,
it is assumed that the QPS and the ICS are of same orbital character. The resPES data
in Figure 5.9 and Figure 5.10 suggests that the ICS is derived from Ti 3d-eg states.
However, from the polarization dependence of the ICS in Figure 5.8 two electronic
contributions are expected. A recent theoretical work [96] assigns the contribution
at higher binding energy primarily to Ti 3dz2 orbitals, the shallow state more to Ti
3dx2−y2 orbitals [96]. Since the signal of the ICS located at higher binding energy is
almost completely suppressed for s-polarized light, this contribution can indeed be
attributed to Ti 3dz2 states by sample geometry. On the other hand, the ARPES data
of BTO from Figure 5.5 to Figure 5.10 do not provide a clear evidence for a pronounced
in-gap state as in STO [34].

In STO it has been demonstrated that the 2D electron gas near EF consists of Ti
3d states with t2g symmetry [22, 23]. The different spectral shape at the individual
Γ̄hk-points in STO is attributed to an anisotropic charge carrier hopping which lifts
the degeneracy of the Ti 3d states [76]. This results in dxz and dyz states elongated
along ky and kx, respectively [201]. Since the BTO thin films reproduce these intensity
contours at Γ̄10 and Γ̄01 in Figure 5.6 (b) and (d) the QPS in BTO can be derived from
dxz and dyz states. The intense circular signal at Γ̄11 reflects dxy states pointing along
kz in accordance to the STO result in Ref. [201]. From the extent of the Fermi contour
at Γ̄11 in Figure 5.5 (a) it is possible to deduce the 2D carrier density. Thereby, the
area of the ellipses and of the circle highlighted by black dotted lines are integrated to
an area AFS. The corresponding formula n2D = 2AFS/(2π)2 for the 2D carrier density
yields n2D ≈ 4.5× 1014 cm−2 (see Supplementary Material of Ref. [93]). This value can
be converted into a 3D carrier concentration of n3D ≈2×1021 cm−3 which is just at
the threshold of a doping induced para- and ferroelectric phase transition [156].

5.3.4 Review on diffraction and substrate effects

In the previous subsections it has been pointed out that the QPS and the ICS
derive from Ti 3d states. A possible mechanism in order to shift these originally unoc-
cupied states below EF is given by the band bending picture illustrated in Figure 2.8.
Nevertheless, other side effects might distort the actual electronic structure of the
thin BTO films on STO. In this subsection, the impact of two possible mechanisms are
studied, namely the influence of the substrate electronic structure and photoelectron
diffraction (PED) effects [135, 202].

Figure 5.11 compares the EDC at Γ̄11 of STO to the one of BTO. These curves are
extracted from the respective 3D data set (kx = 2π/a, ky = 2π/a and E - EF) of the pure
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STO substrate and of the BTO films on STO. The spectral weight of the QPS and the
ICS are much more pronounced in the case of STO. In addition, the position of the ICS
is shifted towards higher binding energies, namely to E - EF ≥1 eV, and the spectral
weight at the VBM differs remarkably in comparison to BTO.

Figure 5.11: Comparison of EDC at
Γ̄11 measured with hν= 135 eV
(p-pol.) at T = 100 K. The spectral
weight of the VB, the ICS and the
QPS clearly varies for the pure STO
substrate and for BTO films on STO.
In addition, STO displays a different
intensity contour in the FS (inset)
compared to the FS of the BTO thin
films. Both spectra are normalized to
the background intensity.

Furthermore, the intensity contours at the FS of STO and BTO are compared. The
inset of Figure 5.11 presents the FS of STO measured with hν= 135 eV (p-pol.) at
T = 100 K. In contrast to BTO, the spectral weight is concentrated rather directly at
the Γ̄hk-points and not within the high-symmetry points [201] as in the case of BTO
illustrated in Figure 5.6 and 5.7. Hence, a significant manipulation of the electronic
structure of BTO by means of the STO substrate can be excluded. From the surface
structure analysis in Section 5.1 and a growth study [56] it can be assumed that the
uppermost BTO layers of the 8 u.c. thick film display the bulk BTO lattice constant
aBTO with a slight distortion due to minor stress.

A second mechanism which might affect the electronic structure in the BTO thin
films is PED [202]. An important step in the PES process as a whole is the propagation
of the excited photoelectron to the surface [135]. The scattering of this photoelectron
by the crystal potential leads to an additional intensity modulation due to interference
effects. The PED pattern and intensity, thereby, depends on the kinetic energy of the
electron and also varies in k-space by reflecting the crystal structure.

The electronic features of the BTO films discussed so far, hence, might actually
stem from PED patterns which are a result of photoelectron scattering. In order to
exclude this side effect the PED intensity maps are studied at specific core-levels in
BTO involving Ba, Ti and O. Figure 5.12 (a) - (c) depicts the respective results of the O
2s (EB = 22 eV), the Ti 3p (EB = 37.5 eV) and the Ba 4d (EB = 90.7 eV) states. In all the
experiments the kinetic energy of the photoelectrons is maintained at ≈131 eV and
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coincides with the energy of the photoelectron for the FS at hν= 135 eV presented in
Figure 5.6 (d). This allows a precise comparison of FS and PED patterns as also the
PED intensity changes with the electron wavelength. The PED patterns of the O 2s
and Ba 4d core-level in Figure 5.12 (a) and (c) exhibit a circular shape. At the Ti 3p
core-level in Figure 5.12 (b) the PED pattern resembles more a X-like shape with the
main intensity near the corners of the surface BZ. In total, the PED patterns do not
reflect the symmetry of the FS contours illustrated in Figure 5.6 and Figure 5.7. This
symmetry consideration proves that the spectral weight in the FS map can not be
related to a PED signal but reflects the actual electronic structure in BTO.

Figure 5.12: (a - c) PED patterns at the O 2s, Ti 3p and Ba 4d core-level measured at
T = 300 K with p-polarized light and hν= 156 eV, 171.5 eV and 224.7 eV, respectively.
The Γ̄00-points and the boundaries of the surface BZ are highlighted in red.

5.3.5 Dependency on oxygen vacancy density

The energy position of EF in the BTO samples as well as the the amount of band
bending at its surface can be linked to the creation of OV at the surface. Until now,
the validity of this assumption is based on similar ARPES results observed in other
titanates [23, 24, 182]. In this subsection an approach is applied which allows to find
a direct correlation between oxygen deficiency and the existence of a 2DEG in BTO
thin films.

As a first step the impact on the electronic states in BTO is studied while the
amount of OV in the system is systematically altered. The illumination of an oxide
material by synchrotron light might lead to the creation of OV at its surface [24]. In
order to reoccupy these vacant oxygen sites partial oxygen pressure pO2 during the
PES experiment might be applied [182]. Depending on the balance of reoxidization of
OV and the reduction of the BTO the electronic properties as the energy position and
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spectral weight of the VB, ICS and QPS can be tuned.
Figure 5.13 summarizes the changes in the electronic structure of BTO by in-

creasing pO2 in the analyzer chamber from the nominal value pO2 ≈10−11 mbar to
4×10−8 mbar. The value of pO2 is illustrated in Figure 5.13 (c). By increasing pO2

the spectral weight of the ICS and of the QPS illustrated by white dashed lines gets
dramatically reduced and no significant ARPES intensity remains visible in the case
of high pO2 (see angle-integrated spectra in Figure 5.13 (a)). Simultaneously, the VB
shifts towards lower binding energies by ≈ 140 meV and approaches an energy position
which is close to the VBM of the insulating case by reflecting the optical band gap
of BTO [168, 171]. A FS cut along kx and measured as a function of pO2 further
clarifies the electronic situation at EF displayed in Figure 5.13 (b). It is confirmed
that the QPS spectral weight vanishes completely at the Γ̄00- and the Γ̄10-point for
pO2 = 4×10−8 mbar. This result might be related to an metal-to-insulator transition
which is determined by a critical charge carrier concentration of BTO [203].

Figure 5.13: Impact of partial oxygen pressure pO2 upon the individual electronic
states in BTO (VB, ICS and QPS) measured at T = 300 K with hν= 135 eV and
p-polarization. (a) Angle-integrated spectra as a function of time when pO2 is varied.
The energy position of the ICS and QPS are highlighted by white dashed lines and the
color scale for the normalized ARPES intensity is given at the left bottom. (b)
Angle-integrated spectra which presents the change in the QPS spectral weight at EF
along kx, namely in Γ̄00 to Γ̄10 direction, for different pO2 . (c) Range of pO2 from 10−11

to 4×10−8 mbar.

