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Abstract

The transition metal oxides are known for their versatile physical properties and are therefore
an active field of research towards possible new functionalities and applications. This thesis
focuses on the subgroup of titanates with perovskite structure that shows a wide range of
interesting bulk properties, ranging from para-, ferro-, and antiferroelectric orders to super-
conductivity. Since the finding of a two-dimensional electron gas (2DEG) at the interface
and surface of titanates, the interaction of the bulk properties with the 2DEG is of particular
interest. In this thesis, ways to manipulate the 2DEG formation at the surface of titanates by
ferro- and paraelectric bulk properties and the surface crystal structure are investigated by the
help of angle-resolved photoelectron spectroscopy (ARPES). Measured are films of CaTiOs,
BaTiOj3, SrTiOs, and Ba,Sr;_,TiOs grown on different substrates by pulsed laser deposition
(PLD), as well as vicinal SrTiO3 substrates.

The investigated quantum paraelectric CaTiO3 hosts a 2DEG at its surface with dy orbital
character that is the only metallic state of the system. The 2DEG shows indications of a
Rashba-type spin splitting and has a band bottom at approximately 400 meV. Therefore the
TiOg octahedrons at the film surface are likely strong tetragonally distorted. The symmetry of
the grown films is given by the pseudo-cubic unit cell of CaTiO3 with a c(4x2) reconstruction.
Under irradiation with ultra-violet light, the reconstruction is changed to a p(2x2) symmetry
with folded Fermi surfaces according to the reconstruction. The affinity of the 2DEG at
the CaTiOs surface to arrange with the surface reconstruction makes it feasible to further
manipulate the system with different surface terminations and formations, with the goal to
tailor its two-dimensional transport properties.

BaTiOj is a well known ferroelectric material. In this thesis, 20 unit cell thick films of BaTiO3
grown on SrTiO3 and KTaO3 substrates are studied. The films exhibit ferroelectric proper-
ties, measured by piezo-response force microscopy (PFM) and show indications of domains
that are locked in in-plane directions. The strong in-plane electric field is responsible for a
Wannier-Stark localization (WSL) of the conduction electrons, resulting in a smearing of the
observed two-dimensional states in reciprocal space. These effects are also observable in
small overlayers of SrTiO3 grown on top, and fade with increasing SrTiO3 film thickness.

The 2DEG observed at the vacuum surface of SrTiO3 can be directly affected by the crystalline
properties of the surface. On vicinal SrTiOs surfaces, the surface relaxation is altered by the
terrace width. This affects the tetragonal distortion of the TiOg octahedron and results in
changes of the energy splitting of the surface localized bands. Apart from this, the surface
band bending is altered due to the electron affinity of the vicinal substrates and the dielectric



properties of the surface region. This is responsible for the presence of only the d,, bands
at the surface of SrTiO3 thin films grown on SrTiOs. At the surface of Ba doped SrTiO3 films
the 2DEG forms similar as on the SrTiO3 thin films. For the different dopings investigated,
the ARPES signature of the 2DEG vanishes at different temperatures, likely due to the altered
behavior of the dielectric properties with temperature.
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Zusammenfassung

Die Ubergangsmetalloxide sind bekannt fiir ihre unzihligen physikalischen Eigenschaften
und sind deshalb ein aktives Forschungsgebiet zur Entdeckung neuer Funktionalitdten und
Anwendungen. In dieser Doktorarbeit steht die Untergruppe der Titanate mit Perovskitstruk-
tur mit ihren interessanten Eigenschaften, die von Para-, Ferro- und Antiferroelektrizitét bis zu
Supraleitung reichen, im Fokus. Seit der Entdeckung eines zweidimensionalen Elektronenga-
ses (2DEG) an der Grenz- und Oberflache von Titanaten ist die Wechselwirkung dieses 2DEGs
mit den Materialeigenschaften von besonderem Interesse. In dieser Doktorarbeit werden Mog-
lichkeiten zur Manipulation des 2DEG durch ferro- und paralektrische Materialeigenschaften
und durch die Oberflachenstruktur mittels winkelaufgeldster Photoelektronspektroskopie
(ARPES) untersucht. Gemessen wurden mit Laserstrahlverdampfen gewachsene Filme von
CaTiOs3, BaTiOs, SrTiO3 und Ba,Sr;_,TiO3 auf verschiedenen Substraten, sowie gestufte SrTiO3
Substrate.

Das untersuchte, quanten-paraelektrische CaTiO3 hat ein 2DEG an seiner Oberfldche mit d,,
orbitalem Charakter, welches der einzige metallische Zustand ist. Das 2DEG hat Anzeichen fiir
eine Rashba-artige Aufspaltung und reicht bis zu einer Bindungsenergie von 400 meV. Deshalb
lasst sich folgern, dass das TiOg Oktaeder an der Oberfldche stark tetragonal verformt ist. Die
Symmetrie der gewachsenen Filme stimmt mit der pseudokubischen Einheitszelle von CaTiO3
tiberein und zeigt ausserdem eine c(4x2) Oberflichenrekonstruktion. Durch Bestrahlung mit
ultra-violeten Photonen dndert sich die Rekonstruktion zu einer p(2x2) Symmetrie, die in
gefalteten Fermi-Flachen sichtbar ist. Die Eigenschaft des 2DEG von CaTiOs, sich mit der
Oberflaichensymmetrie zu arrangieren erdoffnet Moglichkeiten die Oberflache mittels anderen
Terminierungen und Strukturen zu manipulieren, mit dem Ziel seine zweidimensionalen
Transporteigenschaften zu bestimmen.

BaTiOs ist ein bekanntes ferroelektrisches Material. In dieser Doktorarbeit werden 20 Einheits-
zellen dicke Filme, gewachsen auf SrTiOs und KTaOs Substraten, untersucht. In Piezobewegungs-
Kraftmikroskopie (PFM) zeigen die gewachsenen Filme ferroelektrische Eigenschaften und An-
zeichen fiir starre Doménen, die entlang der Oberfldche polarisiert sind. Das resultierende star-
ke elektrische Feld, parallel zur Probenoberfldche, fithrt zu einer Wannier-Stark-Lokalisierung
der Leitungsbandelektronen, sichtbar als eine verschmierte Struktur der zweidimensionalen
Zustdnde im reziproken Raum. Diese Effekte lassen sich auch in diinnen Filmen von SrTiOs,
gewachsen auf den BaTiO3 Filmen beobachten und klingen mit wachsender Filmdicke ab.

Das 2DEG an der Vakuumoberfldche von SrTiO3 kann durch Oberflicheneigenschaften mani-
puliert werden. Auf gestuften SrTiO3 Oberflachen ist die Oberflichenrelaxierung abhéngig

iii



von der Stufenweite. Das beeinflusst die tetragonale Verformung vom TiOg Oktaeder und
fiihrt zur beobachteten Verdnderung in der Aufspaltung der oberflichenlokalisierten Bander.
Zusitzlich ist die Oberflichenbandverbiegung durch die Elektronenaffinitit der gestuften
Oberflache sowie durch die dielektrischen Eigenschaften der Oberflaichenregion verandert.
Dies ist vermutlich dafiir verantwortlich, dass an der Oberfldche von diinnen SrTiO3 Filmen
nur ein Band mit d, Charakter messbar ist. Das 2DEG an der Oberfldche von Ba dotiertem
SrTiOj ist vergleichbar mit dem 2DEG an den Oberflichen der diinnen SrTiOs Filme. Mit
steigender Temperatur verschwindet die ARPES-Signatur der zweidimensionalen Zustédnde.
Dabei ist das Verhalten mit steigender Temperatur abhéngig von der Dotierungsmenge und
erkldrbar mit dem verdnderten Temperaturverhalten der dielektrischen Eigenschaften.

Stichworter:  Titanate
Perovskite
Winkelaufgeloste Photoelektronenspektroskopie (ARPES)
Laserstrahlverdampfen (PLD)
Piezobewegungs-Kraftmikroskopie (PFM)
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Ferroelektrizitat
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Introduction

A key working principle of semiconductor electronics is the control of the charge carrier
densities and therefore the conducting properties by electric fields. An exemplary building
block of modern integrated circuits are silicon based metal-oxide-semiconductor field effect
transistors (MOSFET) where an insulating metal oxide layer separates the gate electrode from
the main current carrying, doped semiconductor. By applying a potential to the gate electrode,
the confinement of the two-dimensional electron gas (2DEG) at the insulator semiconductor
interface is altered. This directly affects the charge carrier density of the 2DEG and therefore
gives a control of the conducting properties in this device. Apart from the technical success
of MOSFETs they also lead to the discovery of the integer and fractional quantum Hall effect
originating from the response of the 2DEG to magnetic fields [1]. In 1965, Gordon Moore
formulated his law that predicts a doubling of the complexity of low cost integrated circuits
every year, which is, with some corrections, still describing today’s developments [2]. By
now the increase in complexity is realized by a continuous down scaling of the devices in the
past years to a size of 10 nm of recent transistor structures. Apart from the economical and
industrial challenges, the shrinking size also demands an increasing charge carrier density
of the structures in use. The charge carrier density is in the order of 10'?> cm™2 in silicon
based devices and has to be higher than 10'® cm™ for atomic-scale transistors [3]. To further
increase the complexity of the building blocks in integrated circuits in the future, there are
two possibilities; a further down-scaling, demanding higher carrier densities of the materials

in use or, for the long term, the search and implementation of new working principles.

A promising way to find new working principles for possible future applications are systems
with a strong interaction between their order parameters and a responsive behavior to ex-
ternal physical constraints. Transition metal oxides (TMOs) have a wide variety of exotic
properties and are therefore promising candidates for new electronics and possible other
new applications in science and technology. The properties found in TMOs range from fer-
roelectric, ferromagnetic, quantum paraelectric, multiferroic phases, and high-temperature
superconductivity to physical phenomena like colossal magneto resistance, wide-range mag-
netic ordering and metal to insulator transitions [3-6]. Due to these properties, TMOs are
already today an integral part of electronic devices used for example as dielectric ceramics
in thin film capacitors or as piezoelectric materials in sensors and actuators. The variety of
phenomena observed for TMOs are linked to the electron correlations of the transition metal
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Figure 1-The entanglement of the spin, orbit, charge and lattice degree of freedom responsible
for the variety of properties of transition metal oxides (TMOs). (adapted from Ref. [5])

d orbitals, coupled with the interplay, ordering, and entanglement of the spin, charge, lattice,
and orbital degree of freedom in these systems.

A vast contribution to the success of III-V semiconductors that are widely used in today’s
electronic devices is the matching lattice constant of compounds with different band gap
energies. By this, a large palette of matching materials is available that enables the production
of epitaxial grown interfaces with tailored energetic properties for specific applications. The
lattice parameters of TMOs are also similar among each other and in the range of the lattice
parameters of III-V semiconductors. Therefore by adding the TMOs to the available building
blocks for semiconductor superstructures, the available possible functionalities are massively
enhanced due to their various physical properties. This variety of properties is even richer
by considering the phase diagram accessible by the intermixing and doping of TMOs. The
fabrication of such structures with dedicated properties could serve a basis for the develop-
ment of new electronic and spintronic devices. To make the properties of TMOs available for
such future applications it is the challenge of today’s condensed matter physics to explore the
complex behavior of TMOs and find ways to manipulate their properties in a controlled way.

The solid-solid and solid-vacuum interfaces as well as heterostructures of TMOs open a
platform to explore and disentangle the contributing factors responsible for the rich behavior
of TMOs. The model concept of a TMO interface and the initial point of the emerged studies
on these class of materials is the LaAlO3/SrTiO3 interface. At this interface of two insulating
materials a 2DEG was discovered, showing carrier densities of up to 3-10'3 cm™2 [7]. As a
consequence of this finding, research on other oxide interfaces was triggered, for example the
GdTiO3/SrTiOs interface where also two-dimensional states where found, supporting even
higher charge carrier densities [8]. Therefore TMOs, apart from providing numerous physical
properties for novel working principles, are also prospective candidates to further down-scale
electronic devices. The existence of a 2DEG at the interface of TMOs gives an opportunity to
directly manipulate the system by external means as dimensionality, lattice strain or doping
and therefore explore the interplay of the spin, charge, lattice and orbital degree of freedoms.
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Soon after the discovery of a low-dimensional conducting channel at the LaAlO3/SrTiO3
interface and at the interfaces of other TMOs, the finding of a 2DEG at the vacuum surface
of SrTiO3 underlines the crucial role of SrTiOs in the formation of the interface 2DEG [9, 10].
The location of the 2DEG at the vacuum interface of the system further makes it approachable
by surface sensitive experimental techniques giving new insight from different perspectives.
SrTiO3 is a TMO of the perovskite family and exhibits various of the properties found in other
TMOs. It is a quantum paraelectric with high permittivity [11-13] and can exhibit ferroelectric
phases under strain or by isotopic substitution [14-16]. It has superconducting properties
under doping [17-19] and significantly increases the superconductive transition temperature
of a FeSe monolayer grown on top [20, 21]. With these variety of properties present in SrTiOs,
the two dimensional states at the vacuum interface of SrTiO3 and related materials can serve
as a model system to study the effects responsible for the formation of a 2DEG. It furthermore
provides a playground to explore the interplay of the 2DEG with the various physical properties
of TMOs.

In the first two chapters of this thesis, the relevant background regarding the two-dimensional
electron gas (2DEG) at titanates surfaces and the titanate bulk properties is introduced. Chap-
ter 1 is dedicated to the published findings regarding the two-dimensional states at titanates
surfaces and gives an introduction to the interaction of strong electric fields with electrons in
solids. Chapter 2 presents an overview of the basic properties of the materials studied. The
chapter discusses the orbital ordering of the Ti 3d derived conduction band and the observed
phases of CaTiOs3, BaTiO3, and SrTiO3 and their intermixtures with regard to their para- and
ferroelectric properties. Chapter 3 is an overview of the experimental methods used in this
thesis. The basic concept of angle-photoelectron spectroscopy (ARPES) is presented, followed
by a description of the principle of pulsed laser deposition (PLD) growth and surface sensitive
electron diffraction techniques; reflective high-energy electron diffraction (RHEED) and low-
energy electron diffraction (LEED). Piezo-response force microscopy (PFM) as a method to
investigate ferroelectric properties is reviewed in the last part of this chapter.

In the following chapters 4-6 the experimental results obtained during this thesis are presented.
First, the results of the parent perovskite CaTiO3 are discussed in chapter 4. The presented
findings show a 2DEG at the surface of PLD grown CaTiOs films, that have a symmetry of
the pseud-cubic unit cell of the orthorhombic CTO with folded band according to a p(2x2)
reconstruction. These results are accepted for publication in the manuscript "Observation of a
two-dimensional electron gas at CaTiOs film surfaces " at Applied Surface Science [22].

Chapter 5 is dedicated to the findings at the surface of ferroelectric BaTiOj3 films, that are
currently under review at Physical Review Letters. In BTO the ferroelectric properties are
responsible for a Wannier-Stark localization of the electrons, leading to smeared states in
reciprocal space. The strength of the intrinsic electric field of BTO is demonstrated by the
observation of these effects in thin STO layers grown on top of BTO.
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In chapter 6, different approaches to manipulate the formation of the 2DEG at the STO surface
are shown. In a first attempt, vicinal surfaces are used to give a direct access to the surface
structure of STO that result in a altered crystal field splitting. In STO thin films, as well as Ba
doped STO films, the effect of altered dielectric and possibly ferroelectric properties on the
STO 2DEG are investigated. By altering the 2DEG at the STO surface these results give an
insight in the mechanisms responsible for its formation.



1] Basic background

This chapter gives an overview of the basic background and relevant literature for this thesis.
The first part from Sec. 1.1 to 1.4 is dedicated to the 2DEG found at oxide interfaces and
vacuum surfaces. The LAO/STO system is introduced as the emerging point of the in-dept
study of the perovskite interface states in the past years. As a model system for the observed
properties, the closely related 2DEG found at the surface of anatase TiO» is discussed in
Sec. 1.2. Of central relevance to explain and compare the results of this thesis are the findings
at the STO (001) surface that are elaborated in Sec. 1.3. In the last section of this chapter (Sec.
1.5) the concepts of the interaction of electrons in solids with strong electric fields, resulting in
Bloch oscillations and Wannier-Stark localization is discussed. These concepts explain the
results of BTO, presented in Chapter 5, where high intrinsic electric fields are present due to
the ferroelectric properties of BTO.

1.1 The LaAlO;/SrTiO; interface

The observation of a two-dimensional conduction channel at the interface between the two
bulk isolators LaAlO3 and SrTiOs by Ohtomo and Hwang [7] initiated the research on the
electronic surface and interface properties of related oxides [23, 24]. For the 2DEG confined at
the LAO/STO interface to exist, at least 4 uc of LAO are necessary, grown on TiO, terminated
STO [7, 25]. The origin of the charge carriers that lead to the formation of the 2DEG is still
under debate. One of the first hypothesis was that the polar stacking of LAO along the (001)
direction is responsible for a charge accumulation at the interface and explains the critical
thickness of 4 uc for the observation of the 2DEG [26]. However, this scenario contradicts with
the finding of interface states at the (111) and (110) LAO/STO interface that exhibit different
interface polarity [27] and also the predicted charge carrier density is not found in experiments
[25, 28]. Therefore other effects as oxygen vacancies [29, 30] and interface intermixing leading
to a La doping in STO [31] likely also play a role in the formation of the 2DEG. The interface
strain could also give rise to an octahedral rotation in the STO interface layers, making the
structure of the interface another possible factor, responsible for the 2DEG formation [32, 33].
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The confined 2DEG at the LAO/STO interface exhibits, apart from its conductivity other
interesting physical properties as superconductivity, ferromagnetism, magnetoresistance
and a tunable Rashba splitting. 2D superconductive properties of the LAO/STO interface
were reported below a temperature of 200 mK that can be tuned by a gate voltage [34-36].
Furthermore the interface shows ferromagnetic properties that seems to coexist with the
superconducting properties [37-39]. The interface 2DEG further shows a linear magnetore-
sistance at high temperature and a negative magnetoresistance at low temperature [37, 40].
Responsible for the negative magnetoresistance is a Rashba-type splitting of the 2DEG that
can be modulated by an external electric field [41].
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Figure 1.1 — Measured soft x-ray ARPES Fermi surface and band structure of the 2DEG at the
LAO/STO surface at hv = 460.5 eV, corresponding to the Ti L-edge (from [28]).

The bands forming the 2DEG originate from the Ti 3d states. The orbtial configuration is given
by a tetragonal distortion of the TiOg octahedron, responsible for a spiting of the tog manifold
in the low effective mass dy, band at higher binding energy, and the d,./d,. bands at lower
binding energy with a heavier effective mass [42, 43]. Despite the location of the 2DEG below
at least 4 uc of LAO, ARPES measurements can be obtained by the use of light in the soft X-ray
range (see Sec. 3.1.2). This is possible due to the increased probing depth and the resonant
enhancement at the Ti L-edge [28, 33, 44]. The Fermi surface shows a clear signal of the two
heavy bands, elongated in T'X direction and indications of the light dyxy bands in the band
structure. The size of the Fermi surface further corresponds with the charge carrier density
obtained in transport measurements (see Fig. 1.1) [28]. The 2DEG at the LAO/STO interface is
confined asymmetrically in the STO side of the interface decaying within 2 nm, with a tail of
up to 11 nm [45, 46]. Therefore, the electronic properties of the interface state are expected to
be related to the electronic structure of the TiO, terminated STO to vacuum interface.



1.2. Anatase TiO,

1.2 Anatase TiO,

The TiO, surface is a famous material due to its photocatalytic properties that are brought to
application for example in purification systems and can assist to decompose water with visible
light [47-49]. With its similarities regarding the crystal structure and orbital ordering, anatase
TiO2 can serve, to a certain extend, as a model system to understand the electronic properties
of the titanate perovskites with a TiO, vacuum termination. In TiO; the building block of the
unit cell is the TiOg octahedron [see Fig. 1.2 (a)]. The conduction band of TiO; is therefore
formed by the Ti 3d band with an ordering given by the distortion of the octahedron and the
respective bonding angles between them (see also Chapter 2.1). Band structure calculations
reveal that the bottom of the conduction band has primary dy, character.

o]

d_, orbital

ya/zx

Energy (eV)

S
d, orbital

iy N X r MN Z r

Figure 1.2 - (a) Crystal structure of anatase TiO, with its Brillouin zone (b). (c) Calculated band
structure of the Ti 3d conduction band with denoted orbital character (from [50]).

The anatase TiO, (001) surface is highly reactive and energetically less stable than other surface
terminations [51, 52]. Therefore oxygen vacancies can be created by UV irradiation of the
surface [53] and are responsible for the availability of excess electrons. These electrons are
strongly coupled to the lattice by Coulomb interaction that leads to the formation of mobile,
large polarons at low charge carrier densities, contributing to the metallic properties of the
system [54, 55]. The metallic state exhibits a 3D dispersion of dy, character, with shifted
replicas at higher binding energies (see Fig. 1.3). These replica bands are separated by the
energy of an optical phonon and indicate the existence of polarons [54]. The origin of the
charge carriers in the oxygen vacancies created by light irradiation allows a control of the
charge carrier density by oxygen dosing [54].

Later ARPES studies of anatase TiO; films show a more 2D nature of the d,, bands, due to
the stronger 2D confinement in the films [50]. The d., band is furthermore split into two
subbands and is also observed at the (101) surface and the (4x1) reconstructed surface. At
the (101) surface, the anisotropy of the surface is reflected by an anisotropic mass of the dy,
electrons resulting in an elipsoidal Fermi surface [56]. At the reconstructed (4x1) surface,
the folding of the Fermi surfaces is responsible for a gap opening at the overlap of the Fermi
surfaces [50]. Metallic states have only been observed at the surface of anatase TiO, and not
for the closely related rutile TiO,, although light induced oxygen vacancies are also known to
be created at both surfaces. However, the different crystal structure leads to the formation of
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Figure 1.3 — (a) ARPES Fermi surface and (b) band structure of anatase TiO, with a charge
carrier concentration of 7.~ = 3.5 x 10!® cm~3, measured with kv = 85 eV (from [54]).

more localized polarons with no metallic properties, demonstrating the importance of the
surface crystal arrangement for the formation of 2D states [54-56].