In the following, the electronic states close to EF are studied in more detail con-
cerning their oxygen dependency. Therefore, the QPS and the ICS were measured
for different pO2 values in the range of 10−11 mbar≤ pO2 ≤10−7 mbar. Their spectral
weight is displayed by EDC plots for each distinct pO2 at Γ̄00 and Γ̄10. The correspond-
ing spectra are presented in Figure 5.14 (a) and (b), respectively. At Γ̄00, the spectral
weight of the more intense ICS decreases more rapidly than the one of the QPS. At
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Γ̄10, where the contribution of the QPS predominates, this tendency is reversed. In
a very confined region close to EF the orbitals with Ti 3dxz and Ti 3dyz character
are proposed to be most favorable orbitals contributing to the QPS [101]. As matrix-
element effects in the PES experiment [154] prefer Ti 3dxz orbitals at Γ̄10 illustrated in
Figure 5.6 the spectral weight of the QPS exceeds the one of the ICS in Figure 5.14 (b).
At Γ̄00, on the other hand, the QPS exhibits no predominant orbital character and the
IGS represents the main contribution. The spectral weight, in total, drops steadily
at both high-symmetry points by increasing pO2 and for pO2 = 10−8 mbar almost no
spectral weight of the QPS and the ICS is left. This behavior is comparable to the
observation in Figure 5.13 where the ARPES intensity decreases for higher pO2 . Both
results also resemble to the findings of a similar study, however, on STO [93].

Figure 5.14: Quantitative study of the surface electronic structure upon changes in
pO2 (hν= 135 eV, p-pol. and T = 100 K). (a - b) The spectral weight of the QPS and the
ICS are presented as EDC plots for 10−11 mbar≤ pO2 ≤10−7 mbar at Γ̄00 and Γ̄10,
respectively. All spectra are normalized to the background intensity and the scale of
pO2 is given in (a). (c) Spectral weight of QPS and ICS plotted with respect to pO2 in a
double logarithmic scale. The dashed and dotted line show the scaling behavior of -1/6
and -1/4 for a 2+ and 1+ charge state of the OV.

In STO, it has been proposed that by the removal of an oxygen atom from the
surface one of the two released electrons is trapped in an in-gap state (see Ref. [34]
and Subsection 2.1.5). The itinerant electron, on the other hand, might occupy the
nominally empty Ti 3d-t2g band which is shifted below EF due to band bending at the
surface (see Subsection 2.1.6). Exposing the surface again to atomic oxygen leads to a
suppression of the OV as well as of the QPS. This relates the occurrence of the 2DEG
to the density of charged OV on the surface [182].

It is still unclear whether the same situation holds for BTO, i.e. how many of the
released electrons are itinerant or localized. In order to answer this question a model
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considering the reoxididation process in BTO is derived. Figure 5.14 (c) summarizes
the results of this quantitative evaluation. Thereby, the integrated spectral weight
IPES at EF summed up over the QPS and the ICS is taken into account which is seen
in the inset of Figure 5.14 (c). It is implied that the QPS and the ICS are not decoupled
as already discussed in Section 5.3.3. The respective IPES at Γ̄00 (light blue) and Γ̄10

(dark blue) are plotted as a function of pO2 in a double logarithmic scale.

In the following, the reoxidization process is described by an oxygen diffusion
model. A first step is to determine the kind of vacancy which is the energetically most
favorable in BTO by also including metal vacancies. Indeed, it has been demonstrated
that under normal thermodynamic boundary conditions the oxygen-related vacancy
mostly prevails [204]. In particular, the double shallow donor V··

O is dominant [205].
This allows to set up the equation for the point defect reaction where two electrons
e′ are released [206]: O×

O �V··
O +2e′+ 1

2O2 (in Kröger-Vink-notation), where the left
side represents the reduction of the oxide. The equilibrium constant Kred is the
corresponding unit in order to describe the reactivity and is given by the the product of
the concentration of the reactants: Kred ∝ cV··

O
n2

e
ppO2 , where cV··

O
is the concentration

of OV and n2
e is the electron density [206].

In addition, the charge neutrality condition is assumed, i.e., the electron concen-
tration compensates for the oxygen vacancy: 2n2

e = cV··
O
. Thereby, ne is the electron

density within the quantum well close to the surface (≈ 10 Å) induced by band bending
[207]. The concentration of OV, however, is a bulk property since they are generated
by synchrotron light penetrating into the sample on the order of 1µm. Through the
creation of oxygen defects in the bulk, free carriers are released and accumulate in
the surface quantum well. The quantum well as a subsystem is in dynamical thermal
equilibrium with its surrounding bulk, so that photoemission probes a bulk reservoir
where the law of mass action holds. By considering all these facts the electron density
ne is supposed to display a scaling behavior of p−1/6

O2
. This result is nicely reproduced

in the integrated data of Figure 5.14 (c). The slope of ne with the relation ne ∝ IPES is
close to -1/6 as highlighted by the black dashed line. Most of the OV in BTO, hence,
can be associated to a 2+ charge state. This is in contrast to single crystalline STO
[97] and LAO/STO [99], where a 1+ charge state of the OV has been observed. The
corresponding -1/4 scaling behavior is illustrated by a faint black dotted line in Fig-
ure 5.14 (c). In the case of thin STO films with 10 u.c. thickness the dependency of
ne ∝ IPES changes in favor of a -1/6 scaling behavior [97] which is more comparable to
the results of the 8 u.c. thick BTO film. Nevertheless, the results of STO and LAO/STO
have been performed at strongly elevated temperatures (950 K≤T ≤1100 K) which
exceed the measuring temperature of the BTO thin films by one order of magnitude.
Therefore, it is important to know in addition how the temperature influences the
electronic structure of BTO at EF.
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5.3.6 Temperature dependence

In the previous subsection it has been clarified that atomic and molecular oxygen is
able to reoxidize oxygen defects at the surface and, thereby, varies the spectral weight
of the QPS and the ICS. Another mechanism is the migration of atomic oxygen from
subjacent layers to the surface. In BTO single crystals presented in Subsection 4.2.4
already a total shift of ≈60 meV in the O 2p valence band has been observed by
varying the temperature. This temperature effect might lead to a similar response in
the electronic structure as seen for pO2 in the previous subsection.

Figure 5.15: Quantitative study of surface electronic structure as a function of T
measured with hν= 135 eV and p-polarized light at pO2 = 10−11 mbar. (a - b) The
spectral weight of the QPS and the ICS in the form of EDC is illustrates at Γ̄00 and
Γ̄10, respectively, by increasing T from 80 K to 380 K. All spectra are normalized to
the background intensity and the temperature scale is given in (a).

In the following the spectral weight is studied as a function of the temperature
by increasing the temperature from T = 100 K to T = 380 K. However, similar trends
were observed by lowering the temperature from T = 380 K to T = 100 K. Figure 5.15 (a)
and (b) display the spectral weight of the thin BTO films at Γ̄00 and Γ̄10 in the range
of 80 K≤T ≤380 K. An increase in T is accompanied by a reduction of the ARPES
intensity near EF. This is by analogy with the spectra in Figure 5.14 displaying a
similar behavior of the QPS and ICS upon changes in pO2 . Even the reversed trend of
the QPS and ICS spectral weight at Γ̄00 and Γ̄10 is consistent in the T-dependent data
of Figure 5.15. The response of the 2DEG (QPS) in BTO to the external parameters of
T and pO2 might be explained by an universal model.

Changes in pO2 or T might not only affect the electronic states close to EF but also
the shape and the energy position of core-levels in the BTO thin films. In Figure 4.11
and Figure 5.13, already a slight shift in the O 2p valence band of BTO has been
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observed by either changing T or pO2 . It is supposed that the appearance of the QPS
at the surface can be correlated to a respective energy shift of other electronic states.

Figure 5.16: Temperature dependence of the different core-levels (a) O 2s, (c) Ti 3s
and (d) Ti 3p as well as (b) the O 2p valence band for 80 K≤T ≤ 380 K measured with
hν= 200 eV and p-polarization at pO2 = 10−11 mbar. All spectra are normalized to the
background intensity and the temperature scale is given in (a).

In order to clarify this assertion the electronic properties of the O 2s, O 2p, Ti 3s
and Ti 3p states are studied with respect to T changes in the same temperature range
of 80 K≤T ≤ 380 K. The corresponding results are illustrated in Figure 5.16 (a) - (d). All
core-levels consistently shift to lower binding energies by increasing the temperature.
The same trend holds for increasing pO2 as seen in Figure 5.13. At a low sample
temperature T and in the presence of a low pO2 in the experimental chamber the
illumination of the BTO films by synchrotron light effectively creates OV at the surface
of BTO. The resulting potential gradient at the surface induces a continuous downward
bending of all electronic states at the vicinity of the surface illustrated in Figure 2.8.
Consequently, the Ti 3d derived conduction band appears below EF [22, 23, 93] which
leads to the emergence of the QPS in the ARPES spectra.
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5.4 2DEG depletion model

The temperature of the sample and the partial pressure pO2 severely influence the
electronic structure of the BTO thin films. In particular, the response of the 2DEG and
distinct core-levels based on variations in T and pO2 is already studied qualitatively
in the previous two subsection. However, the behavior of the electronic states follows
a certain regularity. In this section, the band bending is evaluated quantitatively.
Furthermore, a model is introduced which describes the creation (depletion) of a 2DEG
due to T decrease (increase) by means of the total electron density ne.

Figure 5.17: Energy shift ∆E of the core-level and valence band spectra as a function
of T presented in an Arrhenius plot. (a) ∆E of the individual O 2s, O 2p, Ti 3s and Ti
3p states. (b) Average ∆E involving all ∆E in (a). The insets compare the spectral
shape of the O 2p valence band in (a) and the Ti 3p core-level in (b) for T = 80 K and
300 K.

First, the energy shifts ∆E = |E(T) − E(80K)| of the O 2s, Ti 3s and Ti 3p core-
levels and the O 2p valence band in Figure 5.16 as a function of T are considered in
more detail. In Figure 5.17 (a) the individual results of all electronic states (green dots
for oxygen states and yellow/orange for titanium states) are presented in an Arrhenius
plot, i.e. ln (∆E) is plotted versus 1000/T. Figure 5.17 (b) displays the average value
of ∆E for all the core-levels and the valence band from Figure 5.17 (a) by red dots
and is plotted accordingly. The error bars are estimated by the standard deviation.
The overall linear behavior in Figure 5.17 (b) indicates that the energy shift follows
the exponential law ∆E = α e−β /kB T . From the slope and the intercept of a linear
fit indicated by the black line it is possible to determine the magnitude of the input
parameters to α= 2.5 eV and β= 57 meV. This observation suggests that in the BTO
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thin films the band bending does not emerge continuously over T but is rather T-
dependent so that ∆E =∆E(T). α represents the maximal shift ∆E(T =∞) -∆E(T = 0)
due to band bending and β might correspond to some kind of energy threshold for the
onset of band bending. A non-linear band bending might arise from a T-dependent
surface potential.

In addition to the energy position also the line shape of distinct electronic states is
varying with T. For instance, by decreasing T, a clear shoulder at ≈EF - 7.5 eV and
an increase in spectral weight at ≈EF - 4.5 eV becomes visible in the O 2p valence
band illustrated in the inset of Figure 5.17 (a) by black arrows. This indicates that an
increased density of OV at the surface of the BTO films at low T affects the surface
stoichiometry. A similar observation has been made for the Ti 3p core-level where a
weak shoulder at the lower binding energy side appears at lower T shown in the inset
of Figure 5.17 (b). The shoulder can be attributed to a rise in the Ti3+ concentration of
the system which is related to a larger number of oxygen defect sites at the surface
[93].

A similar temperature study was performed for the electronic states near EF.
Therefore, the spectral weight of the QPS and the ICS in Figure 5.15 is added up like
in the inset of Figure 5.14 (c). The integrated ARPES intensity IPES is plotted as a
function of T according to the Arrhenius law. Figure 5.18 (a) displays the experimental
results of IPES at Γ̄00 (orange) and Γ̄10 (red). For both high-symmetry points a similar
T dependence is observed, namely an exponential decrease in IPES for higher T. As
ne ∝ IPES, the behavior in Figure 5.18 (a) nicely illustrates the depletion of charge
carriers at the surface with temperature. In other words, OV from the surface migrate
into the bulk as a function of T. The onset of this mechanism is estimated from the
slope of IPES at elevated T (see dashed line). The result is an activation energy of
EA ≈ 0.25 eV and an onset temperature of ≈ 285 K. However, EA changes for different
temperature ranges so that it cannot be considered as an universal constant. The
appearance of the QPS and the ICS at EF is closely related to the T-dependent energy
shift ∆E(T) in the core-level and valence band spectra.

In total, the electron density for a 2DEG up to EF can be described by [208]

ne =
∫ ∞

0
dE

g2D

1+ e(E−EF)/kBT

= gt2g kBT ln
(
1+ eEF/kBT

)
,(5.1)

where g2D represents the energy independent density of states of the 2DEG. The
band bending ∆E(T) in the conduction and valence band also affects the position of
EF. Therefore, the Fermi level EF(T) with respect to the bottom of the CB is also
T-dependent: EF(T)= E0

F−∆E(T) where E0
F is the Fermi level pinning at T = 0 K. The
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analysis of the core-level data leads to an independent evaluation of ∆E(T) which
then can be applied in the formula.

The ARPES results shown in Figure 5.18 (a) can be fairly well fit according to
Equation (5.1). This indicates that the 2DEG model nicely describes the electron
depletion within the experimental data. The best fit shown by a black solid curve leads
to a Fermi level pinning of E0

F ≈0.35 eV at T = 0 K. This value is in good agreement
with the result from the band gap consideration (E0

F ≈ 0.28 eV) discussed in Figure 5.5.

Figure 5.18: 2DEG depletion model in BTO thin films. (a) IPES at Γ̄00 (orange) and
Γ̄10 (red) is fitted to an established model (black solid line) in an Arrhenius plot. (b)
Sketch of the band bending as a function of T presenting all parameters extracted by
the fitting procedure.

The sketch in Figure 5.18 (b) summarizes the band picture in the BTO films as
a function of temperature. Including the band bending ∆E(T) deduced from the
core-level data in Figure 5.17 the behavior of the conduction band (CB) in blue can be
described schematically. The conduction band shifts from E0

F to above EF by increasing
T and it crosses EF at T ≈330 K. In a rigid band picture the energy difference of the
conduction band (blue) and the valence band (VB) in red is preserved so that the
valence band shifts consistently. In the low T case, the energy position of the valence
band lies α= 2.5 eV below the virtual valence band pinning for T →∞ illustrated by a
red dashed line. The valence band pinning is connected to the charge neutrality level
of extrinsic defects [209].

In summary, the change in the electronic structure with T is induced by a band
bending effect which itself depends on T. Since also the oxygen defect concentration at
the surface is varying with T represented by the O 2p and Ti 3p states in the inset of
Figure 5.17, OV are assumed migrate from surface to bulk. In particular, the response
of the designated charge carrier density with T strongly resembles the corresponding
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results for pO2 presented in Subsection 5.3.5. Thereby, the complex interaction of
negatively charged electrons e′ and positively charged oxygen defects V··

O is described
by the Poisson-Boltzmann theory [206]. The changes in spectral weight of the QPS
and the ICS as a function of pO2 and T dependence might be explained by the same
theory. The mechanism for oxygen accumulation and depletion at the surface, however,
differs in both cases. In the pO2- (T-) dependence the deviation in the oxygen defect
concentration is effected by reoxidation (oxygen migration) [210].

5.5 Outlook

One crucial onset parameter for oxygen diffusion is given by the activation energy
EA. In the thin BTO films EA has been determined to be ≈ 0.25 eV which contradicts
with typical bulk values of 0.6-1.2 eV [206, 211]. These bulk values of EA correspond
to much higher diffusion onset temperatures than the estimated T for the thin BTO
films (≈285 K). In a recent study, however, it has been shown that finite-size and
interface-proximity effects lead to a reduction of the activation enthalpy in thin films
[97]. This effect is related to a change in the critical radius rc describing the spacing
between cation A and B in a ABO3 perovskite [212]. Lowering the inverse critical
radius r−1

c also reduces the oxygen vacancy migration enthalpy [206]. A change of
the lattice parameters, hence, tunes EA and also influences the onset temperature.
Indeed, a subsurface migration of oxygen defects has been confirmed for bulk anatase
TiO2 to set in at ≈200 K [213].