1.3 SrTiO;(001) surface states

In early 2011, two studies were published, presenting results of a 2D metallic state at the
surface of SrTiO3(001) (see Fig. 1.4) [9, 10]. Santander-Syro et al. [9] published results of
vacuum cleaved, undoped STO and samples with oxygen vacancies created by annealing. The
metallic states measured with photonenergies of 45 and 47 eV and different light polarizations,
consist of a concentric pair of bands with a light effective mass and a band bottom around
220 meV. Additionally there is a more shallow band with a higher effective mass observed close
to the Fermi energy. None of the bands are altered with the induced bulk oxygen vacancies by
annealing and show a charge carrier density of 7.~ = 2 x 1014 cm™2. Santander-Syro et al. [9]
attribute the existence of the 2D states to a surface band bending caused by oxygen vacancies,

located at the surface as an effect of the cleaving.
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Figure 1.4 — ARPES measurements of the 2D electron gas (2DEG) at the surface of STO. (a)
Results of Meevasana et al. [10] and (b) results of Santander-Syro et al. [9].



1.3. SrTiO3(001) surface states

Meevasana et al. [10] published result of lightly La-doped STO cleaved crystal surfaces. The
observed Fermi surface, measured with a photon energy of v = 55 eV, consist of two concen-
tric rings with a band bottom similar to the results of Santander-Syro et al. [9]. No dispersion
of the states was observed at photon energies between 45-65 eV, suggesting a two-dimensional
nature. The surface charge carrier density of the 2D state was found to increase under syn-
chrotron irradiation and to saturate at a value of 7,- = 8 x 10'> cm~2. The presence of the 2D
states is accompanied by the formation of an in-gap state at a binding energy of 1.3 eV that
shows an increasing photoemission intensity with irradiation. Therefore the authors suggested
the creation of oxygen vacancies by UV irradiation to be responsible for a downwards band
bending at the STO surface leading to the occupation of the 2D electronic states at the surface.

Indications for the existence of metallic states at the STO surface can already been found in
earlier works. In angle integrated photoemission data, a clear signature of the in-gap state
at approximately 1.3 eV with intensity close to the Fermi energy was observed [57, 58]. The
work of Aiura et al. [59] showed a clear, sharp peak at the Fermi level additionally to the in-gap
states in the angle-integrated photoemission intensity. This peak can be suppressed by oxygen
dosing of very small amounts, suggesting that the appearance of the state is directly related
to the surface properties of STO. Similar bands as found at the STO surface in [9, 10] were
already reported by Meevasan et al. [60] in 2010 on lightly La doped, oxygen deficient STO.
The reported bands consist of states with a heavy effective mass, that disperse with photon
energy and states with low effective mass that do not disperse with photon energy, indicating
their 2D nature [60].
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Figure 1.5 — (a) ARPES Fermi surface and band structure measured with iv =85 eV close to
the I' point. (b) ARPES Fermi surface and band structure between two I" points at hv =51 eV.
(c) Dispersion along k, of the second Brillouin zone, obtained by scanning the photon energy
from hv =35 eV to 95 eV. (d) Representation of the 2D and 3D bands in reciprocal space (from
(611).

The findings of Santander-Syro et al. [9] and Meevasana et al. [10] both show two concentric
bands, with similar charge carrier densities and comparable band bottoms that are likely 2D.
However, one difference is the appearance of a third band in the measurements of Santander-
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Syro et al. [9] at a photon energy of v = 47 eV, that is absent in the measurments of Meevasana
etal. [10]. This resulted also in a different interpretation of the orbital origin of the observed
states. Later studies of Plumb et al. [61] addressed this issue by studying the states at the
surface of TiO, terminated STO crystals, with in-situ preparation instead of cleaving, over
a larger photon energy range. The states are found to consist on one hand of two sheets of
2D bands showing no dispersion with photonenergy and on the other hand 3D dispersing
bands, located in the vicinity of the I points (see Fig. 1.5). These findings explain the different
observations of the previous papers at different photon energies.

In measurements with different light polarizations, the orbital origin of the 2D and 3D band
can be clearly identified [62]. The two concentric light bands with a 2D dispersion originate
from the Ti 3dy, orbitals probed with s-polarized light. The 3D bands with larger effective
mass have character of the Ti 3dy, and Ti 3dy orbitals, probed with s- and p-polarized light
respectively (see Fig. 1.6 and Sec. 3.1). The dyy, dy. and d, . bands of the 7, manifold are split
in energy due to a distortion of the TiOg octahedron (compare Sec. 2.1). The 2D nature of the
dyy orbitals indicates their surface localization. The disk shape of the 3D dy./d,. bands in
reciprocal space (see Fig. 1.5) is distorted from the ellipsoidal shape of the d./d, . expected
in the bulk (see Sec. 2.1). Therefore, although they are dispersing with photonenergy, they
are not completely bulk like, but confined in a larger volume close to the surface than the
dyxy bands [61, 63]. The measured dispersion of the metallic state at the STO surface with 2D
dyxy and 3D dy;/d,; bands is accordingly similar to the dispersion observed at the LAO/STO
interface (see Sec. 1.1).
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Figure 1.6 - (a) Measured Fermi surface with s-polarized light, probing the dy, and d,,; orbitals.
(b) ARPES Fermi surface with s-polarized light probing the d,, orbital. (c) Composed Fermi
surface, exhibiting all three orbital contributions. (from [62])

In both of the first papers, light-induced oxygen vacancies were assigned to be the main
driving force for the formation of the metallic states at the STO surface [9, 10]. However,
the formation of the states is observed on a range of differently prepared samples, with and
without oxygen bulk defects and different dopings [61] and can even be suppressed by a high
amount of bulk oxygen vacancies induced by high-temperature annealing [64]. Plumb et al.
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1.3. SrTiO3(001) surface states

[61] further investigated the UV-induced changes by time dependent measurements of the
angle integrated photoemission intensity. Under UV-irradiation, the carrier density of the
metallic states saturates very quickly to a similar value in all the reported experiments on
STO surfaces regardless of the preparation method. After the saturation of the charge carrier
density is reached, the photoemission intensity of the metallic states is observed to increase
further. This change is accompanied by an increase of the intensity of the in-gap state, a
decrease of the valence band intensity, and a weight shift to shoulders of the O, Ti and Sr core
levels (see Fig. 1.7). The changes in the O 1s level, as well as the creation of a shoulder in the
Ti 2p corelevel, attributed to Ti 3", can be associated with the creation of oxygen vacancies.
The decrease of the O 2p valence band intensity, however, is much larger than the observed
changes in the O 1s corelevel, indicating a change of the hybridization and therefore of the
structural arrangement in the surface region. The observed change in the intensity of the
Sr 3d corelevel also points in this direction and could be due to excess Sr or SrO at the surface.
Therefore it is likely that light induces changes of the surface lattice arrangement contributing
to the formation of the surface metallicity of STO. This rearrangement is stable after the first
irradiation, defining the charge carrier density, but will extend over a larger portion of the
sample surface with time, responsible for the continuous increase of photoemission intensity
[65].

O1s

s _
3 L/ L=099
z 20 -10 00 —t
g E-E ¢ (eV)
=
F/ L~05
10 8 -6 4 -2 0 -535 -530
E-Er(eV © Ti2p
4+
la) Ti
s (© 05 o | f/p>094 .
1.2x10 3 Ti
e 04 o T A
® =3
og o8 0335 & -470 -460
§2 “ 8@
Ty 02 % 3 ( Sr3d
_g S 04 % I/ L=099
3 017 o 7
° 3
v 00 00 ®
—» -S40 -136 -132
1.3hr E-E ¢ (eV)

Figure 1.7 — (a) Angle-integrated photoemission intensity of the STO valence band and in-
gap state (inset) under UV-irradiation as a function of time. (b-d) Intensity changes of the
O 1s corelevel (b), the Ti 2p corelevel (c) and the Sr 3d corelvel (d). (e) Development of the
conduction band photoemission intensity and charge carrier concentration with time. (from
(66])

1.3.1 Rashba-like spin splitting

Spin-resolved ARPES measurements reveal a strong spin polarization of the two d,, bands
forming the 2DEG at the STO surface (see Fig. 1.8) [66]. The two concentric parabola show a
helical spin texture with opposite winding directions for the inner and the outer band. The
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magnitude of the spin polarization is 100% at the Fermi energy and is decreasing towards the
bottom of the inner as well as the outer band. At the I'-point the degeneracy of the bands
is lifted with no noticeable spin polarization. The obtained measurements are consistent
for different light polarization (s—, p— and circularly polarized light) and photon energies of
hv =47 eV and 52 eV. The observed spin texture of the two d, band therefore matches with a
Rashba-like splitting.

Energy

—
k@10 (A7) Momentum

Figure 1.8 — (a) Spin polarization with respect to the three spatial coordinates obtained from
spin-resolved ARPES at the Fermi energy. (b) Total intensity of the spin-resolved measurements
with fitted peak intensities of the four peaks visible in the ARPES bandmap. (c) Schematic
picture of the spin polarization of the STO 2DEG with arrows denoting the direction of the
spin polarization and the thickness the magnitude of the polarization. (from [66])

A Rashba-type spin splitting occurs from the asymmetric potential due to the inversion
symmetry breaking at the crystals vacuum termination [67, 68]. By Lorentz transformation,
the electric field gradient at the surface results in a magnetic field in the rest frame of the
electron and therefore lifts the spin degeneracy. The momentum and the spin direction of the
degenerate bands are locked orthogonally to each other, resulting in a helical spin texture. A
Rashba-like spin splitting is observed at the surface of a variety of system [69-74]. However, the
magnitude of the splitting of 100 meV, reported for STO is significantly larger than expected.
In order for a splitting of this size to exist, the local potential gradient at the surface has to be
enhanced. This could possibly be explained by a polar buckling of the surface, resulting in
an increased Rashba splitting [75, 76]. Possible ferroelectric properties enhance the Rashba
splitting even further [77]. A Rashba-type splitting was also reported to exist at the LAO/STO
interface [41]. Although the splitting at the LAO/STO interface is considerably smaller than the
splitting at the STO surface, it is also highly sensitive to an applied gate voltage and therefore
likely also to changes of the potential gradient at the STO surface [65].

Furthermore to explain the lifted degeneracy at the I'-point, the time-reversal symmetry at the
surface needs to be broken by local magnetic properties of the STO surface. The type of these
properties and their origin is unknown, but experimental evidence of magnetic properties
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1.4. Surface states of other SrTiO3; terminations and KTaO3

of the STO surface exist [78, 79] (see also Sec. 2.2.3). The absence of an out-of-plane spin
polarization at the I point matches with the presence of oppositely polarized ferromagnetic
domains. Therefore the existence of a splitting of the observed size can be explained by the
local surface properties of STO [80-82].

Nevertheless, the spin-texture of the STO 2DEG and its origin is still under debate. A pub-
lication of Walker et al. [83] found a different spin-polarization of the STO 2DEG, with no
indication of a helical spin texture of the two d, band. They suggest a rather small Rashba-like
splitting that splits the two dy, band each into sub bands. These measurements were taken
at photonenergies of v = 80 eV and 100 eV and therefore closer to the I'-point with contri-
butions from the heavy d,./d,. bands (see Fig. 1.5). Additionally the higher photonenergies
also results in a different coupling to the final states in the photoemission process. Further
measurements will have to clarify whether the differences in the observed spin texture are of
intrinsic nature or related to the experimental conditions.

1.4 Surface states of other SrTiO; terminations and KTaO3

Apart from the well studied 2DEG at the STO(001) surface, metallic states were also found at
other STO surface terminations. At the STO(111) surface, three bands, derived from the dy,
dy; and d,; orbitals, form a sixfold symmetric Fermi surface [see Fig. 1.9(a,b)] [84, 85]. The
STO (110) surface also exhibits metallic states, consisting of the dy, derived band and d./d, .
band with anisotropic masses due to the given hopping probabilities of the orbitals at the
(110) surface termination [see Fig. 1.9(c-e)] [84, 86].

SITIO, (111) SITIO, (110)

aea E.=0 meV E,=30 meV E,=60 meV
a) = . = o b) q 02 a;“e 0.2 d) ; .mg . e) 02 o.nme 02
M : K
0.00. v M

— k[liO]

-
112)

< - R B o W o
”;,; T < 3 s O-

k(A

-0.0

~

E - E (eV)

ks (A
2.0

Figure 1.9 — (a) Constant energy surfaces of STO (111) at different binding energies measured
with hv =108 eV, circularly polarized light. (b) Top view of the schematic representation of
the bulk Fermi surface of STO viewed from the (111) direction. Black lines indicate a cut
through the I'-point. (from [85]). (c) Constant energy surfaces of STO(110) at the Fermi energy,
Ep =30 meV and Ep = 60 meV with schematic representations of the constant energy surface.
(from [86])
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The findings of a 2DEG at the STO surface also initiated investigations on other perovskites
and lead to the discovery of confined bands at the surface of KTaO3. KTaOj is a 5d° oxide and
has similar properties as STO regarding its dielectric properties and quantum paraelectric
behaviour (compare Sec. 2.2.3). Due to the increased mass of tantalum the spin-orbit coupling
effects are expected to be higher, compared to STO. For KTaO3 metallic states are report to
exist atits (001) and (111) surface. The KTaO3(001) surface shows a strong splitting between
the dyy, dx. and d,,; bands [63, 87]. The KTaO3(111) surface also shows metallic bands with a
sixfold symmetric structure [88].

The finding of metallic states at different surface termination of SrTiO3 and KTaO3 implies
that also other perovskites are likely to host a 2DEG at their surface. In this thesis results of
the perovskites BaTiO3 (Chap. 5) with its well known ferroelectric properties and of CaTiO3
also exhibiting dielectric and quantum paraelectric properties similar as STO and KTaO3 are
presented (Chap. 4).

1.5 Influence of an electric field on electrons in solids

In ferroelectric materials like BaTiO3 (Chapter 5), the intrinsic electric field acts on the elec-
trons in the crystal. The effects of an electric field on the electrons in a solid are the basis of
electric transport in crystals. One of the first descriptions of electronic transport in a solid is
given in the Drude model. This model is based on the assumption that electrons in a solid act
like a gas without interaction between the electrons. However, collisions with the positively
charged ions of the crystal are possible. The acceleration of the electrons (mass m,, charge
—e) in an applied electric field & is therefore described as the acceleration of a free electron,
damped by a frictional force [89].

-

; . v
MeV=—e8—Me— (1.1)
T

The damping depends on the so-called relaxation time 7 that gives the scatter probability of
the electrons on the ions per time as 1/7. The relaxation time is therefore the time the electron
can be freely accelerated in the solid, which results in a average drift velocity of the electrons
given by the electric field as

-

—-eéT1

Mme

b= (1.2)

that is opposite to the applied electric field. The picture of the Drude model with scattering of
the electrons on the ions does not agree with the observation of an increasing relaxation time
at lower temperatures. In a quantum mechanical description of the electron as a Bloch Wave
no scattering of the electrons with the ions is possible. The reason for a finite relaxation time
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1.5. Influence of an electric field on electrons in solids

is the scattering of the Bloch Wave on lattice imperfections and electron-phonon interactions
[90]. The relaxation time is typically in the order of T = 10! s and is linked to the mean free
path A of the electron in the crystal and the Fermi velocity vr of the electrons as 7 = A/ vg
[89, 90].

In a semi classical picture, the effect of the electric field on an electron is described by Bloch’s
acceleration theorem as an equation of motion in reciprocal space [89-91].

h— = —e& 1.3
ar ¢ (1.3)

This implies a continuous change of k of the electrons with time, if an electric field is present.
However, the acceleration is stopped by the inelastic scattering of the electrons on the lattice
defects. The size of the momentum dislocation 6k of the electrons is therefore given by
the relaxation time 7 responsible for a finite resistance in the electron transport. In a band
structure picture (see Figl.10) the electrons of a partially filled metallic band are dislocated by
Ok after a time 6t opposite to the electric field &. The probability to scatter from +kr to —kp
depends on the relaxation time and is given by 1/7 [92].
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Figure 1.10 — [llustration of the effect of an electric field on the band structure and therefore
the transport porperties of a metal. (a) Partially filled band without external electric field. (b)
Band after turning on an electric field &. Electrons get dislocated by ¢ k. The probability of an
electron with +kr to scatter back to —kp is given by 1/7. (from [92])

The finite value of the relaxation time therefore sets a limit to the electron movement in a
solid. We now consider the behavior of electrons that do not experience any scattering, so
with in infinite 7. According to the accelerations theorem in eq. 1.3 the electrons experience
a displacement in k as a function of time ¢. In a periodic energy dispersion as shown in Fig.

15



Chapter 1. Basic background

1.11(a), the electrons are displaced until they reach the energy maximum of the band at the
zone boundary. The group velocity vg of the electrons during this movement

1 0E (k)
Ve = ok 4
will reach a maximal value on the maximal slope of the energy dispersion E(k) and then go to
zero at the zone boundary [point A in Fig. 1.11(a)]. Due to the periodicity of the dispersion,
the electron is scattered to the equivalent point A. With the negative slope, the group velocity
becomes negative untill the zone center is reached (Fig. 1.11) [93]. This motion of the electron
in the periodic band structure is called Bloch oscillation.

a)

-7/a 0 7/a k /e 0 /a k

Figure 1.11 — (a) Movement of the electron in a periodic dispersion with applied electric field.
(b) Group velocity of the electrons during the movement in (a). (from [93])

With the periodic change in group velocity, Bloch oscillations also exhibit a oscillating motion
of the electrons in real space that should result in an AC current when a DC voltage is applied
to the sample. The frequency wp of the AC current is related to the applied electric field and
the lattice constant of the system a [92].

Wp=—— (1.5)

Tp= —— (1.6)

The initial consideration was an infinite relaxation time of the system. This explains, why
the AC current of Bloch oscillations cannot be measured in real world crystals. The effect
could only be observed if the electron can finish one or more oscillation cycles before being
scattered at lattice defects. This means, the oscillation time 7 would have to be smaller
than the relaxation time 7 of the system. With a typical relaxation time of 7 = 10~!* s and a
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1.5. Influence of an electric field on electrons in solids

lattice constant of @ = 4 A an electric field of 1 x 10° V/m would be necessary to observe Bloch
oscillations, that is above the break down voltage of known isolators.

Whereas in Bloch oscillations the effect of the electric field on the electrons in a solid is
discussed in the time domain, the Wannier-Stark ladder is a description of the same effect in
the energy domain [94]. Wannier solved the Schrédinger equation for a periodic potential with
an applied electric field, considering the altered kinetic and potential energy of the system.
For a system with periodic potentials, given for example by a crystal lattice, without an electric
field applied, the electron wavefunctions are delocalized over the whole system. If the electric
field is turned on, the periodic potential becomes asymmetric and the electrons starts to be
localized in the potential wells (see Fig. 1.12) [95]. The higher the electric field, the more
localized are the electrons in the periodic potential. This effect of the localization of the
electrons in a periodic potential by an applied field is called a Wannier-Stark localization.

Figure 1.12 — (a) Delocalized electron wavefunction in a periodic potential. (b) Wannier-
Stark localization in a periodic potential by applied electric field. (c) Stronger localization by
increased electric field. (adapted from [95])

The localization of the electrons in the potential wells results in an energy spectrum that is no
longer continuous, but separated in discrete energy levels with a separation proportional to
the electric field. The electron wave functions are therefore separated in space by the periodic
wells and in energy by the electric field and form a so-called Wannier-Stark ladder [93, 95, 96].
The energy separation between two adjacent energy levels is given as:

h
AE=eSa=— 1.7)

Like in the picture of the Bloch oscillations, the localization of the electrons can also be seen
as an oscillating motion in the unit cell and is therefore also restricted by the scattering events
[89]. In the energy picture the formation of a Wannier-Stark ladder takes place when the
scattering induced broadening of the states is smaller than the energy separation [94].

The experimental restrictions regarding the magnitude of an external applied field were
overcome by the fabrication of high quality layered superlattices. In superlattices the size of
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the periodic potential a can be increased and the low defect density increases the relaxation
time 7 of these systems. By this, the necessary electric field to observe Bloch oscillations is
significantly reduced. This was successfully demonstrated for the first time by Mendez et
al. [97] in a GaAs/GaAlAs superlattice with a periodicity of 65 A. The stronger localization of
the valence band electrons due to their heavier mass allows optical absorption between the
localized states in the valence band and still delocalized states in the conduction band. The
absorption peaks shift with applied electric field from the n = 0 transition (see Fig.1.13). At
high electric fields, the levels disappear due to the localization of the wavefunction in the
conduction band.
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Figure 1.13 — Results of Mendez et al. [97] showing the photocurrent of a GaAs/GaAlAs super-
structure with different applied electric fields.

The existence of Bloch oscillations and Wannier-Stark ladders in crystalline structure opens
various possible applications. Bloch oscillations could serve as a source for electromagnetic
radiation with variable frequency controlled by the electric field. This is one of the attempts
to produce emitters with frequencies in the THz gap [98-100]. The tunable energy gap in the
Wannier-Stark ladder could for example be used for lasers with a tunable wavelength [101].

The occurrence of Wannier-Stark localization in single crystals is limited by the external electric
field that can be applied. Apart from changing the periodicity as it is done in superlattices,
this problem can also be addressed by utilizing intrinsic electric fields of ferroelectric material.
In chapter 5 the effect of the intrinsic electric field of ferroelectric BaTiO3 on the conduction
band electrons is presented. The high fields are responsible for a localization of the electrons
in real space, and consequently for a delocalization in reciprocal space.
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4 Bulk properties of titanates

The aim of this chapter is to give a general overview of the properties of the titantes CaTiOs3,
BaTiO3 and SrTiOs studied in this thesis. In the first part, the perovskite lattice with its atomic
arrangement and the implications on the Ti 3d conduction band are discussed. Of central
importance for the orbital arrangement of the conduction band is the octahedral field of the
TiOg octahedron, energetically splitting the #>¢ and eg manifolds. The effects of a distortion of
the TiOg octahedron on the orbital ordering are pointed out. In the second part the phases,
with special regard to the para- and ferroelectric properties of CTO, BTO and STO are discussed.
Apart from the bulk properties, effects related to the vacuum termination as well as effects
related to the film growth are reviewed. The last part focuses on the properties of intermixtures
between the three materials giving rise to para-, ferro- and antiferroelectric properties.