A small onset temperature for oxygen diffusion of ≈ 285 K does not allow a control-
lable manipulation of the (surface-) conductivity at room temperature. This hampers
the functionality of non-volatile devices based on BTO thin films. Below a critical
carrier concentration [156, 157, 163] and above a critical film thickness [214, 215]
ferroelectricity in BTO prevails. In such cases the ferroelectric polarization fields
might additionally enhance defect migration. This study clearly demonstrates that
defect dynamics can crucially influence the electronic response at the surface and
interface of oxide heterostructures. In order to accomplish a steady performance of
oxide application, defect effects within this devices need to be carefully considered and
understood.

Another important finding of this study is the p−1/6
O2

scaling behavior of the OV
upon changes in pO2 . Considering the charge neutrality condition [206] discussed in
Subsection 5.3.5, this implies a primarily 2+ charge state of the OV. In other words, 2+
is the most stable ionization state of the oxygen defects in the BTO thin films, under
the conditions of a free carrier density of n≈2×1021 cm−3 and a charge neutrality
level at least 0.35 eV above the conduction band edge. This result is in contrast to
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observations for STO bulk crystals where the carrier density scales with p−1/4
O2

at low
T [97]. Assuming solely oxygen defects, this scaling behavior refers to an associated
charge state of 1+ for the OV. Accidental acceptor doping additionally can affect the
charge state in oxide materials, e.g. in BTO [204]. In the case of a charge state of 1+
the OV in STO cause the appearance of an in-gap state in the electronic structure [34]
that might induce electron correlation at the oxygen defect site. The in-gap state is
regarded as a local magnetic moment which might cause other emerging phenomena
in STO, as the Kondo effect [216] or surface ferromagnetism [217]. In BTO thin films,
neither a pronounced localized defect state in the ARPES spectra nor a p−1/4

O2
scaling

behavior has been observed. These results suggest the absence of such a local magnetic
moment so that similar effects as the ones observed in STO are scarcely to be expected.

In order to substantiate the findings on defect migration in BTO, an identical study
(dependence of the QPS on T and pO2) has to be conducted on BTO single crystals.
As these bulk systems lack of an underlying substrate (in contrast to Nb-doped STO
used in the BTO thin films) a possible impact on the electronic structure of BTO by
the adjacent STO substrate can be excluded. In addition, the property of a strong
OV diffusion from surface to bulk is not only restricted to BTO [213]. Hence, other
related systems (STO, TiO2, etc.) might exhibit a comparable T- and pO2-dependence
of the 2DEG at their surface under certain conditions. In further quantitative studies,
by following the approach in this chapter, the volatile or non-volatile nature of these
other TMO ought to be determined. These results, in total, then might lead to an
universal picture of OV migration in TMO and reviews their implementation in room
temperature applications.
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6
HYBRID SYSTEM BI/BATIO3

The two material systems of interest in this thesis, namely the Bi film grown on the
BTO substrate (discussed in Chapter 2) possess particular physical properties which
make them attractive for future applications. BTO, on the one hand, is ferroelectric at
room temperature [37] with further structural phase transitions at lower temperatures
[103]. As other nominally d0 TMO [22–24] BTO displays conductivity at its surface
(see Chapter 5). On the other hand, Bi as a heavy element exhibits strong spin-orbit
coupling which results in a spin-splitting of its electronic states [120], in particular, at
its surface [132]. The combination of both materials might lead to a coupling of their
individual properties as already shown theoretically [60]. Here, the preparation of
the model system Bi/BTO is realized followed by a subsequent characterization of its
surface crystal structure. The main focus of this chapter lies on the determination of
the electronic structure of Bi/BTO via ARPES. Parts of the presented data has already
been published in Ref. [218].

6.1 Surface structure

As shown in Section 4.1 the preparation of BTO according to Ref. [159] leads to a
(2× 1) reconstruction of the BTO surface, with a TiO2 termination and a considerable
small doping of the sample itself. In addition, it is expected that the polarization within
the individual domains in the BTO substrate are oriented along the [0 0 1] direction
according to Ref. [163]. The thin Bi films which are investigated in this chapter are
evaporated on such a freshly prepared BTO substrate as presented in Subsection 3.8.2.
In order to understand the electronic properties of the hybrid system or Bi/BTO it is
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necessary to characterize the film growth and the actual film thickness. The next two
subsections present the surface structure of the Bi/BTO system as studied via LEED
and XPS.

6.1.1 Characterization by low energy electron diffraction
(LEED)

In Figure 6.1 two representative LEED patterns of a Bi film with 8 ML thickness
are shown:

Figure 6.1: Two
LEED patterns of
the same 8 ML thick
Bi film on BTO
measured with a
beam energy E0 of
39.3 eV under normal
incidence in (a) and
with E0 = 58.2 eV for
a tilted measuring
geometry in (b). The
two different Bi
domains are
highlighted by blue
and green circles.

The spots are directly compared to simulated LEED patterns generated by LEED-
pat30 (colored circles). From the input parameters of the simulation the following
characteristics of the Bi films can be deduced. The films consist of two hexagonal do-
mains illustrated by green and blue circles which are 90◦ rotated with respect to each
other. This results in an inner ring which consists of twelve spots and in additional
high order spots which are displayed at Figure 6.1 (a) and (b), respectively. Variations
between the simulated and measured spots, especially for the higher order spots, are
due to enhanced radial distortions from the center to the edge of the screen in the
LEED optics [219].

The hexagonal structure suggests that the films are oriented parallel to the hexag-
onal Bi(0001) plane which is equal to the rhombohedral Bi(111) plane (see Section 2.2)
[122]. Note that the BTO substrate is four-fold symmetric in the case of a (1×1)
as well as a (2×1) surface reconstruction. In the latter case the presence of two
equivalent domains which are oriented along perpendicular directions ensures the
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four-fold symmetry. The merging of a hexagonal film with a four-fold substrate results
in a two-fold domain structure. As a consequence, the Bi films form two equivalent
domains which are rotated by 90◦ with respect to each other. Both, the (1×1) and
(2×1) surface reconstruction in BTO lead to the observed two-fold domain structure
for the deposited Bi films. The film quality in the latter case, however, is considerable
higher as the (2× 1) reconstruction might induce a preference in the orientation of the
deposited films.

Figure 6.2: Two
LEED patterns of
the same 4 ML thick
Bi film on BTO
measured at
E0 = 61.0 eV in (a)
and E0 = 100.7 eV in
(b) under normal
incidence. The blue
and green circles
indicate the LEED
pattern for the two
different Bi domains
and the red circles
the LEED pattern of
the BTO substrate.

Similar results have already been observed for Bi/Si(001). Thereby, the deposition
of Bi on a nominally (2×1) reconstructed Si surface give rise to hexagonal Bi(0001)
films which also exhibit a two-domain structure in the LEED pattern [220, 221].

In a Bi/BTO system with a rather low film thickness both the film and the substrate
spots appear in LEED. Figure 6.2 illustrates the case for a 4 ML thick Bi film on BTO
measured at two different beam energies. The Bi spots are indicated by blue and
green circles where each color represents one of the respective film domains. The
BTO substrate spots, on the other hand, are illustrated by red circles. On closer
inspection, the position of the (10) and (01) spots for BTO(001) and Bi(0001) coincide
along the [1 0 0] direction (green domain) and along [0 1 0] direction (blue domain),
respectively. In the simulated LEED pattern (colored spots) the lattice constants of
pure Bi and BTO are regarded. Their ratio is aBTO / aBi ≈101.5 % along [1 0 0] and
8 aBTO / 7 aBi ≈ 100.4 % along [0 1 0] with respect to the green domain. By reversing the
consideration for [1 0 0] and [0 1 0] direction the same results hold for the blue domain.
The high lattice match suggests a film growth without built-in stress. This leads to
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the assumption of an epitaxial film growth with a high crystalline quality of the films.
In order to confirm the growth mode and the exact film thickness the Bi/BTO system
was further characterized by XPS as discussed in the next section.