2.1 Orbital ordering in titanates

The general composition of titanates and perovskites is described with ABOs. The A-site
placed in the center of the unit cell, is usually occupied by a alkaline earth or rare earth metal.
The B stands for the transition metal oxide, sitting on each of the eight corners of the unit cell.
Each B-site then forms together with the surrounding six oxygen atoms an octahedron (see
Fig. 2.1). In the case of the titanates, the transition metal oxide at the B-site is titanium and the
A-site, in the materials presented in this thesis, either strontium, calcium or barium. In this
structure the A- and B-site are electron donors, donating 2 and 4 electrons respectively to the
three oxygen atoms which results in two additional electrons per oxygen atom. The material
can also be seen as charge neutral layers of A** 0~ and Ti** 03~ stacked in the (001) direction.

The band ordering of the titanates in the proximity of the Fermi energy is determined by
the O 2s, the O 2p and the Ti 3d and Ti 4sp bands. In the formation of the octahedron, the
octahedron crystal field leads to a splitting of the Ti 3d state energetically separating the
3-fold degenerate f,¢ consisting of the dy, dxy and d, . orbitals from the 2-fold degenerate
eg orbitals dxz_yz and d [see (1) in Fig.2.2(a)]. The f,¢ orbitals are lower in energy due to
their alignment between the Ti-O bond axis in the TiOg octahedron while the e orbital are
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Figure 2.1 — Crystal structure of the ABO3 perovskites illustrated on the example of cubic
Sl‘TiO3.

aligned along the bond axis. The O 2p states are also split into the P, and the P, orbitals in
the octahedral crystal field. The resulting states are on one hand the valence band, formed
by the O 2p bands, hybridized with the Ti 4sp and Ti 3d states and on the other hand the
unoccupied conduction band formed by the Ti 3d bands, partially hybridized with the O 2s
and O 2p bands. This results in the band structures of bulk titanates, showing an indirect bulk
band gap between the O 2p and Ti 3d states of several electron volts for the studied SrTiOs,
BaTiO3 and CaTiOs (see Fig. 2.2(c) for the calculated band structure of SrTiOs).
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Figure 2.2 — (a) Orbital bond structure of titanates by the example of TiO, anatase (from [102]).
(1) Atomic leves, (2) crytal-field split levels and (c) final, hybridized states. (b) Brillouin zone of
a cubic simple lattice with marked symmetry points. (c) Calculated band structure of cubic
STO (from [103]).
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2.1. Orbital ordering in titanates

Figure 2.3 — (a) Geometry of the orbitals of the > manifold in real space on the example of
the dy, orbital (from [9]). (b) Band dispersion of the Fermi surface in reciprocal space of the
dyy, dy; and dy orbitals.

The band dispersion of the g manifold that forms the conduction band bottom, after the
splitting in the octahedral field is given by the hopping probabilites. The situation is exemplary
shown for the dy, orbital in Fig. 2.3(a). Due to the location of the dy, band in the xy-plane, the
hopping probability to the neighboring orbital in the plane is higher than in the z-direction to
the next layer. With the increased hopping probility in the x- and y-direction, the electron mass
is low in these directions and high in z-direction. This results in a Fermi surface contribution
of the dy, orbital in form of a band with the shape of an ellipsoid, elongated in z-direction
[see Fig. 2.3(b)]. The same principle applies for the d,. and d,, orbital with fermi surfaces
elongated in the y- and z-direction respectively. The Fermi surface of the f,¢ orbitals in the
octahedral field without distortion therefore consist of three ellipsoidal shaped band from the
contribution of the three orbitals [see Fig. 2.3(b)].

The octahedral field, responsible for the splitting of the Ti 3d bands can further be responsible
for a energy splitting of the eg; and ,; manifolds into their orbitals upon distortion of the
octahedron (see Fig. 2.4). By a tetrahedral distortion, the mostly affected obitals are the ones
in the xz- or yz-plane. These are the d 2 and the d,; and d,; orbitals. With increasing length
of the bonds in the z-axis, the electrostatic repulsion between the electrons in the orbitals and
the negative oxygen at the octahedron corners decrease. Therefore the energy of the d 2, dy,
and d orbitals decrease. In the reversed case, with decreasing of the bond lengths along the
z-axis, the electrostatic repulsion increases and therefore the energy of the bands are shifted
upwards. The same principle applies for the distortion in a rhombic shape inducing a further
splitting between the d,; and d,; bands due to the distorted symmetry of the xy-plane. When
one oxygen atom of the octahedron is removed, the changed electrostatic interaction will
increase the attraction between the remaining oxygens and the titanium and is responsible for
a shrinking of the remaining bonds. In the case of a square planar deformation, this increases
the interaction of the d,2_ 2 and d,y with the other orbitals and increases their energy.
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Figure 2.4 — (a) Orbitals of the 3 d states with their symmetries (from [104]). (b) Different
distortions of the TiOg octahedron an their effect on the band ordering of the Ti 3d 2 and eg
bands. (c) Splitting of the Ti 3d bands in a square pyramidal and (d) square planar crystal field.
(adapted from [105]).

Consequently the band structure of the perovskites are very sensitive to altered lattice arrange-
ments, affecting the distortion of the TiOg octahedron by any means. In the initial cubic lattice
the octahedron can be considered undistorted. However, the perovskites show a variety of
different structural phases with tetragonal, orthorhombic and rhombohedral symmetries (see
Fig. 2.5). Under these structural changes, the lattice either arranges by a altering the Ti-O-Ti
bond angles between two neighboring octahedrons or by a distortion of the octahedron. The
changes in Ti-O-Ti bond angle change the hopping probabilities between the orbitals and
affect therefore the bandwidth. This effect is stronger for the eg orbitals due to their alignment
in the bond direction [106]. The two mechanism, distortion of the octahedron and altering
of the binding angle can also occur due to stress, externally applied or by growth conditions
and lattice defects, as well as due to relaxation of the crystal lattice in the surface region of
the crystal. In this thesis, different ways to manipulate the Ti 3d derived conduction band
through the surface crystal structure are examined.

22



2.2. Structural phase transitions in titanates

Figure 2.5 — (a) Tetragonal, (b) orthorhombic and (c) rhombohedral unit cell of the ABO3
perovskites (adapted from [107]).

2.2 Structural phase transitions in titanates

2.2.1 Parent perovskite CaTiO;

CaTiOs is the first discovered material of the perovskite family, named after L. A. Perovski, a
Russian mineralogist [108]. Bulk CTO is in an orthorombic structure at room temperature, with
tilted TiOg octahedrons [see Fig. 2.5(b) for pseudo-cubic unit cell]. There have been numerous
publications investigating the phase transitions of CTO at higher temperatures [109-118]. The
most accepted version is the existence of two phase transitions at higher temperatures; from
cubic to tetragonal at a temperature of 1635 K and from tetragonal to orthorhombic at 1523 K
[119]. The tetragonal as well as the orthorhombic phase exhibit a change of the tilting angle of
the TiOg octahedron with temperature (see Fig. 2.6). In all the three phases, CTO is insulating
with a band gap of 2.4 eV in the orthorhombic phase according to band structure calculations
[100].

CTO is not ferroelectric in any of his phases but it shows an increase of its dielectric constant
at low temperatures (see Fig. 2.6) [120]. Therefore CTO is like STO and KTO classified as an
incipient ferroelectric or quantum paraelectric material . In these type of materials, quantum
fluctuations stabilize the system at low temperatures and prevent the instability of the polar
soft-phonon mode, necessary for the formation of a ferroelectric phase [12, 120-122]. Due to
its proximity to a ferroelectric phase, ferroelectric properties can be induced into the system
by epitaxial strain in film growth [123, 124].
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Figure 2.6 — (a) Out-of-phase change of the tilt ®;, of the respective octahedron axis u with
temperature and (b) in-phase chang of the tilt ®;, (from Ref. [119]). Temperature ranges of the
three phases are marked; orthorhombic (blue), tetragonal (red), cubic (green). (c) Behaviour
of the dielectric constant at low temperatures (solid line and measurement points) with the
dielectric constant of TiO, as a reference (dashed) (from Ref. [120]).

2.2.2 Ferroelectric BaTiO3

BaTiOs3 is a well known ferroelectric material with a spontaneous polarization of up to
25 puC/cm? [125] and is already an integral part of electronic devices. Due to its high di-
electric constant of up to 15’000 [126] it is widely used as a dielectric material in capacitors. Its
pyroelectric behavior finds applications in PCT thermistors and its ferroelectric properties
are demanded in microphones and other transducers [127]. It is insulator with a band gap of
3.9 eVin its tetragonal phase at room temperature [128]. Upon cooling, BTO undergoes three
different ferroelectric phases below the paraelectric to ferroelectric phase transition at 400 K.
These are the teragonal phase, existing at room temperature and exhibitng 6 possible polariza-
tion directions, the orthorombic phase, below 280 K with 12 different polarization directions
and the rhombohedral phase below temperatures of 190 K hosting 8 different polarization
directions (see Fig. 2.7).

Compared to the paraelectric CTO and STO the barium ion in BTO is larger in size, enabling
new arrangements of the perovskite unit cell. Whereas in CTO, the phase transitions exhibit
foremost a rotation of the TiOg octahedron and therefore a change in bonding angle between
neighboring TiOg octahedron, the larger ion size of barium rather promotes a distortion of the
octahedron [131]. As a result the position of the titanium atom in the octahedron center is
not energetically favorable anymore. Therefore the titanium moves to an off center position
forming, together with the charge of the oxygen atoms unpaired by barium, a dipole moment in
the unit cell. The dipole results in a macroscopic polarization of the crystal lattice depending
on the displacement of the titanium ion. This explanation of a displacement-type phase
transition, responsible for the ferroelectric properties of BTO is in agreement with the Landau
theory of phase transitions. The Landau theory describes the phase transition as a polynomial
change in free energy responsible for new energetically stable lattice configurations. The
displacement-type phase transition also agrees with a softening of a soft-phonon mode at the
phase transition, changing the symmetry [131-133].
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Figure 2.7 — (a) Phases of BTO with the possible ferroelectric polarization directions. Rhom-
bohoedral phase below 190 K with 8 different polarization directions, orthorombic phase
between 190 K and 280 K with 12 possible polarization directions, tetragonal phase with 6
polarization directions between 280 K and 400 K and the non ferroelectric cubic phase above
400 K (after [129]). (b) Dielectric constant along the a- and c-axis of the four phases as a
function of temperature measured by W.]. Merz [130].

However, the displacement model does not seem to fully explain the formation of the ferroelec-
tric phases in BTO. In fact the paraelectric, cubic phase above 400 K already shows indication
of a displacement of the titanium ion from its center position in the TiOg octahedron and a
rhombohedral distortion of the octahedron is present all the four phases [136-139]. A model
explaining the formation of the ferrolectric phases with their polarization directions in agree-
ment with the observations of non-zero displacement in the cubic phase is a deviation of the
titanium ion from its center position towards one of the octahedron faces. In the cubic phase
the random statistical distribution between the 8 possible displacement sites leads to zero
macroscopic polarization. In the ferroelectric phases the distribution between the 8 sites is
altered, responsible for a macroscopic polarization of the material [131, 137, 140, 141]. This
order-disorder model and the mechanism responsible for the formation of the ferroelectric
domains in BTO is still under debate and also models based on a mixture of displacement and
order-disorder type phase transitions are discussed [142].
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Figure 2.8 — Phases of BTO as a function of in-plain epitaxial strain and temperature. Circles
and boxes mark transition temperatures obtained by measurements (from [134]). Phases are
indicated as T for cubic/tetragonal, O for orthorombic and M for monoclinic/thombohedral.
Each phase is marked with his polarization vectors (Py,P},P;). Index P and F indicate para- or
ferroelectric properties respectively (from [135]).

The undoubted link between the structural phase of BTO and the possible ferroelectric po-
larization directions are responsible for a sensitivity of the ferroelectric properties to strain.
Films grown on substrates with mismatching lattice parameters, that result in an interface
strain, are shown to have an altered transition temperature [134]. Theoretical studies predict
the existence of tertragonal phases for compressive, and orthorombic phases for tensile strain
even at low temperatures [135, 143-145]. The phase diagram of BTO films as a function of
in-plane stress and temperature suggested by Li et al. [135] is shown in Fig. 2.8. With increasing
thickness of the BTO films, relaxation of the interface strain can be responsible for different
domain configurations and phases at the surface [146]. Therefore, the growth of BTO film with
variable thickness on selected substrates allows to tailor the ferroelectric properties [146-150].

2.2.3 Properties of SrTiO;

STO is a bulk insulator with a band gap of 3.25 eV in its room temperature cubic phase (see
Fig. 2.1) [151]. At low temperatures, STO undergoes a phase transition to a tetragonal unit
cell at 110 Kwith a ratio of its lattice parameters a/c of 1.00056 [152, 153]. Surface sensitive
studies show that the surface undergoes the phase transition to a tetragonal unit cell above
the transition temperature of the bulk [154-156]. Below the tetragonal phase transition,
STO shows indication of a slight orthorombic distortion around 65 K and there is also some
indication of a low temperature phase transition below 10 K that could be a rhombohedral
distortion [152, 157, 158]. At low temperatures, with a Curie temperature of around 300 mK a
superconducting phase was found in metallic, electron-doped STO [17-19]. The transition
temperature of the superconducting phase in STO depends on the carrier density that has to
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be around 7 = 10%° cm™3. In the BCS theory this is a very low carrier density for the observed
transition temperature and suggest strong pairing interaction at low temperatures for the
superconductivity to exist [159].
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Figure 2.9 - (a) Dielectric constant of STO as a function of temperature (from [12]). (b)
Ferroelectric phase transition temperature of STO films as a function of in-plane strain (from
[15]).

Similar to CTO, STO shows an anomaly of its dielectric constant at low temperature. The
dielectric constant begins to rise at approximately 35 K and saturates below 4 K [see Fig. 2.9(a)]
[11-13]. Miiller et al. [12] therefore suggested a quantum paraelectric phase or an incipient
ferroelectric phase to exist in STO at low temperatures. The name quantum paraelectric
refers to a quantum mechanical stabilization of the soft-phonon modes below the transition
temperature, preventing a ferroelectric phase. Due to the incipient ferroelectric phase, STO
can exhibit ferroelectric properties upon small distortion of its lattice. For example exchange
doping of the A-site strontium can induce a ferroelectric phase at low temperatures (see
below). A ferroelectric phase is also found below 23 K when O'° is replaced with its isotope
0!8 13, 14]. In ilm growth a ferroelectric phase can be induced by interface strain with a
tunable transition temperature up to room temperature as a function of in-plane strain [see
Fig. 2.9(b)] [15, 16]. At the surface of STO films the topmost, charge neutral TiO, and SrO
layers can exhibit a buckling due to the vacuum termination as confirmed by experiments
and calculations [160-164]. In this buckling the oxygen atom of the TiO, layer is dislocated by
approximately 0.1 A above the titanium atoms. This results in local dipoles at the surface and
may give rise to ferroelectric properties of the STO surface.

Experimentally it is shown that STO, nominally non-magnetic, can show magnetic properties
under certain circumstances. In Nb doped STO, ferromagnetic properties at room temperature
measured with superconducting quantum interference device (SQUID) measurements are
reported by Liu et al. [165]. These properties can be suppressed by annealing in air and
recovered by annealing in vacuum conditions. Their existence is therefore likely linked to
free carriers in the system, induced by oxygen vacancies. Experiments by Rice et al. [78] and
Rao et al. [79] show that local magnetic moments can also be induced in a controlled way by
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photon irradiation. In the experiments of Rice et al. [78] magnetic properties where found
below 18 K, upon irradiation of visible light on oxygen deficient samples. Rao et al. [79] created
magnetic properties present up to 400 K by irradiation with UV light that can be suppressed
by annealing in oxygen. All these experiments suggest that magnetic moments are related
to excess electrons that come from oxygen vacancies that are either created by light or are
preexisting in the bulk due to vacancies or doping. These excess electrons lead to unpaired
spins that are responsible for a magnetic moment [81]. It is under debate, however, if the
magnetism is bulk or surface related [78, 79, 165].

2.2.4 (CaTiOs - BaTiOs - SrTiO3 intermixtures

The three perovskites CTO, BTO and STO exhibit very similar phases in their phase diagrams
although at different temperatures. Since they are all isovalent to each other, doping and
mixture of the three titanates is possible. The incipient ferroelectric STO and CTO are, due to
their proximity to a ferroelectric phase, very sensitive to doping. Therefore in the intermixture
and mutual doping of CTO, BTO and STO a multitude of phases are observed.
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Figure 2.10 - (a) Dielectric constant of different calcium concentrations in Sry_,Ca,TiO3 at low
temperatures (from [166]). (b) Phase diagramm of Sr;_,Ca,TiO3 for x<0.4 versus temperature
with labeled phases (from [167]).

The instability of the STO quantum paraelectric phase was shown in 1978 by Uwe and Sakudo
[168]. By applying external stress, they induced a ferroelectric phase in STO at low tempera-
tures. Bednorz and Miiller [166] demonstrated with their measurements on calcium doped
STO, the formation of a ferroelectric phase in STO by lattice stress. This ferroelectric phase
already exists at a doping of 0.2% calcium and is visible as a peak in the dielectric constant
versus temperature plot [see Fig. 2.10(a)]. The ferroelectric phase at these low temperatures
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can exist due to the quantum mechanical zero-point motion and are therefore named quan-
tum ferroelectric phases [169]. At higher dopings, above 1.8% the transition temperature
stabilizes and the peak in dielectric constant broadens [see Fig. 2.10(a,b)]. This broadening
is suggested to be an effect of frustration, introduced by the crossover from the low calcium
doped ferroelectric to the higher calcium doped antiferroelectric phase and was denoted as a
random or relaxator phase [170]. The structural phase diagram of Sr;-,Ca,TiO3 by Ranjan et
al. [167] suggest a variety of phases to exist in STO under calcium doping [see Fig. 2.10(b)].

Due to the incipient ferroelectricity of STO, ferroelectric properties can also be induced upon
small amounts of barium doping. At dopings above x=0.07 in Sr;_,Ba,TiOs3, a ferroelectric
phase transition takes place at increasing transition temperature with barium doping [see
Fig. 2.11(a)] [120, 171]. Whereas at low doping, the ferroelectric phase is of rhombohedral sym-
metry, all three ferroelectric phases observed for BTO start to emerge at doping above x=0.15.
At low dopings, below x=0.03 and low temperatures, Lemanov et al. [120] suggested a glasslike
phase to exist. This glasslike phase, an intermixture of ferroelectric and antiferroelectric
properties shows similar experimental footprints as the relaxator phase in Sr;_Ca,TiOs.
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Figure 2.11 - (a) Phase diagram of Sr;_,Ba,TiO3 for low barium doping, showing paraelectric
(PE), ferroelectric (FE), ferroelastic (FEL) (that corresponds to the STO tetragonal phase) and
glasslike (GS) phases (from [172]). (b) Phase diagram of Ba;_,Ca,TiO3 showing x<3.5 for 0 K
till 500 K. Phases are denoted as C cubic, T tetragonal, O orthorombic and R rhombohedral
(from [173])

Doping of calcium in BTO also shows a direct effect on the phase formation [173, 174]. The
cubic to tetragonal, corresponding to the para- to ferroelectric phase transition at 400 K is only
slightly lowered under calcium doping. The ferroelectric properties are likely maintained with
a shift of the calcium ion from the barium sites [173]. This off-centering of the calcium ions
is likely also responsible for the strong dependence of the formation of the orthorombic as
well as the rhomobhedral phase on calcium doping [see Fig. 2.11(b)]. At a doping of x=0.175
the rhombohedral and at a doping of x=0.23 the orthorhombic phase are suppressed. The
behavior of the dielectric constant at these two phase transitions suggest a ferroelectric to

29



Chapter 2. Bulk properties of titanates

quantum ferroelectric transition, indicating the importance of quantum fluctuations for the
formation of the orthorombic as well as rhombohedral phase [173].

There is a variety of phases accessible in the intermixture of CTO, BTO and STO with para-,
ferro-, antiferroelectric and other properties. There are still white spots in this phase dia-
gram suggesting the existence of other, undisclosed properties to be accessible. Apart from
the intermixture of two of the three materials, compositions of all the three are possible.
In Sry7-xCag3BayTiOs it is for example possible to change the antiferroelectric phase of
Srp.7Cap3TiO3 to a ferroelectric phase under barium doping [175]. Furthermore the phase
space can also be extended into defects where the calcium doping can rise the superconduct-
ing transition temperature of StTiO,_s [176]. The properties of the three compounds and
their intermixtures can also be combined in films and multilayer structure due to their similar
lattice parameters. This thesis takes use of these variety of phases, to investigate the effect of
the different bulk phases of the three titanates CTO, BTO and STO and their intermixtures on
the two-dimensional surface states.
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In this chapter an overview and introduction to the experimental methods used in this thesis
is given. The majority of the results presented in this thesis are angle-resolved photoelectron
spectroscopy (ARPES) measurements to determine the electronic band structure of the 2D
states of the titanates surfaces. The studied film samples of BTO, CTO and STO were grown
by pulsed laser deposition (PLD) with real time reflection high-energy electron diffraction
(RHEED). Low-energy electron diffraction (LEED) was used to control the surface quality and
the formation of reconstructions. Atomic force microscopy (AFM) and piezo-response force
microscopy (PFM) gave information on the topography of the samples as well as on their
ferroelectric properties.

3.1 Angle-resolved photoelectron spectroscopy

Angle-resolved photoelectron spectroscopy (ARPES) is based on the photoelectric effect that
was discovered by Heinrich Hertz in 1887 [177] experimentally and theoretically described
by Albert Einstein in 1905 [178]. The photoelectric effect describes the emission of electrons
from a material by light, implying a transfer of energy from the light quanta (photon) on
the electron. ARPES makes use of the photoelectric effect by measuring the intensity of the
emitted electrons as a function of their kinetic energy and the emission angle to retrieve
information about the binding energy and momentum of the electrons in the solid. ARPES is
therefore a well established technique to determine the electronic band structure of solids.
This chapter recaps the most important points of the ARPES process. For a more detailed
discussion, the reader is referred to the literature of this techniques [179, 180].

The photoelectric effect is directly used in X-ray photoelectron spectroscopy (XPS) measure-
ments, to probe the electronic density of states as a function of the electron binding energy. In
XPS, the bound electrons in the solid are emitted to the vacuum by the energy of the photons.
The process follows the energy conservation law, that determines the kinetic energy Ej;, of
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the emitted electron based on the binding energy of the electron in the solid Ej;, and the
work function ®g of the material.

Exin = hv—®s— Epip 3.1)

Using this relation, the electron binding energy can be distinguished by using a monochro-
matic light source and measuring the kinetic energy of the emitted electrons. For measure-
ments with an electrostatic analyzer, the kinetic energy is determined by the work function
of the analyzer @ 4 and not the sample (see below). XPS can especially be used to determine
the chemical composition of materials by measuring the intensity of the atomic core levels.
The probing depth of the photoemission process is given by the mean free path of the emitted
electron (see also Fig. 3.2). This can be used to obtain information on the location of the atoms
with respect to the surface by measurements with different emission angles.

The photoemission process is described in the framework of the one-step model as the photo
exited transition from an initial state of a system with N possible electron eigenstates into
a final state consisting of (IV — 1) possible eigenstates. The final state additionally needs to
include a propagating plane-wave in vacuum with a finite extension in the solid [180]. A
simplified model widely used in the ARPES community to describe the photoemission process
is the three-step model dividing the process into three separately treated processes:

i The excitation of the electron in the bulk by absorption of a photon
ii The travel of the electron through the solid to the surface
iii The escape of the electron into the vacuum and its detection

The first of the three steps, the excitation of the electron by a photon, is responsible for
the measurable photoemission intensity at a given energy E and momentum k. A general
expression of the photoemission intensity

1k, E) ~ | Myi|* f(B) Ak, E) (3.2)

depends on the photoemission matrix element My ;, the spectral function A(k, E) and the
Fermi-Dirac distribution f(E) that accounts for the fact that photoemission intensity can
only be obtained from occupied electronic states [180, 181]. The spectral function A(k, E)
represents the exited (IV — 1) body system after the photoemission process. It describes the
band structure e (k) of the system, modified by many-body interaction like electron-electron,
electron-spin or electron-phonon interactions. These many body effects are considered by the
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introduction of a complex electron self-energy X(k, E) = X(k,E) + iZ(k, E)" [179, 180]. The
spectral function can be written as

1 2(k,B)’
A(k,E) = —— > > (3.3)
7 [E-e(k)-Z(k,E)1+[Z(k,E)"]

For system with no interactions, the self-energy becomes zero and the spectral function
becomes a delta function, with peak maximum at the energy and momentum of the initial
band structure e(E). In interacting systems with a finite self-energy, the initial band-structure
is broadened by the imaginary part of the self-energy X(k, E)” and shifted by the real part
>(k, E)'. The measured band structure therefore also contains information of the many-body
interaction of the system, present for example as shifted replicas or kinks of the band structure.

first step
excitation of
the electron

vacuum analyzer
second step third step
travel to the emission from the solid
surface and detection in the analyzer

Figure 3.1 - Illustration of the three step model of the photoemission process. First step,
excitation of the electrons from the core levels (green) and valence band (blue) in the solid.
Second step, travel to the surface with the creation of secondary electrons (orange). Third step,
emission from the solid and detection in the analyzer. (adapted from [179, 180])

The matrix element My ; describes the excitation of the photo electron from the solid and
therefore contributes the electron-photon interaction to the photoemission intensity. It can
be described in the simplified frame work of the sudden-approximation. In the sudden-
approximation the many-body interactions of the system and relaxation processes are not
considered. Therefore the initial system can be described as a N — 1 body state with a single
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electron state with wavefunction ¢; and the final system consisting of N —1 particles and a
electron final state with wavefunction ¢ ¢. The matrix element My, ; can be expressed as

My =(¢r|A-p|di)l (3.4)

where p stands for the electron momentum operator and A for the electromagnetic vector
potential of the photon radiation that depends on the light polarization and the photon
energy [180]. The photoemission intensity is therefore sensible to the experimental geometry
regarding the sample orientation and light polarization. With appropriate choice of these
parameters, information on the orbital composition of the initial state wave function can
be obtained. The results obtained from ARPES measurements are commonly referred to as
band structure or Fermi surface although the measured intensity is not directly the band
dispersion of the electrons in the solid but modified by many-body and matrix element effects
also depending on the experimental conditions.

In the second step of the three step model, the electrons travel through the solid to the vacuum
surface of the crystal. Within this process, a part of the emitted electrons are inelastically
scattered and therefore lose energy and momentum. Due to the loss of energy, these so called
secondary electron contribute as a background, increasing with decreasing kinetic energy,
to the ARPES intensity. The scattering probability and therefore the mean free path of the
electron in the solid depends on its kinetic energy. This relation is described by the so-called
universal curve and also indicates the surface sensitivity of the ARPES measurements (see
Fig. 3.2). In UV-ARPES, the mean free path of the electrons, excited by photons of hv =20 eV
to hv = 100 eV is between 5-7 A resulting in a sensitivity to the surface layers of the probed
material. With photons in the SX-energies from hv =300 eV to hv = 1000 eV the mean free
path is in the range of 8-20 A. Therefore it is possible to probe electronic states at interfaces or
below a capping layer with increased photon energies.
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Figure 3.2 — Universal curve describing the relation of mean free path and electron energy
with marked energy region of the UV-ARPES and SX-ARPES photon energies (adapted from
[182, 183]).
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In the last step, the electron escapes the solid into the vacuum, where it is detected by an
electron analyzer. Experimentally the photoemission intensity as a function of the kinetic
energy Ey;, and the emission angle 9 is measured. The kinetic energy of the emitted electron
in the vacuum is determined by the electron binding energy Ej,;,, with respect to the Fermi
energy Er in the material, the work function of the material ®g and the energy of the incident
light hv.

EVS° = hv - Epip — Ds (3.5)

This implies that an electron has at least a kinetic energy larger than the sample work function
in order to be emitted into the vacuum. In the electron analyzer the electron kinetic energy is
measured with respect to the vacuum level Ey of the analyzer. Therefore in ARPES data the
binding energy of the electron is determined depending on the work function of the analyzer
@ 4 and is independent of the sample work function ®g.

Ebin:hV_Ekin_(DA (3.6)

The modulo of the total momentum of the electron in vacuum by approximation of a free
electron final state is given by its kinetic energy as

p=kh=+/2m.Egy (3.7)

where £ is the reduced Planck constant and m, the free electron mass. The momentum can
be divided into a component parallel and a component orthogonal to the surface k = kj + k..
Due to translation symmetry along the surface, the momentum component parallel to the
surface is conserved analog to Snell’s law in optics. It is therefore given by [179, 180]

2
ky = \/%Ekmsinﬂ 3.8)

The momentum component orthogonal to the sample surface k, also often refereed to as
k. is, due to the broken inversion symmetry along the crystal normal, not conserved in the
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emission process. The out-of-plane momentum can be obtained by the assumption of a free
electron final state in the vacuum, with a dispersion

12 (K + k7)
Ef(k)=————-E (3.9)
2m,

The bottom of the free electron parabola Ej is considered to roughly correspond to the bottom
of the valence band (see Fig. 3.1). With E¢ = Ey;, + ¢4 and the expression 3.8 for the in-plane
momentum, the out-of-plane momentum is given as [180]

1
k| = ﬁ\/Zme(Ek,-ncoszz‘)+Vo+®A) (3.10)

Where 1} is the inner potential that accounts for the potential step along the surface normal
direction. In practice the dispersion with k; is obtained by scanning the photon energy. For
2D state no dispersion with k; is measurable due to the finite extension of the states in out-
of-plane direction. 3D states however, show a distinct dispersion with k; . In this case, the
unknown inner potential V) can be determined experimentally, based on the periodicity of
the 3D states with the out-of-plane momentum according to the Brillouin zone size of the
material. Therefore in ARPES based on the photoemission intensity of the emitted electrons
the in three-dimensional reciprocal space as a function of electron binding energy

3.1.1 High-resolution angle-resolved photoelectron spectroscopy

The majority of the data presented in this thesis was measured at the high-resolution angle-
resolved photoemission spectroscopy (HRPES) endstation at Surface and Interface Spec-
troscopy (SIS) beamline of the SLS. The photoelectron analyzer in use is a Scienta R4000
hemispherical analyzer. The angular acceptance of the analyzer is adjustable and set to 30°
for the presented experiments. The sample can be moved by a CARVING manipulator that
allows a rotation around three axis and a linear movement along three axis (see Fig. 3.3(a)
for the setup geometries). The sample is cooled by a liquid Helium cryostat which allows
measurements at temperatures as low as 15 K. The SIS beamline provides photons in an
energy range between 20 eV to 800 eV with best working conditions regarding the intensity in
the range from 20 eV to approximately 120 eV. The polarization of the light can be selected
between s- and p- linearly polarized light and C+ and C- circularly polarized light.
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3.1. Angle-resolved photoelectron spectroscopy

The transformation from the emission angle 6 and v in the geometry of the HRPES setup to
the momentum of the electron is given according to eq. 3.8 and eq. 3.10.

2m
ﬁ‘: \/h—zeEkmsinecosw
y 2me . . 3 11
ki = ?Ek,—nsm(%mw 3.11)

2
ki = %(Ekin cos20 + Vo +®4)

a) b)

UV ARPES / SIS Beamline SX ARPES / ADRESS Beamline

sample

entrance

s-pol.

entrance

sample

Figure 3.3 — (a) Setup of the UV-ARPES endstation at the SIS beamline with the relevant
experimental parameters marked (a = 45°). (b) SX-ARPES setup at the ADRESS beamline
with marked analyzer angles 64, ¢p 4 and manipulator angles 0y, ¢ (@ = 20°). (adapted from
[184, 185])

3.1.2 Soft X-ray angle-resolved photoelectron spectroscopy

In chapter 5.6, data is discussed that was measured at the soft X-ray ARPES (SXARPES) endsta-
tion at the ADvanced RESonant Spectroscopies (ADRESS) beamline of SLS. At this beamline
the photon energy range is tunable between 300 eV to 1600 eV with s-, p-, C+ and C- polarized
light. The endstation is equiped with a PHOIBOS 150 hemispherical electron analyzer that was
set to an angular acceptance of +8° for the performed experiments. Due to the dependence of
the in-plane momentum kj on the kinetic energy, the momentum resolution is lower at the
higher photon energies of SXARPES compared to HRPES. Furthermore, the photoemission
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cross section of the core levels as well as the valence band are reduced at the higher photon
energies. To compensate for this, a higher pass energy of the analyzer is chosen, reducing the
energy resolution compared the UV-ARPES [184, 185]. Apart from these complications there
are several advantages of SX ARPES due to the increased kinetic energy of the electrons and the
accessible photon energy range (see [184] for more details). Of special interest for the study of
oxides is the possibility to measure resonant photoemission at the titanium resonances to get
information on the hybridizations of the valence and conduction band.

In the photoemission in the UV range, the momentum of the photon is neglectable and does
not have to be considered to distinguish the electron moment (eq. 3.8, 3.10). In the SX range
however, the contribution of the photon momentum to the moment of the photoelectron is
comparable to the size of the Brillouin zone. Therefore a correction of the expressions for
eq. 3.8 and 3.10 is necessary. The correction depends on the exact geometry of the setup [see
Fig. 3.3(b)]. For the SX ARPES endstation the expression for the in- and out-of-plane moment
writes as [185, 186]

X

[2m ) hv .
I =+ #Ekin s1n(9M + QA) - % sin(a — QM)

2 h
kﬁ' =—/ —;;e Erinsin(ypr+wa) — _hz cos(a —0p) sin(y py) (3.12)
2m hv
kS = \/?e(Ekin+ Vo+®@4) —kﬁ—ﬁcos(a—BM)

These expressions depend on 6 4 and v 4 that are the angles between the electron momentum
and the analyzer and on 6); and ), the manipulator rotation angles parallel and perpen-
dicular to the slit respectively [see Fig. 3.3(b)]. Due to the incident angle of 20° between the
photons and the sample surface in the scattering plane, the photon momentum correction
mainly applies to the kﬁ“ component [185, 186].

3.2 Thin film growth

3.2.1 Pulsed laser deposition

Pulsed Laser Deposition has proven to be a valuable technique to grow high quality oxide
materials and hetero structures [187-189]. The basic principle of this form of physical vapor
deposition is as follows; A target made of the substance to be evaporated is hit by a laser
beam. The laser beam vaporizes the material, leading to the formation of a plasma plume.
This plume is deposited on a substrate forming a thin film of the evaporated material. In
the evaporation and growth process the stoichiometry of the target material is maintained.
Furthermore the possibility to induce oxygen as a background gas during the growth helps
to avoid oxygen deficiency in the grown oxide films. There is a large amount of adjustable
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3.2. Thin film growth

variables in PLD growth process. These are the laser power and repetition rate, the oxygen
background pressure, the geometry of the setup especially the target-substrate distance and
the substrate temperature and surface structure. However, once the correct parameters for a
type of material is found, a high-quality growth is possible.

b)

a) laser beam electron beam

Substrate

RHEED Screen

Figure 3.4 — (a) Sketch of the PLD setup with the relevant components. (b) Plume plasma is
emitted from the target during ablation.

The first step of the PLD process is the interaction of the laser pulse with the target. The laser
pulse is first absorbed in the target material. The absorption length is typically around 100 nm
for oxides [189] and depends on the wavelength of the laser and the properties of the target
material. The electric field of the laser pulse excites the electrons and therefore the lattice of
the target, resulting in a melting of the material and finally vaporizing it. The electric field
is also responsible for an ionization of the bulk material and the creation of a plasma. The
oscillating electric field of the laser further excites the plasma leading to further ionization.
Important in this process is a controlled heating of the surface layers of the target without
affecting deeper layers. If the lower layers of the target are heated, splashing of the target
material can occur, leading to droplets in the plume. Furthermore, the power of the laser has
to be high enough to avoid an element specific evaporation. The power can be controlled
through the wavelength or through the repetition rate of the laser.

Once the target material is evaporated, a plume of the material vapor forms. The plume
expands away from the target due to recoil and Coulomb repulsion from the surface. Apart
from the expansion away from the target, Coulomb repulsion is also responsible for a 3D
expansion of the plume. The velocity of the plume and therefore the speed of the evaporation
process can be further moderated by the gas pressure in the chamber.

Upon impact on the substrate, conditions have to be met to enable a layer-by-layer growth to
get high quality film surfaces. This growth mode occurs if the sum of the film and the interface
free energy is smaller than the surface free energy. This growth mode can be enhanced by
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sufficient substrate temperature, to guarantee a high mobility of the deposited material and
by the choice of a substrate with step edges to provide a starting point for the growth.

For the growth of the oxide films used in this thesis, well established parameters for the PLD
growth were used. These parameters were obtained for other, related projects an are not
distinguished in the framework of this thesis.

The PLD system used for the growth of the film studied in this thesis is equipped with a Quantel-
Brillant Nd:YAG laser. It is set to provide a laser beam in the UV range with a wavelength of
266 nm and an energy of approximately 85 mJ. The pulses have a repetition rate of 2 Hz and
a length of 5 ns. As target, commercially available, pressed powder target with the desired
stoichiometry are used. The substrate has a size of 0.5 x 5 x 10 mm? and is clamped on top
of a doped silicon substrate. For heating a voltage is applied to the silicon substrate, leading
to a resistive heating of the silicon substrate as well as the insulating substrate of choice on
top. The temperature is measured with an external pyrometer. For the systems grown in this
thesis, a temperature of approximately 680° was chosen. The substrates used for film growth
had a miscut of 0.1-0.2° to the (001) surface to enhance a layer-by-layer growth condition. The
sample as well as the target are mounted on manipulators for a precise alignment. The PLD
system is furthermore equipped with a RHEED setup to monitor the growth (see Fig. 3.4). After
the growth, the sample can be in-situ transferred from the PLD growth chamber to the HRPES
end station to do ARPES experiments (see Fig. 3.5).

Figure 3.5 — Picture of the PLD setup at the SIS beamline connected to the HRPES endstation.
Marked components are: (1) Laser, (2) laser optics, (3) RHEED electron gun, (4) RHEED screen
and camera, (5) substrate manipulator, (6) target manipulator (7) ARPES analyzer, (8) ARPES
manipulator.
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3.2. Thin film growth

3.2.2 Reflection high-energy electron diffraction and low-energy electron diffrac-
tion

The two electron diffraction techniques, reflection high-energy electron diffraction (RHEED)
and low-energy electron diffraction (LEED) were used in this thesis to characterize the sample
surface regarding its quality and to identify possible reconstructions. Both techniques are
based on the same principles, but are different in geometry and energies. The techniques
are based on constructive interference between the incoming electron wave with wavevector
ki, and the out-going inelastically scattered electron wave with wave vector k,,;. This is
satisfied if the difference between the two wave vectors is equal to the reciprocal lattice vector
G, expressed by the Laue condition [90].

G=kour—kin (3.13)

This condition can be illustrated by the so-called Ewald sphere of radius k;, centered in the
origin of the reciprocal lattice. Constructive interference is met at the intersection of the
sphere with the reciprocal lattice (see Fig. 3.6).

a) real space b) reciprocal space c) diffraction pattern
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Figure 3.6 — (a-c) Illustration of the LEED process with (a) setup in real space (b) Ewald sphere
construction in reciprocal space and (c) resulting difraction patttern (adapted from [190]).
(d-f) Ewald sphere construction in the RHEED process in (d) top-view and (e) side view with
(f) resulting diffraction pattern (adapted from [191]).

In the case of LEED, electrons accelerated to an energy of 20-300 eV impinge the sample at
normal incidence. With to the low energies of these electrons, only the first few layers of the
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material are probed. Due to the surface termination at the vacuum interface of the probed
crystals, the reciprocal lattice consists of elongated rods perpendicular to the crystal surface.
The conditions for constructive interference are therefore given at the intersection of the
Ewald sphere with this rods [see Fig. 3.6(a-c)]. The scattered electrons are displayed on a
phosphor screen, providing a diffraction pattern. LEED is therefore very sensitive to the 2D
periodicites of the sample surface.

In RHEED, the electrons used are in an energy range of 5-40 keV. Due to this higher energy a
gracing incidence angle of the electrons to the surface is chosen. This geometry results in a
similar probing depth as LEED. The phosphor screen to detect the diffraction pattern is placed
opposite to the electron source, measuring the forward scattered electrons [see Fig. 3.6(d-
f)]. The larger energies lead to a larger Ewald sphere in RHEED and therefore in a smaller
intersection angle between the lattice rods and the sphere. As a result the diffraction spots are
elongated in out-of-plane direction. At higher temperatures this elongation is enhanced due
to the thermal excitation resulting in a broadening of the lattice rods. A RHEED pattern with
elongated spots therefore indicates a well ordered, two dimensional surface [see Fig. 3.6(f)].

intensity

time

Figure 3.7 - Principle of the RHEED oscillations during the film growth. The diffracted electron
beam (green) gets weaker due to ad-atoms at the surface. Maximal intensity is reached at the
complete formation of a layer.

RHEED is often a method of choice for in-situ film growth analysis. Due to the gracing
incidence of the electron beam, it is possible to obtain a RHEED pattern during the deposition
process. The intensity of the RHEED pattern gives information on the roughness of the surface
and can therefore give real time information of the film growth. The intensity variation during
the growth is called RHEED oscillations (see Fig. 3.7). For a perfect, well ordered surface the
RHEED intensity is high. When the deposition process starts, a partial coverage leads to a
weakening of the RHEED intensity. Finally, full intensity is recovered when a complete layer is
formed. Based on the RHEED oscillations the thickness of the film as well as the moment to
stop the deposition at the complete coverage can be determined.
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3.3 Piezo-response force microscopy

The piezo-response force microscopy (PFM) is a surface sensitive technique, that allows
the mapping as well as writing of ferroelectric domains at the surface of a material. PFM
measurements are based on the working principle of atomic force microscopy (AFM) [192, 193].
In AFM a probe tip, mounted on a cantilever, is brought to the proximity of the sample surface.
The atomic forces between the tip and the sample surface are responsible for a bending of
the cantilever. The atomic forces are long range Van-der-Waals and capillary forces, chemical
bonding, electrostatic and magnetic forces and others. This bending is detected by the help
of a laser, reflected from the cantilever and a photo sensitive device (PSD) detecting any
movement of the reflected beam and therefore the movement of the probe tip [see Fig. 3.8(a)].
By this, the movement of the cantilever normal to the surface as well as sideways, lateral
movement can be detected. The sample is mounted on a piezoelectric stage, that allows a
positioning of the sample surface under the tip. By recording the sample position and the
normal deflection of the AFM tip a topographic image of the sample surface can be obtained.
The lateral deflection at the same time, gives indication of the friction coefficient of the surface.
AFM topography can be obtained in two main different modes; taping mode, where the tip is
brought to oscillate near its resonance frequency and contact mode, where the tip is directly
moved along the surface. The AFM data presented in this thesis are obtained by contact mode
with a platinum tip of 10-20 nm tip size. This results in a resolution of approximately 40 nm.

a) <)
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Figure 3.8 — (a) Setup for AFM and PFM measurements. (b) Principle of PFM, the ferroelectric
unit cell either oscillates in-phase or out-of-phases with the AC voltage applied to the tip.
(b) Resulting phase and amplitude signal of a ferroelectric material polarized in alternating
stripes. (from [194])

The PFM measurements are based on the converse piezoelectric effect that describes the
lattice deformation of a piezoelectric material in an electric field. Since ferroelectrics also
exhibit piezoelectric properties, this effect can be used to measure ferroelectric polarizations
via small lattice deformations. In PFM measurements an oscillating voltage is applied between
ametallic tip and the sample surface or a back electrode. Due to the applied voltage, an electric
field is present between the tip and the sample. This field is responsible for a deformation
of the local lattice and results in a movement of the cantilever. If the dipole moment of the
unit cell is aligned with the applied electric field, the deformation of the lattice is in phase
with the applied oscillating voltage. If the dipole moment is opposite to the electric field, the
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deformation of the lattice is opposite and the phase therefore shifted by 180° [see Fig. 3.8(b)].
Since the deformation of the lattice in the electric field is in the pm range, a lock-in amplifier
between the applied voltage and the tip position detecting the oscillation of the unit cell is
used to detect it.