6.1.2 Characterization by X-ray PES (XPS)

To further characterize the film growth XPS measurements were performed. By
means of these measurements also an accurate estimation of the film thickness is
possible [173, 222]. In Figure 6.3 the intensity of the most prominent core-levels of
substrate (Ba 3d) and film (Bi 4 f ) are given depending on the layer thickness (2 –
12 ML):

Figure 6.3:
Intensity variation of
the Ba 3d and Bi 4 f
core-levels in Bi/BTO
as a function of film
thickness measured
with an Al-Kα source.
All spectra are
normalized to the
background intensity.

The intensity of the Ba 3d peaks strongly decreases for higher thicknesses while
the Bi 4 f peak intensities increase and gradually saturate at 8 – 12 ML. A quantitative
analysis is accessible by plotting the ratio of the Ba 3d and Bi 4 f peak areas as a
function of neff, where neff is the effective layer thickness taking into account the
nominal film thickness nBi and the photoelectron take-off angle ϑ. In order to obtain
the areas of the core-level a linear background is subtracted from the XPS spectra and
the respective peaks are fitted by Voigt profiles.

In Figure 6.4 the dependency of the peak area ratio on neff is illustrated. One part
of the data concerning the peak area ratio is extracted from Figure 6.3 for different
layer thicknesses nBi (between 2 – 12 ML) and for normal emission. Additional data
points stem from measurements varying the take-off angles ϑ between 0◦ and 60◦.
For the sake of clarity the data points which belong to a specific nBi are drawn with
the same color and marker. The error bars are estimated from an uncertainty in the
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fitting process. As a homogeneous film growth with constant thickness is assumed the
experimental data is fitted to a corresponding model [173] which yields:

(6.1) f (neff)=
sBa

sBi
· e−rneff /λBa

(1− e−rneff /λBi)
; neff = nBi/cosϑ

The prefactors sBa = 12.5 and sBi = 9.1 are the atomic sensitivity factors [223, 224]. Pho-
toelectrons which are excited from the Ba 3d5/2 and Bi 4 f7/2 core-levels have a kinetic
energy of 702.6 eV and 1327.2 eV, respectively. From these values the corresponding
inelastic mean free paths (IMFP) can be deduced to λBa = 15.6 Å and λBi = 25.0 Å
[225]. With respect to the lattice constant of Bi aBi the IMFP amount to λBa = 3.99 ML
and λBi = 6.35 ML (1 ML = 3.94 Å [122]). The only free fitting parameter r depicts
an artificial “error” factor. A deviation of r from unity implies a slight imperfection
and non-uniformity in the Bi coverage. The proposed model fits the experimental
data for a value of r = 1.09. This confirms the nominal film thickness assumed by the
calibration of the evaporator and is also in line with the growth of homogeneous films
with constant thickness. Other growth modes, however, lead to other dependencies
of f (neff). In the case of island formation on top of a flat surface, e.g., f (neff) would
change linearly with respect to the film thickness [222].
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Figure 6.4: Quantitative analysis of
the peak area ratio of the Ba 3d and
Bi 4 f core-levels in Bi/BTO by varying
neff. The experimental data points are
fitted to a model for homogeneous film
growth with constant thickness (solid
black line).

The validity of f (neff) was confirmed in additional experiments, for instance, by
comparing angle-integrated spectra of the Bi 5d core level and the O 2p valence band
measured with He IIα excitation (hν= 40.84 eV). Figure 6.5 presents the spectra as a
function of neff. Here, the layer thickness of the respective Bi films is between 4 –12 ML
and the take-off angle ϑ for the 4 ML case is varied between 0◦ and 60◦. The part of
the spectra which is at higher kinetic energies (≥20 eV) was multiplied by a factor
of 8 in order to better visualize the peak area changes. In the inset the peak area
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ratio of the Bi 5d core level and the O 2p valence band is plotted as a function of
neff and fitted according to f (neff). As the atomic sensitivity factors of this energetic
states are lacking, the cross sections have been used instead [175]. In general, the
analysis of the peak area ratios exhibits the same trend as for the core-level data and
the experimental data could be fitted with f (neff). The “error” factor r, however, is
considerable larger (≈ 20 %) due to the small number of data points, the uncertainties
in evaluating the O 2p peak area and inconsistencies in the input parameters of
f (neff), specifically the sensitivity factors.

As shown in the characterization by LEED and XPS the Bi films grow epitaxially
on BTO by forming a homogeneous and flat surface. The quality of the surface struc-
ture of hybrid Bi/BTO allows a detailed investigation of its electronic structure as
presented in the following.

Figure 6.5: Determination of growth mode and layer thickness by the analysis of the
O 2p valence band and the Bi 5d core level peak area ratios measured with He IIα
excitation. All spectra are normalized to the background intensity.

6.2 Electronic structure

At first the electronic structure of Bi/BTO(001) with a certain film thickness of 8 ML
is studied. All the measurements of this system were performed by He Iα excitation
(hν= 21.22 eV) at a temperature of 60 K. The obtained results can be directly compared
to the LEED pattern given in Figure 6.1.

Constant energy maps provide insight into the symmetry of the respective system
(see Subsection 4.2.1). The most prominent of these maps in the case of Bi is its
peculiar Fermi surface [226]. The related Fermi surface of the Bi/BTO(001) system is
presented in Figure 6.6 (a). As in pure Bi or Bi/Si(111) [128, 226] the Fermi surface of
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Bi/BTO(001) consists of an electron pocket near the Γ̄-point and elongated hole and
electron pockets along the Γ̄−M̄ direction. The shape of the electron pocket near the
Γ̄-point in Bi/BTO(001), though, resembles rather a ring than a hexagon. In addition,
the number of the star-shaped lobes pointing towards the M̄/M̄′-point has changed
from six to twelve in contrast to Bi or Bi/Si(111). These observations can be linked to
an electronic picture of two superimposed but separated SBZ which are rotated by 90◦

with respect to each other (see Figure 6.6 (b)). The coexistence of two Bi domains on
the surface of Bi/BTO(001), hence, is also reflected in its electronic structure. This is
in strong accordance to the results observed in LEED.

Figure 6.6: (a) Fermi
surface of a 8 ML thick
Bi(0001) film on
BTO(001). The
high-symmetry points M̄′

and M̄ (green and blue)
correspond to the SBZ of
the two different domains.
(b) A schematic picture of
both SBZ with respect to
the substrate is shown.

The predominant SBZ of Bi (green and blue) and their orientation with respect
to the SBZ of BTO (red) are illustrated in a schematic (see Figure 6.6 (b)). Since the
lattice vectors of Bi(0001) and BTO(001) along one direction for one domain (and along
the other direction for the other domain) almost match in real space (see previous
section) the same holds for the corresponding reciprocal lattice vectors gBi of Bi along
Γ̄−M̄ and gBTO of BTO along Γ̄− X̄. Their ratio accounts to gBi/gBTO ≈ 100.8% so that
the M̄-point of Bi(0001) coincides with the X̄-point of BTO(001).

In the schematic the high-symmetry direction Γ̄− M̄ of, e.g., the blue domain
overlaps with the Γ̄− K̄′ direction of the green domain and vice versa. This leads
to the assumption that the electronic structure of Bi/BTO, in total, displays the
electronic features of both high-symmetry directions. Therefore, a representative band
structure as shown in Figure 6.7 is regarded. The band dispersion along the high-
symmetry directions is extracted from the 3D data set along the black dotted line in
Figure 6.6. Indeed, signatures of both high-symmetry directions appear in the spectra.
The electronic branch α at the center of the SBZ corresponds to the inner ring of the
Fermi surface and is present in both high-symmetry directions. Its continuation at
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higher k-values can be assigned to the Γ̄−M̄ direction of one particular domain (here
blue) by comparison with previous studies on Bi [130, 132, 227]. In the same manner
β is attributed to the Γ̄− M̄ direction of the same domain (blue) and γ to the Γ̄− K̄′

direction of the other domain (green). The strong intensity at E - EF ≈0.4 eV stems
from a surface resonance (SR) located in the bulk projection band [130, 227].