The PFM data is shown as an amplitude signal and a phase signal of the sample surface. For a
sample surface that is polarized in domains with out-of-plane direction and into the plane
direction a 180° phase difference is measured [see Fig. 3.8(c)]. In the PFM amplitude signal
the domains show both a maximal amplitude regardless if they are polarized in into the plane
or out of the plane direction. At the domain boundary however, the unit cell is is not polarized
and therefore shows no response to the electric field of the tip resulting in a dip of the PFM
amplitude.

The PFM measurements on BTO presented in this thesis were done by Nicolas Pilet at the
NanoXAS beamline of the SLS. The samples are ex-situ transferred to the PFM setup, where
the measurements are performed in UHV conditions at room temperature without further
sample treatment. Since the BTO samples exhibit intrinsically no large domains, the sample
surface was first polarized by writing the surface with a constant potential applied to the probe
tip. Like this, a ferroelectric response and a contrast between oppositely polarized areas can
be measured in the PFM signal (see Sec. 5.1 and Sec. 5.2).
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The parent compound of the transition metal oxides with perovskite structure CaTiO3 was
discovered as the first material of his kind by Gustav Rose in 1839 [108]. In this chapter results
of films of CaTiOs, grown on SrTiO3 substrates by pulsed laser deposition are presented and
discussed. The films show a symmetry given by its pseudo cubic unit cell, with a c(4x2)
surface reconstruction, present after the growth. This reconstruction is altered to a p(2x2)
reconstruction under UV-light. At the CaTiO3 film surface, a two-dimensional electron gas
(2DEG) is found with an occupied band width of 400 meV and indication of a Rashba-like
splitting of the band. With the presented findings CaTiO3 is added to the group of oxides
with a 2DEG at their surface. Based on these results the phase space is widened to investigate
strontium and barium doped CaTiO3 and the interplay of ferroelectric properties with the
2DEG at oxide surfaces. This could open up new paths to tailor two-dimensional transport
properties of these systems towards possible applications.

The first section of this chapter (Sec. 4.1) is published in Applied Surface Science [22]. Coau-
thors of this publication are Mauro Fanciulli, Andrew Weber, Nicolas Pilet, Zoran Risti¢, Zhim-
ing Wang, Nicholas Plumb, Milan Radovi¢ and Hugo Dil. The author of this thesis performed
the film growth, conducted the photoemission experiments, analyzed all the data and wrote
the manuscript.

4.1 Observation of a two-dimensional electron gas at CaTiO; film
surfaces

Introduction

The discovery of a two-dimensional electronic state at the interface of LaAlO3 and SrTiO3 [7]
triggered research on other oxide interfaces where similar states were found [149, 195-197].
These two-dimensional states at interfaces of complex oxides give rise to different phenomena
such as superconductivity [34, 198], metal-insulator transitions [199, 200] or magnetism [37].
More recently, a two-dimensional electron gas (2DEG) was also found on clean SrTiO3; and
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KTaOj3 (001) surfaces [9, 10, 61, 63, 87]. These states at the vacuum interface can, in contrast
to the burried interface states, be more easily probed by angular-resolved photoelectron
spectroscopy (ARPES) in the UV-range, revealing their band structure in reciprocal space.
It was shown by spin-resolved ARPES, that the 2DEG at the surface of SrTiO3 exhibits a
Rashba-like spin splitting of approximately 100 meV, likely enhanced due to the presence
of (anti)ferroelectricity and magnetic order at the sample surface [66]. The strong electron-
phonon coupling of the TiO, surface [54, 201], which depends on carrier density, is most likely
responsible for a drastic rise of the superconducting transition temperature of a monolayer
FeSe deposited on top [20, 21]. The variety of observed properties makes these oxide-based
two-dimensional states an ideal platform to explore new functionalities and possible ways
towards device application in the future.

CaTiOgs is the very first discovered perovskite of the transition metal oxide (TMO) family and
is thus closely related to the members recent studies focus on. Like SrTiO3, KTaO3 and TiO»
(all compounds shown to host a 2DEG at their surface) CaTiOs is classified as an incipient
ferroelectric or quantum paraelectric material, meaning that it is very close to a ferroelectric
phase [120]. Intermixtures of SrTiO3, BaTiO3 and CaTiO3 form arich phase diagram, especially
regarding the ferroelectric properties, exhibiting para-, ferro- and antiferro-electric phases
[166, 167, 202]. Pure, crystalline CaTiO3 undergoes two phase transitions at elevated tempera-
tures; from orthorhombic to tetragonal at 1512 K and from tetragonal to cubic at 1635 K [119].
According to band structure calculations for the orthorhombic and cubic crystal lattice the
band gap is 2.43 eV or 2.0 eV, respectively [100, 203]. In today’s electronics, CaTiO3 is widely
used as a ceramic and as rare-earth doped phosphor with excellent luminescence properties.

In this work, films of 20 unit cells CaTiO3s grown by pulsed laser deposition (PLD) on Nb:SrTiO3
substrates were studied by UV-ARPES and X-ray photoelectron spectroscopy (XPS). Our low-
energy electron diffraction (LEED) measurements show that the surface of the CaTiO3 films
reconstruct while XPS indicates a TiO, terminated surface. In addition, observed surface
plasmon loss features in the region of the Ti 2p core levels suggest the presence of metallic
states at the surface of the films. Using ARPES, we found that these metallic states show a
purely two-dimensional dispersion with a band width of =400 meV. Folded bands are visible
as an effect of the surface reconstruction. In contrast to SrTiO3 where the mixture of two- and
three-dimensional states is observed [61], this 2DEG is the only metallic state present at the
surface. Therefore the CaTiOs surface states yield easy access to directly manipulate the two-
dimensional transport properties of this system by surface structure or gating. Furthermore,
with the ferroelectricity introduced in SryCa;_,TiO3 this is a promising material to investigate
the influence of ferroelectricity and the connected electric fields on the 2DEG at the surface of
perovskites.
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Materials and experimental method

The CaTiOs films of 20 unit cell thickness used for this study where grown by PLD on com-
mercial TiO, terminated SrTiO3 (001) substrates with a niobium doping of 0.5 wt% (Twente
Solid State Technology BV). The growth was performed at a substrate temperature of 680° C in
partial oxygen pressure of 5x 10~ mbar. The growth process and film thickness was monitored
by reflection high-energy electron diffraction. The prepared films were in-situ transferred
to the experimental station at the Surface and Interface Spectroscopy beam line of the Swiss
Light Source at the Paul Scherrer Institut under ultra high vacuum (UHV) conditions and mea-
sured without further treatment. The sample was held at a temperature of 20 K in pressures
better than 8x 101! mbar during the measurements. Photoemission spectra (XPS and ARPES)
were taken using a Scienta R4000 hemispherical electron analyzer and circular polarized
synchrotron light. LEED patterns were obtained at 20 K before the ARPES measurements. The
atomic force microscopy (AFM) topography was measured at the NanoXAS beam line of the
Swiss Light Source at the Paul Scherrer Institut with the sample at room temperature in UHV
environment.

Figure 4.1 — a) Orthorhombic unit cell of bulk CaTiO3 (black) with the simplified pseudo-
cubic unit cell (red). b) Crystal surface of TiO, terminated bulk CaTiOs in (001) direction
with the orthorhombic (black) and pseudo-cubic (red) surface unit cell and the observed
c(4x2) reconstruction with respect to the pseudo-cubic lattice (green). c) LEED image with
the marked pseudo-cubic Brillouin zone (red) and c(4 x2) reconstruction (green) and the 90°
rotated domain (green dashed). White square inset shows an overlay with the calculated LEED
spots for a c(4x2) reconstructed surface. d) AFM topography of the surface. Arrows indicate
the domain walls.
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The orthorhombic unit cell of bulk crystalline CaTiO3 has lattice parameters of a = 5.367 A,
b =7.644 Aand ¢ = 5.444 A [204]. An approximate representation of the orthorhombic unit cell
can be made by a pseudo-cubic unit cell as marked in Fig. 4.1(a). The lattice parameters of the
pseudo-cubic unit cell a/ V2 = b/2 = c/v2 =~3.822 A are similar to cubic SrTiO; with a lattice
mismatch of approximately 2%.

In LEED we can identify the primary diffraction spots corresponding to the pseudo-cubic unit
cell. Further we observe spots indicating a c(4 x2) surface reconstruction of the pseudo-cubic
lattice with domains rotated 90° with respect to each other [see Fig. 4.1(b,c)]. The (1x1) TiO»
terminated surface at the vacuum interface of TMO perovskites might be unstable due to
the unshared oxygen atom of the TiOg octahedron sticking out of the surface. Of the surface
reconstructions reported for the closely related SrTiO3 system, c(4 x2) reconstruction has also
been observed [205-208].

““I“'ils TTITT[TI I TA T[T [T Io[TTTT TTTT[TTTTITTT1T TITT[TIT T II T [TAT T[T T T[T I TITT]
Ti 2p% Ca2p% analyzer
15} - 15 l l casp
60} - 20f 1"
,3
: 15F .
< a0l J 10F Ti2ph . 1.0
2 Ca 2phs
= 10 :
= Ca2s
20 4 5F . 0.5
5_ -
0 Liaalangg RIRI FRTRINEERA RN ERRTE FURT 0 IETIERETENNET! 0
540 520 480 460 440 360 340 60 40 20 E

binding energy (eV)

Figure 4.2 — Photoemission intensity of the core levels obtained with 4v = 600 eV at normal
emission (black) and 45° rotated (red) as illustrated in the setup sketch.

The AFM topography in Fig. 4.1(d) shows that the films are of low roughness and follow the
substrate steps with a terrace size of approximately 200 nm. However, the AFM measurements
do not have the resolution required to observe the surface reconstruction. The observed
presence of domain walls is a further indication of the existence of multiple rotated domains
corroborating the LEED data.

Results and discussion

The XPS spectrum of the films in Fig. 4.2, measured with a photon energy of v = 600 eV,
shows clear signatures of the expected calcium, titanium and oxygen core levels with no
detectable contamination. Comparing the spectra taken with the sample surface normal to
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the analyzer to the more surface sensitive measurement taken at an angle of 45° between the
sample normal and the analyzer axis (see sketch inset in Fig. 4.2) we can confirm the TiO,
termination of the grown films. This termination of the film surface is expected due to the
TiO, termination of the SrTiO3 substrate [209]. When comparing the peak areas (A;) after
background subtraction the ratio Acq 2p/ At 2p 0f 0.75 at normal emission is significantly
higher than the ratio of 0.65 measured at an emission angle of 45°.

All the titanium peaks show a shoulder towards lower binding energy, indicating the existence
of titanium atoms with different valency. The increase of the surface located Ti 3* shoulder is
a light induced effect commonly observed in this class of materials [61]. The appearance of Ti
3% ions is likely linked to a distortion of the TiOg octahedron, for example due to the creation
of oxygen vacancies in the surface region and/or a structural rearrangement and buckling of
the surface layers.
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Figure 4.3 — a) Measured dispersion at the Fermi energy as a function of photon energy and
k. b) Fermi surface measured at hv = 60 eV and c) band structure along the high symmetry
direction I'X.

The Ti 2p as well as the Ca 2p core levels show plasmon loss peaks in their shake-up tail with
an energy loss of 13.2 eV for titanium and 9 eV for calcium. Plasmon loss peaks with this loss
energy of the Ti 2p core levels have been observed in other perovskites. The measured plasmon
energy corresponds to surface plasmons present in TiO, where the plasmons are trapped
at the interface of the metallic surface and the dielectric bulk due to the sudden change in
dielectric constant. [210-213]

Consequently, we also expect metallic states to be present at the surface of our CaTiOs films.
Indeed, the ARPES measurements in Fig. 4.3 show an electron-like surface state. The scan over
a wide range of photon energies in Fig. 4.3(a) shows no dispersion of these states with out-
of-plane momentum, verifying their two-dimensional nature. In contrast to the well-studied
metallic states present at the surface of SrTiO3 (001) and KTaO3 (001) [9, 10, 61, 63, 87] we have
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no indication of three-dimensional features, making the 2DEG the only states contributing
to the metallicity. Similar to the other perovskites the spectral intensity of the 2DEG at the
CaTiOs surface increases under UV-irradiation. This is attributed to light induced surface
rearrangements and induced carriers [61].
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Figure 4.4 — a) ARPES Fermi surface at hv = 80eV for circular polarized light. Dashed black
circles mark the expected Fermi surface due to the p(2x2) reconstruction. b) Measured band
dispersion along the T'X direction with indicated positions of the free electron like parabolas.
c) ARPES Fermi surface and d) band structure for p-polarized light of T'y. €) Fermi surface
and f) band structure for s-polarized light.

The circular Fermi surface of I (190 is depicted in Fig. 4.3(b) and the corresponding clear free-
electron-like parabolic band along the high symmetry direction T'X in Fig. 4.3(c). The in-plane
momentum g ~ 1.57 A~! at the ring center, corresponding to the momentum of T'(j¢g), is equal
to a lattice parameter of a ~ 4 A. This is in good agreement with the lattice parameter of the
pseudo-cubic unit cell of CaTiO3 and the SrTiO3 substrate. Also clearly visible in Fig. 4.3(a) is
the intensity at the Fermi energy of an additional, folded parabola between I'(gp) and I"190)
due to the surface reconstruction observed also in LEED as described in section 4.1. Similar
band folding has been observed for the (1x4) reconstructed anatase TiO, films [50].
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The band structure of the 2DEG in Fig. 4.3(c) and Fig. 4.4(b) can be fitted with a free-electron-
like parabola yielding an effective mass of m* = 0.39m,, a Fermi momentum of kr = 0.20
A~1, a Fermi velocity of vp = 6.3 x 10° m/s, and a band minimum at a binding energy of
E};, =400 meV. This corresponds to a charge carrier density per parabola of 6.4 x 1013 ¢cm ~2
or 0.1 e~ /a? with a = 3.822 A. This charge carrier density is similar to SrTiO3 [10, 61] while
the band width is significantly higher and the effective mass much lower than for SrTiO3 and
KTaO3. The ARPES measurements with s- and p-polarized light in Fig. 4.4(c-f) confirm the
xy-symmetry of the 2DEG with no indications of bands with xz- or yz-symmetry. The 2DEG
thus consists of the Ti 3dy, bands splitted from d../d,. by crystal field splitting and partially

filled due to surface band bending and light induced carriers.

With the absence of the Ti 3d,, and 3d,, bands and the two-dimensional Ti 3d,, bands
at relatively high binding energies, the splitting between the dy, and d../d,.-bands has
to be large, at least of the size of the observed bandwidth of =400 meV. This splitting is
considerably larger than the 190 meV measured for SrTiOs [61] but smaller than for TiO,
anatase where 1 eV is reported [54, 201]. For the orthorhombic oxide LaAlO3s a comparable
noncubic crystal field splitting of 120 meV to 300 meV for the fz¢ sub shell is reported [214].
However, there is no detectable additional splitting of the Ti 3d,, band as observed for SrTiO3
[66]. Comparing SrTiO3 to CaTiOj3 the increased rotation of the TiOg octahedron in the later
due to the orthorhombicity will likely reduce the local electric fields as observed in other
perovskites [215]. The resulting weak polarization field at the surface could be the reason that
the splitting is too small to be observed in our data.

The results of the fitting are indicated in Fig. 4.4(a,b) showing the circular Fermi surface
composed by parabolic bands for the primary I'-points as well as for the reconstructed I'-
points. Along the I'X direction, the Fermi surfaces and parabolic bands corresponding to
the folded I'-points, which are present as a result of the reconstruction, are clearly visible
in the data. However their intensity is weaker than the signal of the 2DEG at the primary
I'-points. In contrast to the folding along the high-symmetry direction, the I'-points offset
by 1/4- g in ky direction are not present in the data. A possible reason for this is a change of
the reconstruction from c(4x2) either to a combination of (2x1) and c(2x2) or more likely
to p(2x2) under irradiation with UV-light. Since we observe an increasing intensity of the
2DEG as well as the described formation of a low binding energy shoulder on the titanium
core levels under UV-light, a change of reconstruction under light due to the deposited energy
is plausible.

Summary

In conclusion, we have revealed the existence of metallic states at the surface of CaTiOs3 films
consisting solely of a 2DEG. The 2DEG has a band width of =400 meV, indicating a large
splitting between the unoccupied Ti 3d,./dy, bands and the two-dimensional 3d,, bands.
Due to its metallicity, the surface also hosts plasmons visible as loss peaks in the XPS data.
The bands are folded according to the surface reconstruction that is likely changed from
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c(4x2) to p(2x2) under UV irradiation. Due to the lack of higher-dimensional conducting
channels and the affinity of the system to adapt to its surface structure, various paths open
up to directly manipulate the surface states. This manipulation may give direct access to the
transport properties of the system and its coupling to overlayers. With the possibility to induce
ferroelectricity into the quantum paraelectric materials CaTiO3 and SrTiO3 by mutual doping,
the phase space is open to probe the effect of ferroelectricity on the 2DEG hosted by both of
these materials.

4.2 Rashba-like splitting of the CaTiO; surface states

As mentioned above, a Rashba-like splitting of the 2DEG at the surface of CTO films is possible.
The fitting parameters for the 2DEG presented in chapter 4.1, are based on a free elektron
like parabola. In Fig. 4.5(a), the obtained free electron like parabola is indicated. However,
the energy distribution curves at different binding energies|Fig. 4.5(b)] indicate the presence
of two parabolas that would agree with a Rashba-like dispersion (compare Sec. 1.3.1). The
peak fitting of the EDC'’s in Fig. 4.5(b) was performed with two pairs of Lorentz distributions.
The inner two bands are weaker in intensity closer to the Fermi energy while towards higher
binding energy the peak intensity of the two doublets matches. The position of the peak
maxima are indicated in the band disersion depicted in Fig. 4.5(a). The found peak positions
can be matched with a Rashba-split, free-electron-like parabola as shown.
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Figure 4.5 — (a) ARPES band structure at I'y for hv = 80 eV with fitted band positions and
fitted dispersion of a free elektron like parabola or Rashba-like splitted parabola. (b) Energy
distribution curves of (a) at different binding energies with peak fitting of the band positions.

The Rashba parameter is with @ = 7.5-10~!! eVm slightly larger than for STO [66]. The mass
with m* =~ 0.36 - m, and the bottom of the band with E;, = 0.32 eV are smaller than the results
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obtained with the free-electron-like fit without Rashba splitting. Compared to STO [66], the
band bottom is still at higher binding energy and the mass lower. There is also the possibility
of a Zeeman splitting, lifting the spin-degeneracy at the I'-points as observed for STO [66].
With the current data presented here, no conclusion on its existence or size is possible. Also
in order to get a reliable fit of the Rashba-like dispersion, data of better quality and higher
resolution is necessary. Furthermore the existence of a Rashba-like spin splitting should be
confirmed by the help of spin-resolved ARPES measurements, revealing the spin texture of
these states.

4.3 Doping approach by Rb-deposition

Since the 2DEG observed at the surface of bulk insulating CTO is the only state contributing to
its surface conductivity, the 2DEG gives direct access to the transport properties of this system.
A direct way to manipulate the transport properties is electron doping. The expected rigid
bandshift to higher binding energies of the 2DEG with n-type doping would eventually cause
an overlap of the band dispersion around neighboring I" points. This overlap could give rise to
more exotic states and possible hybridization, especially if a Rashba-like splitting with spin
polarized bands is present.
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Figure 4.6 — Measured band dispersion at &v = 80 eV, showing Too and T'; before (a) and after
(b) Rb deposition. (c) Energy distribution curves at kr and (c) momentum distribution curves
at the Fermi energy before and after Rb deposition.

Apart from gating with an external potential applied, n-type doping can be achieved by
deposition of alkali metals on the surface demonstrated for various compounds [216-218].
Due to their half filled s-orbitals alkali metals act as an electron donor. In Fig. 4.6 the band
structure before and after Rb-deposition to the cold film surface are shown. The exact Rb
coverage after the deposition is unknown due to the uncalibrated evaporation source but
is expected to be below one monolayer. However, the band dispersion observed after the
deposition show no signs of a rigid bandshift as an effect of electron doping. Moreover, the
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band structure after Rb deposition in Fig. 4.6(b) shows a significant reduction of the 2DEG
ARPES intensity. With the deposition of less than a monolayer of Rb this reduction can not
be solely due to the limited escape depth of the photoelectrons. A likely explanation of this
change in the ARPES signal is that the deposition of adatoms to the grown film alters its surface
structure and is therefore affecting the formation of the 2DEG. This implies that the 2DEG
formation is related to the surface structure and relaxations.
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Figure 4.7 — Measured core level intensity of 20 uc CTO on STO with Rb deposited on the cold
surface. The measurements are taken with 4v = 600 eV at normal emission (black) and 45° to
it. Data of the sample before Rb deposition (blue dashed) are plotted as a reference.

The XPS data in Fig. 4.7 are obtained under the same experimental conditions as the data
presented in Fig. 4.2 for the as-grown sample. The core levels of Ca, as well as Ti are unaffected
in shape by the Rb deposition but lower in intensity. Apart from the appearance of clearly
surface localized Rb core levels as expected, a change of the O 1s line shape can be observed.
After Rb deposition additional intensity at higher as well as lower binding energy are present
shifted each by approximately 2 eV from the O 1s at Eg = 530.6 eV. The lower binding energy
peak can be assigned to the MMN Auger process of Rb, the additional peak at a binding energy
of Eg =532.6 €V is an indication of the formation of rubidium oxide or rubidium dioxide at the
surface. This is in agreement with a low intensity shoulder visible at the higher binding energy
side of the Rb 3p core levels. The oxygen for this formation has to be supplied by the CTO,
thus creating oxygen vacancies in the surface layers. This creation of this oxygen vacancies
seemingly does not alter the band structure in terms of doping.
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4.4 Conclusion

In this chapter the ARPES results of the parent perovskite CaTiO3 were presented. The PLD
grown films show a 2DEG at their surface, consisting of the occupied Ti 3d bands with xy-
symmetry. In comparison with STO, in CTO there is no signal of the 3D d,./dy. bands present
at the CTO film surface. This suggest a splitting between the dy and dy./dy, of 400 meV or
larger. This indicates an stronger tetragonal distortion of the TiOg octahedron compared to
STO. The symmetry of the film is in agreement with the pseudo-cubic unit cell of CTO and
shows a c(4x2) reconstruction after the growth that is changed to a p(2x2) reconstruction
under UV-light. The Fermi surface therefore consists of the circular contributions from the
2DEG at the primary I'-points and at the folded f’-points according to the reconstruction.
The 2DEQG itself shows indication of a Rashba-like splitting as it is observed for STO. However,
further experiments exploring their spin polarization are necessary to decide on the nature of
the splitting. Under Rb-deposition the filling of the 2DEG is not altered but the quality of the
ARPES signal is significantly reduced due to the ad-atoms deposition on the surface. These
results add CTO to the group of perovskites shown to host a 2DEG at their surface. This makes
it feasible to further explore the phasediagram of Ca doped STO or BTO with its para- ferro-
and antiferroelectric phases [166, 167, 174, 202]. Furthermore the affinity of the CTO 2DEG
to adapt to reconstructions with the formation of stable, folded bands as well as the absence
of 3D bands at the Fermi energy yield various possibilities to alter the 2DEG formation and
therefore the conduction properties of the system. With the growth of CTO films on different
substrates or substrates with different surface symmetries other reconstructions could be
induced.

55






Interaction of ferroelectricity with the
2D states at the BaTiO; surface

This chapter focuses on the ferroelectric material BaTiO3 that is closely related to the previously
discussed CaTiO3 and the well studied SrTiO3. The presented results show the existence of
2D states at the BaTiO3 surface and a Wannier-Stark localization of these states. Observation
of Bloch oscillations and Wannier-Stark localization of charge carriers is typically impossible
in single-crystals, because an electric field higher than the breakdown voltage is required. In
BaTiO3; however, high intrinsic electric fields are present due to its ferroelectric properties.
With angle-resolved photoemission we directly probe the Wannier-Stark localized surface
states of the BaTiO3 film-vacuum interface and show that this effect extends to thin SrTiO3
overlayers. The electrons are found to be localized along the in-plane polarization direction of
the BaTiOs film. This agrees with a low-temperature, strain induced tetragonal phase of the
BaTiOs3 films.

The majority of the content of this chapter is written as a manuscript (Sec. 5.1) and its supple-
mental material (Sec. 5.2, 5.3, 5.4 and 5.5) that is currently under review. Coauthors of this
future publication are Nicolas Pilet, Mauro Fanciulli, Andrew Weber, Zoran Risti¢, Zhiming
Wang, Nicholas Plumb, Milan Radovi¢ and Hugo Dil. The author of this thesis did grow the
investigated BaTiO3 and SrTiOs films, performed the photoemission experiments, analyzed
the data and wrote the manuscript.

5.1 Direct observation of Wannier-Stark localization at the surface
of BaTiO; films

Electric fields are the driving force of electric transport and a variety of electronic properties of
semiconductor systems. The ultimate limiting mechanism of conductance in crystals is defect
scattering, which prevents ballistic transport. However, in an ideal system, without defect
scattering, electrons would perform an oscillating motion for large enough electric fields.
These so-called Bloch oscillations form due to the Bragg scattering of the accelerated electrons
at the Brillouin zone boundary [219, 220]. The oscillations eventually lead to a Wannier-Stark
localization (WSL) of the accelerated electrons as well as the formation of a Wannier-Stark
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ladder [89, 92]. These effects set a fundamental limit to coherent transport in crystals and
their existence in a real system will provide further insight into its transport mechanisms.

The Bloch oscillation time for one cycle is given by 75 = h/(e§ a), where h is the Planck con-
stant, e the electron charge, & the electric field present and a the lattice parameter in the
direction of the electric field. In real crystals, the critical condition for Bloch oscillations to be
possible is a 7p smaller than the relaxation time 7 of the system which is determined by the
mean free path A and the Fermi velocity vr. In other words the electron has to complete one
(or several) periods of the Bloch oscillation before being scattered at random lattice defects.
This condition can not be met by applying an external electric field on single crystal semi-
conductors, because the required fields are orders of magnitudes higher than the breakdown
voltages of these systems. This problem was successfully addressed by the engineering of
artificial semiconductor lattices of high quality. In artificial superstructures, the lattice param-
eter a is replaced with the size of the superstructure and can therefore be increased. Thus
the required electric field is lowered to an achievable value to observe Bloch oscillations and
related effects [97, 221-225].

In this Letter we take a new approach, utilizing the electric field present in ferroelectric BaTiOs
(BTO) to directly observe WSL of the two-dimensional states present at its surface by angle-
resolved photoelectron spectroscopy (ARPES). Furthermore, it will be shown that this effect
can be extended to thin overlayers of SrTiOs (STO) where the ferroelectric field of the BTO
substrate localizes the STO surface states.

BTO is a well known ferroelectric material and closely related to the perovskites SrTiO3, CaTiO3
(CTO) and KTaO3 (KTO). These materials are all known to host a two-dimensional electron
gas at their surface [9, 10, 22, 61, 63, 87, 226]. It is expected that ferroelectric properties due
to local lattice relaxations play a key role in the formation of the two-dimensional electron
gas, especially regarding the Rashba-type spin splitting observed in STO [66]. These three
perovskites are all classified as incipient ferroelectrics in which quantum fluctuations prevent a
ferroelectric order [11, 12, 120, 121]. The closely related BTO presents an excellent opportunity
to study the impact of a bulk ferroelectric material on these two-dimensional states and their
transport properties [227] and offers a means of inducing ferroelectricity in other perovskites
through doping or multilayer structure assembly. With the insights into fundamental transport
mechanisms by the observation of WSL, new ways to directly manipulate and tailor transport
properties of ferroelectric semiconductors become accessible.

Bulk crystalline BTO is ferroelectric below the transition temperature of 120°, exhibiting three
different ferroelectric phases; the tetragonal phase [Fig. 5.1(a)] from 120° to 5°, the orthorhom-
bic phase from 5° to -90°, and, for temperatures below -90°, the rhombohedral phase. Each of
these phases has distinct electric-polarization anisotropies given by the symmetries of the unit
cell (uc) [129, 130]. The phase diagram of BTO thin films is significantly different compared
to bulk BTO. In films, the formation of ferroelectric phases and the preferred polarization
direction can be directly manipulated by interface strain. The transition temperature is raised
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for compressive as well as tensile strain [135]. For tensile strain, it has been demonstrated
that solely an orthorhombic phase, polarized in the in-plane direction, exists below the ferro-
electric transition temperature [135, 143, 144]. For compressive strain the tetragonal phase
is the only ferroelectric phase present below the transition temperature, with a preferred
polarization along the out-of-plane axis in films with a thickness of around of 5 uc [144, 228].
With increasing film thickness, strain and growth-defect relaxation will be responsible for a
mixture of in-plane and out-of-plane domains of the tetragonal phase. In thicker films of BTO
grown on STO, a mixture of domains with the size of around 20 nm can be observed as a result
of relaxation [135, 146]. Furthermore, the formation of domain walls with a 90° change in
polarization direction are preferred energetically to 180° domain walls [145]. This also favors a
mixture of domains with out-of- and in-plane polarization directions.
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Figure 5.1 — (a) Tetragonal BTO uc with indicated polarization axis. (b) AFM topography of a
film of 50 uc BTO grown on Nb:STO. (c) and (d) PFM phase and amplitude. Square on the left
side is poled by +10 V applied to the probe tip, the square on the top with -10 V as indicated.
(e) XPS measurements with v = 170 eV photons for normal emission (black) and an emission
angle of 45° (red).

The films investigated in this work were grown by pulsed laser deposition (PLD), allowing
a controlled layer-by-layer growth monitored by reflective high-energy electron diffraction
(RHEED). Films with a thickness of 20 uc where grown on commercially available, single-
terminated SrTiOz, Nb:SrTiO3 and KTaO3 (001) substrates (SurfaceNet GmbH). The growth was
performed at a substrate temperature of 950 K, in a partial oxygen pressure of 1-10~° mbar. STO
films of 3 and 5 uc thickness where grown on top of this BTO film under similar conditions (see
Sec. 5.5.1). The samples were in-situ transferred to the high-resolution ARPES endstation and
measured with circularly polarized synchrotron light. During the measurements the sample
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was held at 20 K and kept in ultra high vacuum (UHV) conditions better than 1- 10719 mbar. The
films were ex-situ transferred to the NanoXAS beamline for piezo-response force microscopy
(PFM) measurements at room temperature under UHV condition. The sample measured with
PFM had a thickness of 50 uc and was grown on a 0.5wt% Nb doped STO substrate under the
same conditions as described above. A conductive substrate was chosen in order to have a
well-defined back electrode and the higher film thickness in favor of a stronger PFM response
signal.

The PFM topography in Fig. 5.1(b) shows a uniform sample surface (Sec. 5.2) according to the
vicinality of the substrate, where a 0.2° miscut to the (001) surface was chosen to promote a
layer-by-layer growth. The PFM phase and amplitude in Fig. 5.1(c,d) of the as-grown sample
(bottom part of the field of view) shows no noticeable contrast, indicating that no intrinsic
domains of resolvable size (= 20 nm) are present. After subsequent writing of the surface
with +10 V and -10 V applied to the probe tip, a phase and amplitude contrast is noticeable,
proving the presence of ferroelectric properties in our films. However, both of the written
regions exhibit significant noise, reducing the difference of the mean phase value between
the positive and negative poled region to approximately 72° (Sec. 5.2). This difference is
significantly less than the 180° phase difference expected for completely opposite polarized
regions. The reasons for this observation is a not completely homogeneously polarized surface
in the written areas. This indicates a strong locking of the domains in the in-plane direction
due to interface strain and relaxation mechanisms.

The X-ray photoelectron spectroscopy (XPS) measured at normal emission and at a more
surface sensitive emission angle of 45° show the Ba 4d, Ti 3p and O 2s core levels [Fig. 5.1(e)].
The Ba 4d core level consists of the spin-orbit split Ba 4d3,» and 4d5/» doublet and a lower
intensity doublet, shifted by 1.25 eV to higher binding energies. By comparing the peak
areas of the two species for the two emission angles we can assign the higher binding energy,
chemically-shifted doublet to undercoordinated Ba ions in the BTO surface region [229-231].
The Ti 3p core level includes two peaks assigned to the Ti 4* and Ti 3* ions whereas the latter
is more surface localized. Close to the Fermi energy an in-gap state is located at a binding
energy of 0.9 eV in the bulk band gap (Sec. 5.4.4, [232]). The intensity of the in-gap state and
the Ti 3" peak increases under UV irradiation (Sec. 5.4.4). Similar effects are observed in the
case of STO where the presence of Ti 3* ions and the in-gap state are explained by surface
relaxation and oxygen vacancies [61]. Comparing the relative Ba 4d and Ti 3p peak areas for
the two emission angles, we can conclude that the surface is TiO, terminated [209].

The ARPES measurements in Fig. 5.2 and Fig. 5.3(a-c) show metallic states emerging from
the in-gap state, which do not disperse as a function of photon energy, indicating their two-
dimensional nature (Sec. 5.4.2). As observed for STO, matrix element effects are responsible
for the suppression of intensity at k, = 0 A~! due to the mainly xy-symmetry of the two-
dimensional state (Sec. 5.4.2 and 5.4.3). These states can be attributed to the partially filled Ti
3dyy orbital, that is split from the Ti 3d,; and Ti 3d ., orbitals due to a distortion of the TiOg
octahedron by lattice relaxation [9, 22, 61]. However, the Fermi surface around the f-points
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Figure 5.2 — (a-c) Constant energy surfaces of 20 uc of BTO grown on STO measured with
hv =80 eV for E, = Er (a), E;, = 150 meV (b) and Ej, = 300 meV (c). (d-f) Same as (a-c) for
20 uc BTO on KTO. (g-k) Different ferroelectric domain configurations of the films and the
corresponding WSL states for in-plane polarizations along (100) (g) and (010) (h) and out-of-
plane polarization along (001) (j). (k) Combined WSL states from the three configurations
with equal weight.

shows no clear bands of the two-dimensional states but features spectral weight, elongated
along both T'X-directions. These elongated states extend over multiple surface Brillouin zones
connecting the neighboring I'-points as shown in Fig. 5.2(a,d). Comparing the Fermi surface
with constant energy surfaces at higher binding energies [Fig. 5.2(b,c) and (e,f)], no dispersion
of these states with respect to the binding energy is noticeable. As we will explain below, these
non-dispersive states are WSL states and a direct consequence of the electric field present in
the material.

The electrons in the two-dimensional state experience an accelerating force in the direction
opposite to the electric field present in the ferroelectric domains. Due to the potential barrier
at unit cell boundaries, the acceleration is not uniform but is described by Bloch oscillations
[219, 220]. This localizes the electron in real space and hence shows smearing in reciprocal
space. Considering the lattice parameter of BTO, the condition 7 > 75 for Bloch oscillations
to exist is fulfilled for an electric field & > 10° V/m assuming a typical relaxation time of
T = Alvp = 107'* s [92], which exceeds the breakdown field strength of known insulators.
Due to its ferroelectric properties, the local electric field in the BTO film is several order of
magnitudes higher than any possible external electric field. An estimate of the electric field
inside BTO films can be obtained from the spontaneous polarization which is P = 0.25 C/ m?
for tetragonal bulk BTO [125] and is predicted to increase for strained films [233]. For different
approaches (see Sec. 5.3 for more details) an electric field between 5- 108 V/mand 1.5-10° V/m
is obtained, which is of the order of the electric field required to meet the condition for Bloch
oscillations.
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Chapter 5. Interaction of ferroelectricity with the 2D states at the BaTiO3 surface

The BTO films grown on a STO substrate have a compressive strain of 2 % at the interface.
As a result, the film is expected to stay in a single tetragonal phase below the ferroelectric
phase transition [144, 228]. Tetragonal BTO can host a ferroelectric polarization along the
(001) out-of-plane as well as the (100) and (010) in-plane directions. While at the interface
the polarization direction is preferably along the out-of-plane axis, strain relaxation mediated
by growth defects will be responsible for a mixture of domains close to the film surface. The
domains with different electric field directions will all contribute differently to the Fermi
surface. The in-plane domains, exhibiting an electric field along (100) [Fig. 5.2(g)] or {010)
[Fig. 5.2(h)] directions will both give rise to WSL states. In ARPES, these WSL states are
visible as one-dimensional states along the T'X-directions. In domains where the electric field
is along the out-of-plane or (001) directions [Fig. 5.2(j)], the electric field will lift the spin-
degeneracy of the two-dimensional states. The resulting Rashba-type spin splitting consists of
oppositely spin-polarized, concentric rings at the Fermi surface [66, 70, 77]. The direction of
the spin polarization of the bands will be inverted depending on the sign of the ferroelectric
polarization vector.

With a domain size on the order of 20 nm [146], the synchrotron beam with a size of around
100 um will average over several domains with different ferroelectric polarization directions.
The resulting model Fermi surface in Fig. 5.2(k), formed by an overlay of the contributions
from the different domains is in good agreement with the ARPES measurements, especially if
further modulation of the ARPES signal by matrix element effects are considered.
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Figure 5.3 - (a,d,g) ARPES Fermi surface, (b,e,h) band map at k, = 0 Al and (c,f)j) two-
dimensional curvature [234] measured at v = 82 eV. (a-c) For the 20 uc BTO film, (d-f) for a
3 uc STO film on top of 20 uc of BTO, and (g-j) for a 5 uc STO film on top of 20 uc of BTO.

For BTO films grown on KTO the compressive strain is reduced to 0.2 % due to the larger lattice
constant of KTO compared to STO. With the change in strain also the domain formation is
expected to be different for the BTO films on KTO. When comparing the data of the film on
KTO [Fig. 5.2(d-f)] with the results of the film grown on STO [Fig. 5.2(a-c)] two differences

62



5.1. Direct observation of Wannier-Stark localization at the surface of BaTiO3 films

are noticeable: i) the signature of a circular Fermi surface contribution around F_oo and ii) the
WSL states are more intense along the k- than the ky-direction. Both of these observations
are in agreement with an altered domain configuration. The reduced interface strain is
responsible for the formation of larger domains with a higher fraction polarized along the z-
and x-directions in the measured BTO films grown on KTO.

The general nature of the WSL is illustrated by its presence in ultrathin STO films grown on
top of the BTO layers. The ARPES data for a 3 uc thick STO film in Fig. 5.3(d-f) exhibits states
very similar to pure BTO Fig. 5.3(a-c). The Fermi surface shows stripes extending over several
surface Brillouin zones (see Sec. 5.5.3) characteristic for the WSL. However, the reduced electric
field with increasing STO film thickness results in a lower intensity of the smearing and in
Fig. 5.3(c) a shallow electron pocket with polaron replicas [54, 201] becomes visible. For the
surface of the 5 uc film in Fig. 5.3(g-j) the fields of the BTO substrate are so far reduced that no
indication WSL is visible. The ARPES data starts to resemble bulk STO with a measured Fermi
surface consisting of the more filled circular dy states and elongated d,; and d,, states [61].

From these results we can estimate that about 4 uc of STO are needed so the electric field of
BTO is lowered to a value that no longer influences the electronic properties at the sample
surface. Furthermore, the sharp electron-like states at the surface of the STO films verify
the high crystalline quality also of our BTO layer. RHEED and XPS data (see Sec. 5.5.1 and
5.5.2) indicate a layer-by-layer growth of the STO, opening the possibility to study whether a
ferroelectric order is induced in the STO by high resolution transition electron microscopy in
future work.

To conclude, we have presented combined effects of two different physical properties on BTO
film surfaces: the formation of a two-dimensional state and the Wannier-Stark localization of
these state. We have further demonstrated that ARPES provides a novel means of probing WSL
in reciprocal space. To our knowledge, this is the first time WSL is directly observed in a single
crystalline semiconductor. The combined presence of electric fields and two-dimensional
states at the surface of a transition metal oxide opens up a rich field to study the interplay of
ferroelectricity and interface states. For the study of the macroscopic influence of WSL on
the transport properties, BTO films with preferred polarization directions should be prepared
by the help of different substrates regarding orientation, lattice parameters and conductivity
[148, 150, 235] and under different growth conditions [232]. Furthermore, our experiments
suggest that WSL should be a general effect for ferroelectric materials with surface or interface
states, and domains with an in-plane electric field.
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Chapter 5. Interaction of ferroelectricity with the 2D states at the BaTiO3 surface

5.2 Piezo-response force microscopy

The piezo-response force microscopy (PFM) data of Fig. 5.4 is the full data set of the mea-
surements presented in Fig. 5.1 (b-d). The topography [Fig. 5.4(a)] features a uniform step
formation over the whole measured range with step heights [Fig. 5.4(b)] corresponding to
one or multiple unit cells. The position of the step edges are visible in the normal deflection
[Fig. 5.4(c)]. The terrace width of 0.1 — 0.2 um is given by the substrate misscut to the (001)
surface of 0.1°-0.2°. The PFM amplitude and phase [Fig. 5.4(d,f)] show a visible contrast
between the oppositely written areas as well as the unwritten area. The as-grown sample
shows no formation of domains larger than the measurement lateral resolution of =20 nm.
Due to the small PFM signal of the BaTiO3 (BTO) film, the measurements where performed at
the PFM resonance. This is causing a small cross talk of the PFM phase and amplitude with
the topography signal, responsible for the visibility of the step edges in the PFM channels.
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Figure 5.4 — (a) PFM topography of 50 uc BTO grown on Nb:STO. (b) Topographic line profile
along the diagonal perpendicular to the step edges. (c) Normal deflection. (d) PFM amplitude
including written areas for +10 V and -10 V applied to the tip, as indicated. (e) Line profiles
along the center of the marked squares in (d) with indicated average values and standard
deviation of the marked areas. (f) PFM phase with (g) line profiles and (h) lateral deflection
with (j) line profiles.
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5.3. Estimation of the electric field

Two line profiles are taken along the scanning direction in the center of the marked, colored
squares for the PFM amplitude [Fig. 5.4(e)] and phase [Fig. 5.4(g)] each. The signal in the
vicinity of the step edges are excluded from the line profiles. In the amplitude line profiles a
clear difference between the positively, the negatively, and the unwritten areas is noticeable.
Especially the amplitude of the negative poled region is clearly higher than the positive and the
unwritten areas. On the phase signal a clear reduction of noise is noticeable for the negatively
poled area, while for the positively poled part the noise is on the level of the unpoled region
(see Table 5.1). The phase difference between the oppositely poled area is 6° for the top row
and 72° for the bottom row with an error margin larger than the difference.

The measurements show that writing with a negative potential applied to the probe tip has
a more noticeable effect than writing with a positive potential. Especially the strong noise
reduction for the phase and the offset in the amplitude is obvious. In the phase, the mean
value of the negative written area is, as for the unwritten part, very close to 0°. This indicates
that a larger portion of the intrinsic domains are polarized pointing out of the plane than
into the plane. Thus the writing with positive potential applied is less effective. In order to
uniformly polarize the two areas by switching all the in-plane domains to the out-of-plane
axis, a higher potential than 10 Vwould be needed. In the lateral deflection [Fig. 5.4(g,h)] of
the probe tips a clear contrast is noticeable between the written regions and the unpoled area.
This lowering of the friction at the previously written areas could be due to the reduction of
in-plane domains in these regions changing the local polarization fields.

unpoled -10V +10V

| | | |
Amplitude [l 0.16+0.06 B 0.16+0.07 77 0.27+0.10 [ 0.15+0.06
(arb.units) . 0.29+0.11 l 0.48£0.13 h 0.62£0.15 l 0.21:+0.08
Phase 2480 2186 —4£29 ~2+78
! ~34£109 ! —65+111 _ !

unpoled

(deg.) 7+12 -25+99
Lateral Deflection 0.45+0.02 0.44+0.03 0.44 +£0.02 0.47+0.02
(nm) 0.38+0.02 0.34+0.03 0.35+0.02 0.40+0.02
Table 5.1 — Table with the average values and corresponding standard deviation for the line
profile areas in Fig. 5.4(e,g,j).