The anisotropic splitting of the surface states and the peculiar dispersion of the
bands in Figure 6.7 result from the strong spin-orbit coupling in Bi. This has already
been demonstrated in first-principle calculations considering either the electronic
structure on the surface of Bi(0001) [132] or in thin Bi films [228]. In Figure 6.8 (b) the
experimental data is directly compared to the corresponding calculation for a 10 ML
thick Bi(0001) film extracted from Ref [228, 229]. In order to nicely resolve the distinct
electronic features the band structure of Figure 6.7 was processed by a 2nd derivative
method [177]. The theoretical band structure is indicated by red dots and reproduces
the experimental electronic structure for both high-symmetry directions. It is plotted
along Γ̄−M̄ for negative k-values and along Γ̄− K̄′ direction for positive k-values.

Figure 6.7: Band structure of a
8 ML thick Bi(0001) film on
BTO(001). α, β and γ represent
the spin-split surface states in
Γ̄−M̄ (α and γ) and in Γ̄− K̄′ (α
and γ) direction. SR is the surface
resonance.

Strong spin-orbit coupling in Bi, moreover, leads to spin polarization among the
electronic states. For instance, the bulk continuum states at binding energies up to
≈3 eV (including the SR) are Rashba spin split [230]. The most significant degree
of spin polarization, however, occurs in the surface bands: α can be assigned to the
spin-up branch whereas β and γ correspond to the spin-down branch [231] with respect
to the in-plane spin quantization axis. In pure Bi(0001) or Bi/Si(111) this leads to a
vortical spin structure as illustrated in the schematic Fermi surface (see Figure 6.8(a)).
Next to the in-plane spin component oriented along Γ̄−M̄ an out-of-plane component
along Γ̄− K̄′ is present [232]. In the case of hybrid Bi/BTO(001) with its two-domain
structure both high-symmetry direction overlap so that also both spin components
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should be available at the same time.
Although the electronic structure of Bi has been extensively studied still some

questions remain unsolved until now. In general, Bi can be driven into a topological
phase by doping it with Sb [111]. Whether a topological phase appears in a pure
Bi system, for instance at a certain layer thickness, is still under debate. It is not
completely solved if Bi itself can be regarded as a topological insulator, a non-trivial
semimetal or just a trivial material [233, 234]. For a concrete characterization of Bi
it is necessary to know the electronic structure in the vicinity of the M̄-point. As the
region of interest is embedded in the bulk projection band a determination of Bi with
respect to its topological behavior is hardly possible.

Figure 6.8: (a) Schematic Fermi
surface of Bi(0001) with the in-plane
[231] and out-of-plane [232] spin
polarization of the spin-split surface
states. (b) Direct comparison of the
experimental and theoretical band
structure of Bi along Γ̄−M̄ and Γ̄− K̄′.
The electronic structure calculation is
highlighted by red dots (taken from
[228]) and agrees nicely with the
experiment.

6.3 Thickness dependence

As seen the electronic structure of Bi/BTO(001) for a thickness of 8 ML resembles
the one of pure Bi and Bi/Si(111) [128, 226]. A change in the coverage of the Bi films,
however, might have an effect on its surface states and on the electronic properties of
the whole system. This fact for instance is reflected in a semimetal-to-semiconductor
transition for very high film thicknesses (≥ 180 ML) [235, 236]. For that instance, the
band structures for thicknesses of 16 ML (a), 8 ML (b) and 4 ML (c) are displayed and
compared in Figure 6.9.

The quality of the electronic bands strongly depends on the film thickness. In total,
they get sharper for thicker Bi films. Nevertheless, at the low film thickness of 4 ML
the bands are still nicely resolved. This is due to the absence of an additional Bi{012}
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phase as observed in Bi/Si(111) for lower coverages than ≤ 6 ML [237]. In addition, the
gap between the surface band and the SR becomes smaller as highlighted by the red
solid and dotted lines as well as the red arrow. This observation seems to be in contrast
to similar studies on Bi/Si(111) where the films are considered to be “freestanding”
[128].

In order to determine the influence of the film thickness on the electronic structure
in more detail, EDC at the Γ̄-point and momentum distribution curves (MDC) at EF

are studied. The corresponding line spectra are presented in Figure 6.10 (a) and (b),
respectively. In addition, the position of the top of the SR is plotted as a function of the
film thickness (see Figure 6.10 (c)). Thereby, the data is extracted from the respective
PES spectra in Figure 6.9 and compared to theoretical values adapted from Ref. [228].

Figure 6.9: Band structure of Bi/BTO(001) for three different layer thicknesses of Bi:
16 ML in (a), 8 ML in (b) and 4 ML in (c), measured along the Γ̄−M̄ direction. The
sample temperature was 60 K for 16 ML and 8 ML and 100 K for 4 ML. By reducing
the Bi coverage the top of the SR shifts towards lower binding energies as indicated
by the red arrow.

The EDC curves (see Figure 6.10 (a)) clearly display a shifting of the SR towards
lower binding energies for thinner Bi films (black arrow). This has already been
shown in the band structure of Bi/BTO (see Figure 6.9). In order to support this
observation the energy position of the SR as a function of the film thickness is
compared to the corresponding theoretical vales [228, 229] (see Figure 6.10 (c)). The
theoretical data, thereby, is shifted towards higher energies (≈ -0.09 eV) with respect
to the experimental ones to allow a direct comparison. Moreover, the inaccurate
determination of the theoretical value from the respective graphs of Ref. [228] leads to
rather large errors along the energy axis. Despite these uncertainties, the theoretical
data supports the experimentally observed shift of the SR.
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Next to its change in energy, also the PES intensity of the SR located at 0.4 eV
varies for different Bi thicknesses (see Figure 6.10 (a)). In particular, the spectral
weight is dramatically reduced upon lowering the Bi thickness. This effect can be
explained by the character of the SR which is mainly bulk-like [228, 230].

However, not only bulk states, as the SR, vary with the Bi film thickness but also
surface states. The surface band α near the Γ̄-point, e.g., also exhibits a clear thickness
dependence. Its Fermi vector kF shrinks for lower Bi coverages as indicated by black
arrows (see Figure 6.10 (b)). These observations, in general, can be attributed to a
quantum-size effect which leads to a huge variety of phenomena in Bi, concerning
resistivity, magnetoresistance, etc. [235, 238–240].

Figure 6.10: Thickness dependence of the extracted EDC (a) and MDC (b) curves of
Bi/BTO(001) for different film thicknesses (16 ML, 8 ML and 4 ML). As in Figure 6.9 a
shift of the SR for lower Bi thickness is clearly recognizable in the EDC curves in (a).
Simultaneously, the intensity of the SR dramatically reduces. In the MDC curves, on
the other side, a reduction of kF of the electron-like surface state α for lower Bi
coverage is observed in (b). The spectra in (a) and (b) are normalized to the
background intensity. (c) The energy shift of the SR as a function of the Bi thickness,
moreover, is quantitatively compared to the theoretical values from Ref. [228].

6.4 Interface state

At large film thicknesses the surface electronic structure of Bi/BTO(001) resembles
the one of pure Bi(0001) or Bi/Si(111) [128, 130]. But Bi/BTO(001) exhibits also
a significant thickness dependence in its band structure as already shown in the
previous section.

The reduction in the film thickness, however, leads to another crucial observation
in the electronic structure of Bi/BTO(001), in particular, along the k-points which
connect the M̄-points of both domains (M̄−M̄′ direction). Figure 6.11 displays ARPES
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data in the form of waterfall plots of EDC for layer thicknesses of 16 ML in (a), 8 ML
in (b) and 4 ML in (c) along this particular high-symmetry line. For higher layer
thicknesses (16 ML and 8 ML) the electronic structure of Bi/BTO(001) displays no
distinct differences to the one of pure Bi. Near the M̄-points of the two different
domains (blue and green) the bulk projection bands of Bi become visible [130, 227].

This is in contrast to the respective band structure of Bi/BTO(001) for a thickness
of 4 ML. An additional band appears at the M̄-point of the blue domain. This electronic
feature exhibits a hole-like dispersion as highlighted by black bars and is absent in
the case of the other domain.

Figure 6.11: Comparison of the electronic structure of Bi/BTO(001) along M̄−M̄′

direction for systems with a thickness of 16 ML (a), 8 ML (b) and 4 ML (c). The ARPES
data are shown as waterfall plots of EDC while the EDC directly at the M̄-point (blue)
or M̄′-point (green) are drawn in black. (c) At the low coverage of 4 ML clear traces of
an additional state at the M̄-point (blue) are observed as indicated by black bars.