5.3 Estimation of the electric field

An estimation of the electric field inside tetragonal BTO is possible based on the expected
dipole moment of a unit cell (uc), that is given by the polarization P and the uc volume dV
as |p|=P-dV =0.25 C/m?- (3.996 - 4.018) A3 =~ 1.6-1072% Cm. The value P = 0.25 C/m? for
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Chapter 5. Interaction of ferroelectricity with the 2D states at the BaTiO3 surface

tetragonal bulk BTO is taken from [125]. For a single dipole the resulting electric field at a
distance r from the dipole and angle 6 from the dipole axis is given by:

2 klpl cos(@)f

gr(rye): 3
€T

(5.1)

k i 1(0) ~
Ipl sin( )9

Ep(r0) = — (5.2)

Er'

where k is the Coulomb’s constant and €, the relative permittivity of BTO films. The relative
permittivity €, for thin films is reduced by several orders of magnitude compared to bulk BTO
and is distinguished to be €, = 60 at 80 K for a 100 nm thick film [147, 236].

The resulting simple model to estimate the electric field in tetragonal BTO is shown in Fig. 5.5
and is based on the location of a dipole in each uc at the Ti site. This dipole represents the
charge displacement between the Ti and O ions that is considered to be the main contribution
to the electric field. The graph (Fig. 5.5) represents the electric field in the TiO, layer of BTO,
parallel to the dipole vector. The electric field along the direct Ti-Ti line, that corresponds to
the TX-direction in reciprocal space is always larger than 1-10° V/m and is therefore large
enough to observe WSL in the uc of BTO. The representation of the ferroelectric properties of
the BTO uc with a dipole is an oversimplification and can not be used to distinguish the local
electric field in the unit cell and is only used to roughly estimate the magnitude of the electric
field in BTO. The model further does not consider any effect expected at the vacuum interface
or at domain boundaries. Due to depolarization fields and shielding charges the electric field
is expected to look different in these regions.

Another approach to estimate the electric field is possible by considering the external electric
field of a ferroelectric material given by its polarization P [92, 237].

P
&= ———— ~5-108 V/m (5.3)
(er—1)€g

Based on this external electric field & it is possible to distinguish the local electric field &;,,
inside the material given as &;,. = 1/3 (¢, +2) & [92]. With the relation 5.3 for the external
electric field, the local electric field can be written as a function of the polarization P, the
relative permittivity €, and the vacuum permittivity €.

1P-(e,+2)

= ~1-10"%V/m (5.4)
3(e—1)-€g

|gloc| =

The resulting electric fields obtained by the different approaches are all in the order of mag-
nitude of the electric fields required to observe WSL in the uc of BTO. Due to the differences
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Figure 5.5 — Simple model of the electric field in the TiO,-layer of BTO based upon dipoles at
the Ti sites. A sketch of the location of the atoms in this layer is given in the top right corner.
The calculations are based on a superposition of the electric field of a dipole array given in
equations 5.1 and 5.2. The color scale indicates the magnitude and the white arrows the
direction of the resulting electric field based on this simple model.

in domain sizes and their respective polarization directions, the electric field amplitude is
expected to vary within the BTO films.

In general, the WSL is expected to be accompanied by the formation of a Wannier-Stark ladder,
a set of electron bands separated in energy and space. The energy separation between the
steps is given as AE = e€a [89, 92] and expected to be between 0.1-6 eV for our samples,
based on an electric field between 5-10% V/m to 1.5-10'° V/m. However, ARPES is not the
method of choice to observe these ladders. Local probe techniques using tunneling or optical
spectroscopy should be able to address this aspect in future work.
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Chapter 5. Interaction of ferroelectricity with the 2D states at the BaTiO3 surface

5.4 Additional ARPES measurements of BaTiO;

5.4.1 Measurements along T'M

The angle-resolved photoelectron spectroscopy (ARPES) data presented in the main text are
all measured with the same geometry where the entrance slit of the hemispherical analyzer
is aligned along the T'’X-direction of the crystal. In the measurements in Fig. 5.6 the crystal is
aligned with TM parallel to the analyzer entrance slit [along 0 see Fig. 5.6(a)]. The angular scan-
ning direction [y in Fig. 5.6(a)] is perpendicular to the alignment direction and consequently
different for the two cases. Apart from changes in the relative intensities, the altering of the
measurement geometry does not affect the data. In particular the WSL states are still visible,
smeared along the T'X-direction. This confirms that our observations are not measurements
artifact caused by the probing geometry.

m
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binding energy (eV)
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Figure 5.6 — (a) Measurement geometry of the ARPES setup. (b) ARPES Fermi surface of 10 uc
BTO on STO for hv =77 eV oriented with I'M along the analyzer entrance slit. (c) Measured
band dispersion across I'yp and I'g; as indicated in (a).

The data of Fig. 5.6 are taken from a sample of 10 uc BTO deposited on a SrTiO3 (STO) substrate.
In comparison with the data on 20 uc BTO on STO presented in the Fig.3 of the main text, the
smearing tend to be more uniform. Possible reasons for this are the combined effect of altered
matrix element contributions due to the different measurement geometry and a different
domain pattern as a consequence of the reduced film thickness.

5.4.2 Photon energy dependency

Fig. 5.7 depicts measured Fermi surfaces, band maps, and photon energy dependence of
the two-dimensional states around ky = 0 A™1, the Tgo point. The measured intensity at the
Fermi energy as a function of k, and photon energy [Fig. 5.7(c,e)] shows bands, forming two
parallel lines with photon energy close to k, = 0 A~! that corresponds to T'gg. The different
photon energies give access to different k.. Therefore the lack of dispersion of these two
parallel bands with photon energy indicates their two-dimensional (or one-dimensional)
nature. Furthermore, the spectral enhancement at the photon energies of hv = 45 eV and
hv =55 eV [Fig. 5.7(d)] correspond to the energies of the Ti 3p - Ti 3d and Ti 3p - Ti 4sp
resonance, respectively [238, 239]. The Ti 3p - 3d resonance has a sharp Fano-like lineshape
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20 uc BaTiO, on SrTiO, 20 uc BaTiO, on KTaO,
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Figure 5.7 — ARPES data of 20 uc BTO grown on STO (a-c) and on KTO (e-g). (a,f) Fermi
surface at hv = 67 eV and (b,g) Band dispersion in T'X-direction. (c,e) Photon energy scan
from hv = 35 eV to 90 eV at the Fermi energy. (d) Integrated photoemission intensity over

« = +0.6 A=! at the Fermi energy for the sample grown on STO (red) and KTO (blue) substrate.

[240] indicating a low dimensionality of the excited state [239]; i.e. the Ti 3d states close to the
Fermi level. On the other hand, the Ti 3p - Ti 4sp resonance is much broader implying that
these states, hybridized with oxygen, are more delocalized along the z-direction [239].

5.4.3 Light polarizations

The Fermi surfaces and corresponding band structures for right- and left hand circularly
polarized light as well as for s- and p-polarized linear light are depicted in Fig. 5.8 and Fig. 5.9.
For these data, the analyzer entrance slit is aligned along the I'X-direction of the sample as in
the main text. For s-polarized light the electric field of the synchrotron light is along the k-
direction, for p-polarized light along the k,-direction [see Fig. 5.6(a)]. In the data in the vicinity
T [Fig. 5.8] measured with a photon energy of hv = 67 €V no differences are noticeable for
the two circular polarizations [Fig. 5.8(a,b)]. The band dispersion along the k,-direction for
circularly polarized light shows two features, connected to the in-gap state as discussed in
the main text. Along k, the band structure only hosts a single intensity feature at k, =0 AL
For s-polarized light [Fig. 5.8(c)], the Fermi surface consist of two features elongated along
the k,-direction, separated by suppressed intensity at k, = 0 A~!. Accordingly two features
appear in the k, dispersion, and the k, dispersion only shows enhanced intensity around
ky=0 A~L. The Fermi surface with p-polarized light [Fig. 5.8(d)] is similar to the one measured
with s-polarized light but 90° rotated, with suppressed intensity along k), = 0 AL

The suppressed intensity for k, = 0 A~! with s-polarized light and for ky=0 A~1 with p-
polarized light is an indication for an xy-symmetry of the probed orbitals. In the case of the
other known perovskites hosting a two-dimensional electron gas [9, 10, 22, 61, 63, 87], the
two-dimensional states are attributed to the Ti 3d., orbitals and the three-dimensional bands,
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Figure 5.8 — ARPES data of 20 uc BTO on STO for different light polarizations measured with
hv = 67 eV. (a-d) Fermi surfaces of the first Brillouin zone around Ty, for (a) left- and (b)
right-hand circularly polarized light and linear (c) s- and (d) p-polarized light. (e-h) Band
dispersions along the k.-direction for k, = 0 A~! and (j-m) band dispersions along the ky-
direction (kyx = 0 A=1) for the four light polarizations.

dispersing with photon energy, with the Ti 3d, . and Ti 3d,,; orbitals. It seems likely for BTO to
have a similar orbital ordering. However, due to the WSL of the states at the BTO surface, the
orbital symmetries of the states present cannot be conclusively assigned.

The data in Fig. 5.9 of the Fermi surface at I'j, for the different light polarizations are very
similar to the data of T'go with respect to the light polarization effects. For right- as well as
left-hand circularly polarized light [Fig. 5.9(a,b)] the intensity of the WSL along I'X is visible.
However, the intensity distribution along k, around the I'-point is inverted. For the linear
polarized light only the WSL states in k,-direction are visible for s-polarized light, while for
p-polarized light only intensity elongated in k-direction are present. In contrast to the data
taken at T'gg, the suppresion of intensity at k, = 0A~! or ky=0 A1 for linear polarized light is
absent due to the emission angle of 'y being far off normal emission. The band dispersion
along the ky-direction for the four different light polarizations consist of a main feature around
T'10, dispersing from the in-gap state. The band dispersions for the circular polarized lights,
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Figure 5.9 — Light polarization dependent ARPES of 20 uc BTO on STO measured with hv =
80 eV. (a-d) Fermi surfaces of the second Brillouin zone showingF_H) for (a) C+, (b) C-, (c) s-
and (d) p-polarized light. (e-h) Corresponding band dispersions along the k,-direction for
ky=0 A~1 and (j-m) band dispersion along the ky-direction at ky = 1.57 A~ for the four light
polarizations.

show an asymmetry around ky =0 A~ corresponding with the Fermi surface. For s-polarized
light the feature is narrow in the k,-direction while for p-polarized light it is broad, opposite
to the band dispersions along the k,-direction.

5.4.4 Time dependent behavior

The BTO films show a time dependent behaviour under UV-irradiation. The spectral intensity
of the in-gap state at 0.9 eV binding energy and of the Ti 3* shoulder of the Ti 3p core level
is increasing with time [see Fig. 5.10]. In case of the Ti 3™, its percentage on the total Ti 3p
peak area rises from 7% to 18% within one hour [Fig. 5.10(a)]. This scales to a free charge
carrier density of 0.18 electrons per uc after one hour, when saturation is reached. Within the
same time frame, the intensity of the in-gap state rises by 300% [Fig. 5.10(b,c)]. However, the
metallic state, visible as a second peak at the Fermi energy [Fig. 5.10(c)], only changes by 0.3%
in peak area within the same time frame. Thus although the intensity of Ti 3* and the in-gap
state seem to be related, the intensity of the metallic states does not directly scale. The surface
localized Ti 3" ions are linked to the creation of oxygen vacancies and structural reordering of
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the surface layers in the titanium based perovskites [61]. The changes implied in the distortion
of the TiOg octahedrons and their respective binding angles due to the reordering will alter
the hybridization of titanium and oxygen. Indications of this change in hybridization are
observable in the altering peak intensity of the valence band with time. The observed changes
under UV-light saturate within 30 min and are persistent with time regardless if the area is
further irradiated or not.
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Figure 5.10 — Time-dependent, angle-integrated photoemission intensity of the (a) Ti 3p core
level (b) valence band, measured with Av = 170 eV and (c) in-gap and surface states, measured
with hv =80 eV.

5.4.5 Temperature dependent measurements

The observed two-dimensional state present at the surface of BTO films, also persists at
higher temperatures up to 150 K [see Fig. 5.11(a-d)]. Bulk BTO has no phase transition in
this temperature range [129, 130, 135]. However, the STO substrate is expected to undergo a
transition from cubic to tetragonal when cooling below 110 K [153]. This phase transition is
expected to have a direct influence on the epitaxial strain at the interface. Upon annealing from
22 K to 90 K the band dispersion does not alter, except for the temperature related broadening
of the Fermi level. At 150 K the spectral intensity is significantly reduced additionally to
the temperature broadening. After cooling the sample back to 22 K the band structure is
comparable to the initial one but is notably weaker in intensity.

In the core levels we see no change of the Ba 4d states, especially no shift of weight between
the two observed species, with temperature. The Ti 3p states show a reduction of the lower
binding energy shoulder associated with Ti3* from initially 16% for T;=22 K and T»=90 K,
to 6% for T3=150 K. After cooling down again to T4=22 K, 12% of the Ti atoms in the probed
region are Ti 3*. The presence of Ti3* ions at the surface of BTO is likely, as for STO [61],
related to the structural arrangement of the surface and the creation of oxygen vacancies in
the probed surface region. Under UV irradiation, the intensity of the Ti 3* peak is increasing
(see Chap. 5.4.4). This process seems to be inverted with rising temperature. However, when
cooling the sample down to 22 K after the higher temperature measurements, this process is
not completely reversed to the initial state. Oxygen vacancies should be created regardless
of the systems history. According to this, a recovery of the sample to the initial state should
be possible after the elevated temperature. More likely is a structural change of the surface
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Figure 5.11 - Temperature dependent measurements of 20 uc BTO grown on Nb:SrTiOs. a)
to ¢) Band dispersion at I'g, hv=67¢eV for different temperatures (20 K, 90 K and 150 K) in the
order of the measurements in time. d) Band dispersion after the temperature cycle at 20 K. e)
to h) XPS measured with hv=170eV at the same temperatures as in a) to d) of the Ba 4d e), Ti
3p f) core levels as well as the valence bands g) and in-gap states h).

ordering under the influence of UV-light at low temperatures. Upon rising temperature and
UV-irradiation this phase is altered in a non reversible fashion affecting the formation of the
two-dimensional state. In the valence band we can observe a clear reduction of the spectral
intensity for the final temperature, similar to the reduction of intensity of the in-gap state
located at 0.9 eV binding energy.

In ferroelectric BTO, the partial relief of interface stress at the tetragonal to cubic phase
transition of the STO substrate at 110 K likely also alters the ferroelectric domain configuration
in the BTO film. Possible is an increase of domains polarized along the out-of-the plane axis,
enhancing a Rashba-like splitting of the two-dimensional state and lowering the fraction of
domains contributing to the WSL. However, the effects of the WSL do not seem to be altered
noticeably in the available data.

5.5 Further characterization of SrTiO; thin films on BaTiO;

5.5.1 RHEED pattern and oscillations

The growth process with pulsed laser deposition (PLD), was monitored by reflective high-
energy electron diffraction (RHEED) patterns and oscillations. The RHEED pattern and
oscillations of a film of 20 uc BTO grown on a STO substrate are depicted in Fig. 5.12(a,d). The
RHEED pattern was obtained after the growth and indicates a crystalline two-dimensional
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Figure 5.12 — (a) RHEED pattern of 19 uc BTO film grown on STO , (b) pattern of 3 uc STO
grown on a BTO film and (c) pattern of 5 uc STO grown on a BTO film. (d) RHEED oscillations
during the growth of the BTO film. (e) RHEED oscillations of 3 uc STO grown on a 20 uc STO
film.

surface. Each maxima of the RHEED oscillation corresponds to the formation of a complete
BTO layer and therefore allows a precise thickness control of the growing film. The RHEED
pattern of the 3 uc [Fig. 5.12(b)] and 5 uc [Fig. 5.12(c)] film of STO deposited on a previously
grown BTO film of 20 uc shows a good crystalline surface. By the help of the RHEED oscillations
of the STO thin film growth [Fig. 5.12(e)], a precise termination of the growth process is possible
at the oscillation maxima.

5.5.2 XPS measurements
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Figure 5.13 — XPS spectra obtained with hv =170 eV for the clean BTO film and with 3 and 5 uc
of STO on top. (a) Sr 3d, (b) Ba 4d, (c) Ti 3p, O 2s, Sr 4p, Ba 5p, and the valence band.

In Fig. 5.13 a comparison of XPS spectra is shown for the clean BTO films and 3 and 5 uc of STO
grown on top. The data were normalized to the background after the O 2s core level and the
BTO data was offset in Fig. 5.13(a) for clarity. As expected the Sr core levels increase with STO

74



5.5. Further characterization of SrTiO3 thin films on BaTiO3

coverage whereas the Ba core levels show a decay with coverage and are almost completely
suppressed for the 5 uc thick STO film. This indicates a layer-by-layer growth of a closed STO
film on top of the BTO substrate.

The small changes of binding energies in the Ba 4d core levels could give insight in the detailed
atomic structure of the BTO/STO interface and possible intermixing in the first unit cell.
However, this goes far beyond the scope of this work and is best combined with detailed
structural investigations.

5.5.3 ARPES measurements

In Fig. 3(a) of the main text a subsection of the Fermi surface for a 3 uc thick film of STO
grown on a 20 uc film of BTO was shown. Although the WSL states are readily discernible their
extension becomes more clearly visible in the large range Fermi surface map in Fig. 5.14(a).
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| C) ] L 1 1 1 I L L J

n 1 n 1 n
3 uc STO on BTO

K (A

5 uc STO on BTO 9 5uc STO on BTO

hv=69 eV
T T T T
0.0 0.8 -0.8 0.0 0.8

k (A k (A

Figure 5.14 — (a) ARPES Fermi surface of 3 uc of STO on BTO obtained at hv = 85 eV. (b,d,f)
Fermi surfaces around the surface Brillouin zone center for pure BTO, 3 uc, and 5 uc of STO on
BTO at the indicated photon energies. (c,e,g) ARPES band maps at k, = 0 for BTO film, 3 uc,
and 5 uc of STO on a BTO film at the indicated photon energies.

In Fig 5.14(b-g) a comparison between pure BTO, 3 uc of STO on BTO, and 5 uc of STO on BTO
is shown for a different photon energy as in Fig. 3 of the main text. Although the intensity ratio
between the 3dyy and 3dy (or 3dy;) bands has changed for the 5 uc data, the general features
are independent of photon energy.
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5.6 SX-ARPES measurements of BaTiO;

The photonenergies available in the Soft-X-ray range allow to perform ARPES in the vicinity
of adsorption edges. The total electron yield over the range of the Ti L, and L3 adsorbtion
edges shows, apart from the resonance energies of Ti 4* a low intense contribution of a Ti 3*
resonance [see Fig. 5.15(a)]. The intensity of the Ti 3* resonance is considerably lower than
for STO [33]. The angle integrated photoemission intensity over the Ti 2p-3d adsorption
range is shown in Fig. 5.15(b) with line profiles extracted at the binding energy of the O 2s
valence band, the in-gap state and at the Fermi energy [Fig. 5.15(c)]. The sharp to¢ resonance
is visible in all three extracted line profiles. The valence band line profile features intensity
between the Ti 4™ and Ti 3" resonant energies indicating a strong hybridization of O 2p with
Ti 3d orbitals for both oxidation states of Ti. The in-gap state at a binding energy of 0.9 eV
shows its intensity maximum clearly aligned with Ti 3* resonance. In contrast to this, the line
profile at the Fermi energy, showing the existence of metalicity at the surface, has its intensity
maximum in between the Ti 4* and Ti 3" resonance similar to the valence band. For STO a
similar behavior is observed and the existence of different Ti 3* species in the surface region
is suggested being of localized or delocalized metallic nature [33, 241]. This opens up different
resonant photoemission channels i.e. with and without coupling to the in-gap state.
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Figure 5.15 — (a) XAS spectrum over the energy range of the Ti L, and L3 edge. (b) Angle
integrated photoemission intensity over the same photon energy range as (a). (c) Line profiles
taken from (b) at different binding energies as indicated in (b). The integrated energy window
is 100 meV.

ARPES measurements at a the intensity maximum of the metallic states at the Fermi energy
corresponding to a photon energy of hv = 460.25 eV (see Fig.5.16) show a similar dispersion as
in UV-ARPES (see Fig.5.8). The WSL states are present, smeared along the TX-direction. With
the increased photon energy, however, the two-dimensional states are only measurable at
the resonant photo energy. This is due to the increased escape depth of the photoelectrons
excited with energies in the SX-range and the strong localization of these state along the out-
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5.6. SX-ARPES measurements of BaTiO3

of-plane axis due to their origin in the surface crystal structure. As a result, the fraction of the
electrons emitted from the 2D, surface localized states on the the total photoemission intensity
is reduced compared to measurements in UV-ARPES. The different light polarizations reflect
to the SX-ARPES measurements in the same fashion as in UV-ARPES. For s- and p-polarized
light, band intensity is enhanced in ky and k, direction respectively according to the orbital
symmetries.
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Figure 5.16 — (a-c) ARPES Fermi surface taken with soft X-ray photons of hv = 460.25 eV
covering F_oo and F_m for C+ (a) s- (b) and p-polarized light (c). (d-f) Band dispersion along X
at ky, =0 A~! for the trhee polarizations and (g-j) enlarged region of the band dispersion in
(d-f) covering the metallic and the in-gap states.