In order to clarify its origin constant-energy cuts at certain energies are investi-
gated as displayed in Figure 6.12. The constant energy maps in Figure 6.12 (a), (b) and
(c) correspond to energies of EF, EF - 50 meV and EF - 100 meV, respectively. While
in Figure 6.12 (b) the surface BZ of Bi(0001) for the two different domains is shown
(blue and green), Figure 6.12 (c) depicts the high-symmetry points of BTO(001). The
electronic feature observed in Figure 6.11 can be assigned to the additional spectral
weight in the constant energy maps in Figure 6.12 (b) and (c) (also indicated by black
arrows). It appears, thereby, only at certain M̄-points of Bi(0001) and even for both
domains (here only shown for the blue domain). For that reason the electronic band
does not originate solely from Bi(0001). It rather can be allocated to distinct high-
symmetry points of the substrate, in particular, to the X̄-point of BTO(001) (black
arrows at Figure 6.12 (c)). However, such a electronic feature is not predicted for the
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clean BTO(001) surface [184]; nor is it expected for the electronic structure on the
surface of Bi(0001) [228] also by including strain [241]. As this electronic state only
becomes visible in the PES experiment at the low coverage of 4 ML it is assumed that
it originates from the interface and is induced by the coupling between overlayer and
substrate. In contrast, increasing the Bi coverage prevents to probe the interface of
Bi/BTO(001) due to a limited escape depth of the excited photoelectrons [225].

Figure 6.12: Position of the peculiar electronic band in k-space. CEM of 4 ML
Bi/BTO(001) at EF in (a), EF - 50 meV in (b) and EF - 100 meV in (c) measured at a
temperature of 100 K. (b) The blue and green high-symmetry points correspond to the
SBZ of Bi(0001) and (c) the red ones label the SBZ of BTO(001). At the X̄-point of BTO
additional spectral weight occurs (marked by the black arrows) which can be
attributed to this electronic band. The red box is the area of interest in Figure 6.13.

This interface state is studied in more detail in close-up scans and band structure
plots. In Figure 6.13 all the important properties of the interface state are displayed
and summarized. On the one hand, the interface state is centered around the X̄-point
of BTO(001) as presented in the close-up scans at Figure 6.13 (a) - (c). The diameter
of its paraboloid-like dispersion (in 3D) increases for higher E - EF which prompts
a hole character. In addition, it can be concluded that the top of the paraboloid lies
above EF due to a finite spectral weight at the Fermi map. The hole character of
the interface state is further confirmed by cuts through the X̄-point. The graphs at
Figure 6.13 (d) and (e), thereby, represent the band structure of the raw data and the
2nd derivative plot along the X̄− M̄ direction, respectively. Both spectra have been
extracted from the Fermi map along the red line (see Figure 6.13 (a)). Black and white
dotted lines serve as a guide-to-the-eye and highlight the dispersion of the interface
state. Additional cuts prove that the interface state exhibits an isotropic shape next to
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its hole-like dispersion (not shown). This interface resembles the electronic state in a
Al/BTO(001) heterostructure [196]. The ultrathin Aluminum (Al) toplayer reduces the
BTO substrate and, thereby, generates 2D states at its surface. In addition, the defect
state observed in Chapter 5 exhibits a similar dispersion but appears at the Γ̄-points.
In both cases the electronic state is attributed to the creation of OV at the surface.

The orbital character and the microscopic origin of the interface state in Bi/BTO,
however, are still unclear. Its position in k-space suggests that it is derived from Ti
3d conduction band states which are located above EF in the pure substrate [80].
Their occurrence in Bi/BTO might be explained by band bending (introduced in Sub-
section 2.1.6) which is induced by some kind of charge redistribution at the interface.
Indeed, a small shifting (≈60 meV) of the core-levels and the valence band towards
lower binding energies upon Bi deposition is observed. Figure 6.14 (b) and (c) depicts
the valence band and the Ba 4d core-level of a pure BTO surface and of a Bi/BTO(001)
system with a coverage of 2 ML and 1 ML, respectively. Similar results have been
observed for the O 1s and the Ti 2p core-levels (not shown). The continuous shifting
in energy of all these states confirms the band bending picture at the interface of
Bi/BTO(001).

Figure 6.13: Interface state in Bi/BTO(001). (a) - (c) Close-up scans of the red box in
Figure 6.12 (a) around the X̄-point of BTO(001) for the different energies of EF (a),
EF - 50 meV (b) and EF - 100 meV (c). (d) - (e) Band structure and 2nd derivative plot
along the red line shown in the Fermi map of (a). The dispersion of the interface state
is emphasized by dotted lines in both graphs.

On the other hand, oxidation effects of the slightly more electronegative Bi can
be excluded. This is shown at in Fig 6.14 (a) where the O 1s and Bi 4 f core-levels do
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not exhibit considerable spectral weight at their higher binding energy side (black
circles), even by increasing the surface sensitivity in ARPES (higher take-off angle
ϑ). In addition, the interface state can not be attributed to oxygen vacancies which
would lead to a significant reduction of the surface. The Ti 2p3/2 core-level, however, is
deficient in a strong Ti3+ contribution (blue box) [174]. In contrast, charge transfer
at the interface of Bi/BTO(001) might induce the interface state. The accurate mech-
anism and microscopic origin which leads to the generation of the interface state in
Bi/BTO(001) is still lacking.

Figure 6.14: Origin of the interface state in Bi/BTO(001). (a) XPS spectra of
Bi/BTO(001) with a coverage of 1 ML for different take-off angles ϑ= 0◦, 30◦ and 60◦.
No traces of oxidation become visible as the surface sensitivity (higher ϑ) in
Bi/BTO(001) is increased. The black circles highlight the regions of interest. The
valence band in (b) and the Ba 4d core-level in (c) consistently shift towards higher
binding energies after the deposition of Bi on BTO. This is in line with band bending
which results in a continuous energy shift for all electronic states. All spectra in (a - c)
are normalized to the background intensity.

Theoretical calculation of the Bi/BTO(001) interface might solve this problem. The
first-principle calculation of Bi on BTO(001), so far, describes the highly unrealistic
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case of a commensurate interface structure [60, 242]. Therefore, a realistic theoret-
ical modeling of the interface is required to reproduce the experimental electronic
structure.

6.5 Outlook

Next to its interfacial state the ARPES data of Bi/BTO reveals large spin-split
states at the surface. These states are located in the vicinity of a ferroelectric sub-
strate which allows a possible manipulation of the Rashba-type spin-orbit states via
ferroelectricity. The hybrid system Bi/BTO(001), hence, might be referred to some type
of Rashba-ferroelectric heterostructure. For the Bi/BTO(001) system it has already
been theoretically predicted that a switching of the ferroelectric polarization alters
the spin-splitting of the surface states [60]. This calculation, however, only considers
a single Bi layer on a BTO(001) substrate which leads to a marginal change in the
spin-orbit splitting of 5 %.

Our ARPES experiments mainly have been performed at the low temperatures
of T = 60 K or 100 K. At these temperatures BTO is in the rhombohedral phase [103]
and the ferroelectric polarization is directed along the [1 1 1] direction. As the lateral
length scale for the ferroelectric domains in BTO is approximately in the order of
10 – 100µm [163] PES experiments average over several different BTO domains. In
addition, the PES spectra of Bi/BTO(001) contains signal of both Bi domains which
are rotated by 90◦ with respect to each other. Due to these facts a possible change
in the electronic structure of Bi/BTO by varying the ferroelectric polarization, e.g. by
passing the structural phase transitions [103] could not be resolved in subsequent
measurements.

Momentum-resolved photoemission electron microscopy (k-PEEM) measurements,
however, enable to spatially resolve the electronic structure of Bi(0001) on different
ferroelectric domains [243]. The use of an additional spin detector in this setup allows
to get insight in the spin degree of freedom of the respective electronic state. Thus, a
k-PEEM represents a powerful tool in order to study the impact of the ferroelectric
polarization on the electronic properties of Bi-related states as e.g. spin-orbit coupling
or other effects.
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CONCLUSION

Transition metal oxides (TMO) are a broadly studied class of materials due to
the entanglement of spin, orbital and charge degrees of freedom on the microscopic
level [67], and resulting collective phenomena such as superconductivity, magnetism,
metallic 2DEG at the surface, etc. on the macroscopic level [19–23]. The consequent
emergent phenomena are a result of correlation effects among the TMO-d electrons or
of their hybridization with p electrons from the neighboring oxygen atoms [11]. In par-
ticular, the ferroelectricity in BaTiO3 is proposed to arise from the p-d hybridization
of conduction and valence band states [37, 72].

The hybridization strength in Ti 3d TMO, for instance, manifests itself in the
satellite structure of the Ti 2p core-level spectra [88, 89]. In this thesis, the Ti 2p core-
level spectrum of BaTiO3 single crystals was studied by photoelectron spectroscopy and
the satellite structure was qualitatively compared to the experimental and theoretical
spectra of SrTiO3 and TiO2 [89]. The position of the satellite peaks suggest that
BaTiO3 exhibits a hybridization strength pdσ which lies in between the values of pdσ
for TiO2 and SrTiO3. No crucial difference in the hybridization strength of SrTiO3

and BaTiO3 has been observed so that, solely on the basis of the core-level data,
their distinct ferroelectric phase transition properties can not be explained [38, 74].
Nevertheless, the finding of the core-level spectra indicates a significant hybridization
in both TMO which simultaneously is a prominent prerequisite for ferroelectricity,
especially in the case of BaTiO3 [37, 72].

Moreover, this thesis nicely displays the dispersion of the O 2p valence band by
angle-resolved photoemission experiments carried out on BaTiO3 single crystals. In a
comprehensive analysis of the valence band structure, the O 2p spectra are in detail

100



compared to a band structure calculation whereby a good agreement is obtained [80].
Additional information about the hybridization strength in BaTiO3 can be obtained
by studying the density of states in the valence band. In general, p-d hybridization
can be described by a charge transfer from the O sites to the Ti cation sites [71] and,
hence, by a certain degree of covalency between the titanium and the oxygen atoms
[181]. Therefore, photoelectron spectroscopy measurements on the O 2p valence band
at photon energies below and above the Ti 3p→3d absorption edge [168] have been
performed. The difference in spectral weight observed in both measurements reveals a
finite Ti-O charge transfer in BaTiO3, due to an increase of partial d density of states at
the higher binding energy side of the O 2p valence band. This finding is in accordance
to resonant photoemission experiments [168–170] and electronic structure calculations
[179, 180]. In total, the core-level and the valence band photoemission experiments
reveal that the one crucial requirement for ferroelectricity in the investigated BaTiO3

bulk crystals is fulfilled due to a significant p-d hybridization [37, 72].

Ferroelectricity is not only prominent in single crystals but tends to persist in thin
films [187]. However, it has been reported that the corresponding film thickness in
BaTiO3 considerably affects the critical transition temperature [214, 215, 244] and
the properties of the ferroelectric domains [56]. Another restriction to the ferroelectric
properties in BaTiO3 is a critical electron concentration of n≈1021 cm−3 [155–157,
163, 245]. Similar to the observation in other Ti-based TMO, as e.g. SrTiO3 [22, 23]
and TiO2(001) [24], BaTiO3 is expected to display a 2DEG at the its surface. Indeed,
signatures of metallic surface states have already been observed in bulk BaTiO3(001)
[185] and at the interface of Al/BaTiO3(001) [196]. From these results, it might be
anticipated that in a certain range of the electron concentration n, bulk ferroelectricity
and surface conductivity coexist in BaTiO3 single crystals and BaTiO3 thin films.

Another part of the thesis, hence, is devoted to study the surface electronic struc-
ture of BaTiO3(001) films depending on several parameters. The photoemission results
support the occurrence of a 2DEG at the surface of BaTiO3(001) also in the case of thin
films. In addition, the formation of the 2DEG is clearly linked to the presence of oxygen
defects by varying the partial oxygen pressure during the experiment. The oxygen
vacancies induce a band bending at the surface and shift conduction band states below
the Fermi level. The electronic states close to the Fermi level are assumed to be derived
from Ti 3d states based on the photon energy and polarization dependence. However,
our findings also show that the oxygen defects start to migrate from the surface into
the bulk at the low onset temperatures of T ≈ 285 K. Therefore, the 2DEG in BaTiO3 is
highly non-stable and volatile so that also the surface conductivity disappears at room
temperature. This fact challenges the realization of room temperature application
which are based on a conducting channel at the surface of BaTiO3. A possible coupling
of ferroelectricity to surface conductivity in BaTiO3 at room temperature will probably
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be even more difficult to accomplish.
Although, its long history in the field of solid state research, especially related

to its ferroelectric behavior, BaTiO3 has not been proposed to display magnetism
(at bulk, surface, etc.). Recently, a surface ferromagnetism [217] has been suggested
in SrTiO3 which is a paraelectric structural isomorph of BaTiO3. In this case, the
ferromagnetism arises from a localized defect level in the band gap of SrTiO3 [34] and
the charge state of a localized electron at the lattice site of an oxygen vacancy can be
associated to 1+. This fact is strongly correlated to the effective conductivity in bulk
SrTiO3 which scales with the partial oxygen pressure so that σ∝ p−1/4

O2
[97]. In the

photoemission study on BaTiO3 thin films performed in this thesis, however, a p−1/6
O2

scaling behavior of the measured spectral weight at the surface has been observed.
The resulting charge state of 2+ for the oxygen vacancies excludes a local magnetic
moment in BaTiO3 thin films. Especially as no decoupled in-gap state could be detected
in the photoemission experiment. Therefore, ferromagnetism and, in particular, its
coupling to ferroelectricity is unlikely in pure BaTiO3 thin films.

Proximity effects in the hybrid structures Fe/BaTiO3, however, induce magneto-
electric coupling [51, 52]. There are further possibilities to manipulate physical proper-
ties via ferroelectricity, e.g. to control spin-polarized carriers by switching the electric
polarization in BaTiO3 [57]. The spin-orbit interaction is an essential physical property
since it leads to a large variety of phenomena in the field of spintronics [63, 64]. Ferro-
electricity might couple to the spin-orbit interaction and induce a breaking of inversion
symmetry [63, 246]. A ferroelectric switching of the Rashba-type spin-orbit coupling
has already been studied in BaTiO3-based heterostructures [247] or in Bi/BaTiO3 [60].
In the latter case, the Rashba splitting varies by 5 % considering a commensurable
monolayer of Bi on BaTiO3 [60].

The last part of this thesis addresses the interface electronic structure of the model
system Bi/BaTiO3. In the course of this study, the film growth of thin Bi layers on
the BaTiO3 single crystals has been realized and developed. The Bi films display a
smooth and homogeneous surface but grow in two domains rotated by 90◦ with respect
to each other. In the photoemission experiments, spin-split surface states of Bi are
observed in the band gap of the ferroelectric BaTiO3. In addition, it is demonstrated
that the Bi film thickness affects the electronic properties of Bi/BaTiO3. In the case
of a rather high Bi film thickness (≥10 monolayers), the electronic structure of the
uppermost Bi layers adapt the one a theoretically semi-infinite Bi crystal [228] and
resembles the band structure of Bi(0001) and Bi/Si(111). A decrease in the Bi film
thickness is accompanied by a slight energy shift of the surface states and a minor
change in the Fermi vector. At the low thickness of 4 ML, an additional interface state
has been observed at the high-symmetry points of the substrate. This state resembles
the electronic feature observed in Al/BaTiO3 [196]. In general, these variations in
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the electronic structure of Bi/BaTiO3 can be attributed to an interaction between the
Bi films and the BaTiO3 substrate. Nevertheless, this coupling is rather too small in
order to induce a change in the Rashba parameter of Bi. One possibility to enlarge
the coupling in the Bi/BaTiO3 system is either given by a different choice of substrate
[241] or by enhancing the ferroelectricity of the BaTiO3 substrate. In strained BaTiO3

films, for instance, the remanent polarization increases by values up to 250 % [44].
The presented photoemission results may constitute a first step in the investigation

of possible ferroelectric field effects on spin-orbit split electronic states. Furthermore,
a basic understanding of the electronic structure at the interface of thin Bi films and
the BaTiO3 substrate is presented. However, there remain a lot of open questions
which are directly related to the results of this thesis and which might be addressed
to by other techniques. Transport and microscopic methods, for instance, can switch
the ferroelectric polarization in BaTiO3 which might result in a direct ferroelectric
response in the electronic properties of Bi/BaTiO3.
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