The observed light induced effects in titanates are commonly connected with the creation of
oxygen vacancies. It is known in the case of STO crystals that oxygen vacancies induced in
the growth process or by high-temperature annealing will change the color from yellowish-
transperent to black [9]. As this directly visible change already indicates oxygen deficient
sample are conducting. A way to counter act the creation of oxygen vacancies by UV-irradiation
is the in-situ dosing of oxygen to the sample surface by a capillary during the illumination.
In the case of anatase TiO» a direct control of the surface charge carrier density in the 2DEG
is possible by this approach [54]. Measurements in the SX energy range are less affected by
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Figure 5.17 — (a) Initial band dispersion measured with hv =460.25 eV. (b) Band dispersion
at a partial oxygen pressure of 1 x 10~/ mbar. (c) Band dispersion after the oxygen dosing
experiments with at a base pressure better than 1x 10712 mbar. (d) Angular integrated intensity
of the Ti 2p corelevels for the three cases of (a-c) measured with v = 1000 eV. (e) Angle-
integrated spectrum of the valence band region for different oxygen doses. (f) Zoom in on the
in-gap and metallic states.

higher pressures due to the increased kinetic energy of the photoelectrons and thus ideal for
experiments of this kind.

Our ARPES measurements for oxygen dosing with different partial pressures in the chamber
are presented in Fig. 5.17. In the initial spectrum [Fig. 5.17(a)] the metalic bands at the Fermi
energy are of high intensity, higher than the in-gap state. With increasing oxygen pressure,
from a starting base pressure of 1-107'? mbar up to a maximal partial oxygen pressure of
1-1077 mbar, the intensity of the in-gap state, as well as of the metallic state is drastically
reduced [Fig. 5.17(a,b,e,f)]. Nevertheless, even at the final pressure, the metallic states are
still present in the band dispersion [Fig. 5.17(b)]. When looking at the Ti 2p core levels in
Fig. 5.17(d) for the start and final pressure, a clear suppression of the initially present Ti 3"
is noticeable. This is accompanied by a bandshift of approximately 400 meV of the Ti 2p to
lower binding energies. In the valence band region in increase of intensity with oxygen dosing
is observable. When restoring the base pressure of the system after the oxygen dosing, the
intensity of the in-gap state as well as the metallic state is increasing again. However, the initial
conditions are not entirely recovered. The Ti 2p core levels are still lacking peak contribution
of Ti 3" ions but are shifted back to higher binding energies. This behavior is similar to the
observed behavior with temperature (see Chap. 5.4.5) were the system recovers to a different
state compared to the initial one.
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5.7 Conclusion

In this chapter, photo-emission results of ferroelectric BaTiO3 films are presented. The BTO
films exhibit a 2D state at its vacuum interface. It is likely of similar origin as the STO and CTO
2DEG, indicated by the xy-symmetry of this state, evaluated by light-polarization dependent
measurements. The states show a resonant enhancement in the Ti L3 edge energies and
are robust to temperatures above the phase transition of the STO substrate and with in-situ
oxygen dosing.

However, due to the presence of a high electric field, that is estimated to be in the order of
1-10? V/m inside the ferroelectric BTO, the electrons of the conduction band experience a
Wannier-Stark localization. This localization in real space smears the bands in the direction
of the electric field in reciprocal space. The measured Fermi surfaces can be explained
by an combined contribution from ferroelectric domains, polarized along the two I'X in-
plane axes and along the out-of-plane direction. This matches with a tetragonal phase at
low temperatures with polarization directions locked by strain relaxations. A locking of the
domains polarized along the in-plane direction is also indicated by PFM measurements,
proving ferroelectric properties of the grown film.

The effects of Wannier-Stark localization are visible for ARPES measurements of BTO films
grown on STO as well as on KTO substrates, although changes attributed to the altered interface
strain are visible. Furthermore, the effects are also present in thin films of STO with thickness
of 3 uc grown on top of a BTO film with a Fermi surface showing similar smearing of the states
as for the BTO films. With increasing film thickness the effects of the electric field are reduced
and therefore the states at the surface of a 5 uc thick STO film on BTO shows no more effect of
the electric field.

The studied BTO films show an interplay between the presence of a two-dimensional state
and large electric fields in a semiconductor and opens new possibilities to further explore
this interaction. The existence of Wannier-Stark localization in a single crystal semiconductor
is shown in the presented data for the first time and suggests that WSL should be a effect
observable also for different ferroelectric materials with in-plane polarization and surface
or interface states. Ferroelectric films with preferred large range polarization domains with
in-plane polarization should give access to the effects of WSL in transport properties.

79






Manipulation of the SrTiO; surface
states

Since the discovery of two-dimensional metallic states at the vacuum surface of STO [9, 10] the
mechanism responsible for their formation is under debate. Apart from the creation of surface
charge carriers by existing and in-situ created oxygen vacancies, the crystal arrangement
of the surface layers seems to play a key role in the formation and structure of the 2DEG.
Experimental observations and theoretical calculations show a buckling distortion of the
surface SrO and TiO; layers distinct from the bulk crystal structure [161-164]. Regardless of
their origin, one of the main goals is to be able to manipulate their properties.

In this chapter three different approaches to alter the formation of the 2DEG are presented. In
the first part the 2DEG at the surface of vicinal STO substrates are studied. In comparison with
nominally flat STO (001) an altered band bending is observed shifting both, the 3D d../d.
bands as well as the 2D dy, bands to lower binding energies. This change in surface band
bending is likely due to the altered electron affinity of the vicinal surfaces compared to the
flat one. Additionally, a lowered energy splitting between the 2D and 3D bands as a function
of the step edges is observed. The origin of this splitting of the ;¢ orbitals is the tetragonal
distortion of the TiOg octahedron. The relaxation of this distortion due to the step edges is a
possible reason for the observed changes. In further measurements, the altering of the band
bending and band splitting with temperature is studied, showing vanishing bands at 150 K.

In the second part of this chapter, films of STO grown on Nb doped STO are discussed. In
these systems the 3D bands are absent at the Fermi energy and a (2x2) reconstruction can
be observed. The 2D states are unaltered with film thickness implying an effect related to the
films properties responsible for the changed formation, compared to bulk STO. A similar effect
on the 2DEG is achieved in the last part of this chapter, by the growth of films of Ba,Sr;_,TiO3
with x=0.07 and x=0.1. For these Ba dopings a ferroelectric phase is observed in bulk crystals
at low temperatures. As possible reasons for the altered dispersion of the film systems, the
altered dielectric constant and the formation of crystal defects are discussed.
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Chapter 6. Manipulation of the SrTiO; surface states

6.1 Altered octahedral distortion by vicinal surfaces

6.1.1 Sample preparation

For this study, commercially available STO substrates (SurfaceNet GmbH) with a misscuts of
5° and 10° to the nominal (001) surface were used. Considering a step height of one uc, the
terraces are expected to have a width of 44 A or 11-12 uc for the 5° sample and a terrace width
of 22 A or 5-6 uc for the 10° substrate (see Fig. 6.1(a,b) for a sketch of the surface). Both of the
substrates therefore have a step density low enough to prevent the formation of a electron
wave function on the macroscopic surface [242].
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Figure 6.1 — (a) Illustration of the 5° miscut to the (001) surface with resulting terrace sizes. (b)
Ilustration for the surface with 10° miscut.

The samples have a size of 5 x 10 x 0.5 mm? and are cut and polished by the manufacturer.
In order to obtain an single TiO; terminated sample surface, the sample were treated by a
well established procedure [61, 243, 244] prior to the experiments. For this, the samples are
submerged in deionized water for approximately 30 min and then etched in buffered HF
solution for 30 sec. After this step, the samples are washed in a sequence of baths in deionized
water to terminate the etching. By this procedure, possible SrO patches at the surface should
be etched off. Subsequently the samples are dried by annealing them in a constant high-purity
oxygen flow to 1000° C. After the ex-situ treatment, the samples are annealed to 550° C in
100 mbar O, in-situ. This step is necessary to get rid of possible surface contamination and
to ensure a full oxidation of the sample. Finally the sample is low temperature annealed at
300° C for approximately 12 hours. After this treatment, the samples can be in-situ transferred
to the ARPES manipulator and measured without further treatment.

The LEED patterns for the two substrates prepared as explained above, are illustrated in Fig. 6.2
and prove a high crystallinity of the sample surface. For both of the substrates, clear diffraction
spot corresponding to the surface Brillouin zone of STO (001) are visible. Due to the presence
of step edges, a slight deflection of the diffracted beam, orthogonal to the edge is visible in the
form of a splitting of the beam spot in vertical direction in the image. This effect is in particular
visible at the higher electron energies (Fig. 6.2(b,d) and is slightly more pronounced for the
10° sample as an effect of the increased step density. Both samples have indication of a (2 x 1)
reconstruction that is more present in the 10° sample and is also better visible at the higher
electron energy. However, the diffraction spots attributed to the reconstruction are very weak
in intensity verifying a low density of scattering centers that leads to the conclusion that only
a small portion of the surface is reconstructed.
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6.1. Altered octahedral distortion by vicinal surfaces

Figure 6.2 — LEED patterns of the the vicinal samples. (a,b) Diffraction pattern of the 5° miscut
sample for an electron energy of 100 eV (a) and 140 eV (b). (c,d) Pattern of the 10° misscut
sample for the same energies as (a,b). The red squares indicate the surface Brillouin zone of
STO (001).
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6.1.2 Changes in the band structure

The ARPES measurements of the substrate with 5° and 10° (Fig. 6.3) misscut to the STO (001)
surface show a dispersion similar to "flat" STO (001) [61]. In Fig. 6.3(a,c) the dispersion with
k., obtained by scanning the photon energy, is displayed for Ty (at k, =0 A™!) and T} (at
kx = 1.6 A71). For the conversion of hv to k, with a free-electron final state approximation
(see Sec. 3.1) an inner potential of 14.5 eV was assumed. This is the same value used for the
conversion in Ref. [61] for STO (001) and is in good agreement with the periodicity observed in
the measurements. The scan over k, shows the presence of the 2DEG that does not disperse
as a function of photon energy and 3D dispersing or heavy-bands, located in the vicinity
of the I'-point (k; = 6 n/a = 4.85 A~1). The Fermi surface over multiple surface Brillouin
zones [Fig. 6.3(b,d)] at a photon energy of hv = 85 eV that corresponds to a I'-point shows the
2DEG as circles, centered at the T-points and the 3D bands as elongated bands, pointing in
T'X-direction.
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Figure 6.3 — (a) Dispersion with k, at the Fermi energy for I'yg and I'y; of the sample with 5°
miscut from hv =40 eV to hv = 100 eV. (b) ARPES Fermi surface at hv = 85 eV over multiple
Brillouin zones. (c,d) Same as (a,d) but for the sample with 10° miscut.

The photon energy dispersion, as well as the the Fermi surface show no indication of recon-
structions as observed in the LEED measurements (Fig. 6.2). A reason for this absence could
be a non uniform nature of the reconstruction over the sample surface that are observed
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with the considerably larger LEED spot (approximately 1 mm) while the synchrotron beam
only covers (approximately 100 ym) a non reconstructed area. However due to the random
choice of the exact beam location in the proximity of the sample center for the LEED as well
as for the ARPES measurements this does not seem to be very likely. Another explanation is
change of the partial reconstruction of the sample surface by the UV-beam. A similar behavior
was observed for the CTO films, where a c(4 x 2) reconstruction was observed in the LEED
measurements but not in the ARPES data (see Sec. 4.1). Since the UV-irradiation plays a role
in the formation of the 2DEG at the surface of the oxides STO, BTO and CTO and therefore is
also expected to alter the surface structure, a change of surface reconstruction is thinkable.

By comparing the k, dispersion for the two samples [Fig. 6.3(a,c)] we notice a reduction of
kr with increasing miscut angle. For the 5° sample it is still possible to distinguish clearly
between the two split, two-dimensional d,, bands for the measurments around T10. For the
10° sample this distinction is not possible anymore due to a smaller of kr. This reduction
becomes more evident in the measurements for different light polarizations in Fig. 6.4 and
Fig. 6.5. Due to the distinct symmetry of the dy,, dy; and d, ; orbitals they can be selectively
probed by the use of of matrix element effects. Whereas for the the circularly polarized light
[Fig. 6.3(b,d)] all orbitals are probed, s-polarized light suppresses the dy, bands [Fig. 6.4] and
p-polarized light the dyy and d, ; bands [Fig. 6.5]. Therefore the bands visible in the vicinity of
the I'1o-point for s-polarized light are mainly the 2D dyy states and only the d, for p-polarized
light (compare Sec. 1.3, Fig. 1.6).
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Figure 6.4 — Measurements at I';o with 4v = 85 eV photons for nominally flat STO (001) (a,b)
with circularly-polarized light and with s-polarized light for the sample with 5° (c,d) and 10°
(e,f) miscut. (a,c,e) ARPES Fermi surface with band structure along ky at k;, =0 A~1in (b,d,f).
Data of the flat STO are taken from [61].

Due to the disentangling of the different orbital contributions in the ARPES intensity, we
can distinguish the band bottom of the 2D d, bands to be approximately 115 meV for the
5° sample and 95 meV for the 10° sample. This shift to lower binding energies with higher
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step density is accompanied with a reduction in kr of the outer of the two d,, bands from
kr=0.14A7!to kr = 0.12 A~! (see Fig. 6.4). If we compare this findings to the band structure
of nominally flat STO [see Fig. 6.4(a,b)] measured with circularly polarized light where a band
bottom of 230 meV and a kr = 0.18 A~! is reported [61], the change as a function of step
density is even more obvious.

The 3D dispersing, heavy band with xz-symmetry is the only band contributing to the ARPES
intensity, measured with p-polarized photons of an energy of hv = 85 eV (Fig. 6.5). Therefore
we can distinguish the bottom of the band of the d,, state to be approximately 35 meV,
unaltered within the resolution limit for the two samples, whereas for flat STO a bottom of
the band of 50 meV is reported for the dy./d,; bands [61]. Since the d, orbitals are 3D and
therefore disperse with photon energy, theses values can not be considered as absolute value
of the d,, band bottom but serve well for a relative comparison, since the choose photon
energy corresponds to a k; close to the '3 point (see Fig. 6.3(a,c) and [61]).
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Figure 6.5 — Measurements with p-polarized photons at F_w for the 5° misscut (a,b) and the
10° misscut (c,d) sample. (a,c) Measured ARPES Fermi surfaces and (b,d) band dispersion for
ky at ky = 1.6 A1, Inset in (b,d) shows the extracted EDCat k, =0 A1

The observed shift of the bottom of the 3D d,, band to lower binding energies, especially
compared to nominally flat STO, fits into a picture of a rigid bands shift due to an altered
surface band bending. Possible reasons for a changed surface band bending are a lower
surface quality of the vicinal STO substrates or the altered electron affinity due to the presence
of the step edges [245, 246]. However, with the change in binding energy of the d,, bands
much smaller than the observed shift of the dy, bands the change in surface band bending
can not be the only mechanism, affecting the band structure.

Additional to the altered surface band bending, we observe a reduction of the energy sepa-
ration between the dy, and the dy./d, . orbital band. This separation changes from initially
180 meV for flat STO to approximately 80 meV for the sample with a terrace size of 44 A and
60 meV for 22 A terrace size. The energy separation of the suborbitals of Ti 3d f,g is related
to the distortion of the TiOg octahedron (see Sec. 2.1). In order to have the orbital ordering
observed at the surface of STO (001), the octahedron has to be tetragonally distorted with
two short and four long Ti-O bonds. With the additional degree of freedom of the surface
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Ve

Figure 6.6 — Illustration of the change in the tetragonal distortion of the TiOg octahedron and
the resulting reduction of the splitting between the dy, and the dy./d, orbitals.

layers given by the step edges of the vicinal samples, the sample surface can relax more. This is
expected to alter the buckling of the surface layers that is observed for nominally flat STO and
therefore reduces the degree of the tetragonal distortion of the TiOg octahedron. As a result
we can observe a reduction of the energy separation between dy, and the d,/d, orbitals
with increasing step density as an effect of the surface relaxation. A simple illustration of the
described mechanism is depicted in Fig. 6.6. With a relaxation of the octahedron a change
in the Ti-O-Ti binding angle between neighboring octahedrons is also likely. The resulting
changes in the hopping probabilities will affect the effective mass of the bands and therefore
their band width [247]. This could additionally contribute to the observed changes in the band
structure.
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Figure 6.7 — ARPES measurements at lower energy for flat STO (a,b) with circularly polarized
light with v =51 eV. (c,d) Measurements of the 5° misscut sample and (e,f) of the 10° miscut
sample with hv =55 eV, s-polarized light. Fermi surfaces (a,c,e) with concentric rings, marking
the split dy, band and corresponding band dispersions (b,d,f).
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The splitting of the dy into two sub-bands commonly observed for STO (001) is clearly visible
for both vicinal substrates in the k,-dispersion [Fig. 6.3(a,c)] as well as in the band dispersion
at a photon energy of hv =55 eV (Fig. 6.7). The splitting of the two concentric rings, forming
the Fermi surface [Fig. 6.7(a,c,e)], is slightly reduced from Ak = 0.06 A ~! for STO (001) to
Ak=0.05A"1and Ak =0.04 A ~! for 5° and 10° miscut respectively. However, this observed
reduction is at the limit of the resolution of the obtained data. The possible influence of the
step edge density on the energy splitting and on the parameters of a possible Rashba-like
splitting can not be resolved with the currently available data. Since the splitting is partially
explained by (anti)ferroelectric properties at the surface of STO due to the buckling of the
surface layers [66] an effect of the step density and the related surface relaxation would be
expected.

6.1.3 Temperature dependent behavior

The evolution of the 2DEG at the surface of the STO sample with 10° miscut to the (001) as a
function of temperature over the tetragonal to cubic phase transition of bulk SrTiO3 at 110 K
[153] is depicted in Fig. 6.8. With increasing temperature, the bottom of the band of the 2D
dyy states shifts to lower binding energy. At a sample temperature of T5 = 130 K, above the
bulk phase transition the dy is barely filled and finally the bands are completely absent at
150 K. In the not normalized EDCs in Fig. 6.8(j,k) a rise of intensity between 20 K and 50 K is
observed, before the intensity gradually decreases. This initial rise could be an effect of one
of the reported low temperature phase transitions [152, 157, 158]. The tracking of the band
bottom and kg of the dyxy band with temperature [Fig. 6.8 ()], shows a gradual decrease of
the two parameters with temperature. The EDC at k, = 1.24 A™1, too far from the I'-point to
exhibit contribution from the dy, band, gives an indication of the presence of the heavy bands.
The intensity close to the Fermi energy in these EDCs, that is attributed to the heavy bands, is
visible for temperatures up to 130 K where the intensity vanishes. Therefore the states visible at
130 K are likely only the two dimensional d.y, bands. If only a rigid band shift of the spectrum
with temperature is considered, the necessary energy shift of 35 meV (see Fig. 6.5) to shift the
heavy bands above the Fermi energy is reached around a temperature of 110 K. Since there
is still indication of heavy bands at this temperature in the EDC at k, = 1.24 A~!, where the
indication of the band should vanish with even less shift due to its parabolic shape, a rigid
band shift does not describe the observations entirely.

When lowering the temperature after the complete vanishing of the bands at T = 150 K back
towards to 20 K the bands appear again and shifts to higher binding energies. However, the
mechanisms induced by the elevated temperature does not seem to be fully reversible. At
20 K the band bottom of the dy, band is located at 70 meV, 25 meV lower than before the
temperature cycle. The heavy bands on the other side, are recovered to a similar binding
energy, judging by Fig. 6.8(k).
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Figure 6.8 - (a-h) Temperature dependent ARPES band structure of vicinal STO with 10° miscut
to (001) at I'jp with circularly-polarized photons of hv =85 eV. (j) EDC at the I';-point and (k)
EDC at k, = 1.24 A~! over the dy . bands for different temperatures (colors indicated in (a-h)).
() Band bottom of the dy, state and (m) kr of the outer dyy, state for the different temperatures
(crosses for increasing, circles for decreasing temperatures).

A possible explanation of the observation, is an interplay between band bending, distortion of
the TiOg octahedron and their respective Ti-O-Ti bond angles, similar to the explanation for the
altered band dispersion with step density as elaborated above in Sec. 6.1.2. The altered band
bending at the surface with temperature can be of different origin. One possible reason is a
change in defect density with temperature that is enhanced under the constant UV-irradiation
or the lowering of the dielectric constant with increasing temperature. The altered distortion
of the TiOg octahedron is responsible for a reduction of the splitting between the 2D d,, and
the 3D heavy bands d,./d,.. Possible reasons for a reduction of the octahedral distortion
are an altering of the surface relaxation due to the phase transitions of the bulk STO or due
to the increased lattice mobility at higher temperatures. Another influence might be a light
assisted reduction of the lattice stress and strain induced by vacancies and/or excess atoms in
the crystal. Accompanied with a change in the octahedral distortion and lattice relaxation is
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likely also a change in bond angle between neighboring octahedral, affecting the band width
and therefore altering the band dispersion [247].

The XPS measurements (Fig. 6.9) shows a change of the Ti 3p, the valence band as well as the
in-gap state with temperature. The Ti 3p core level features a low binding energy shoulder of
Ti 3* ions commonly observed for titanates (see Fig. 5.1 for results of BTO and Ref. [61] for
STO). With temperature the fraction of Ti 3* vanishes and recovers to a slightly lower fraction
of Ti 3* ions than in the initial state when cooling again to Tg = 20 K. This is in agreement with
areduced amount of lattice defects as oxygen vacancies or an altered surface rearrangement
with temperature that only partially recovers. In the valence band [Fig. 6.9(b)], the additional
peak at approximately 10.5 eV binding energy indicates the formation of a different O-Ti
hybridization at higher temperature. In both, the Ti 3p as well as the valence band, a shift of
the peak maximum to lower binding energy with temperature is visible. This confirms the
change of the band bending with elevated temperature.
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Figure 6.9 — Photoemission intensity of the (a) Ti 3p corelevels, (b) valence band and (c) in-gap
states for the initial sample, the sample at 150 K and the sample after the temperature cycle.

In the bulk band gap of the measured samples, the existence two in-gap states is visible
[Fig. 6.9(c)] also observed but not discussed for nominally flat STO (001) [61]. With temper-
ature, the first peak is getting lower in intensity while the second peak is not affected. After
cooling down, the two in-gap states show a similar ratio as before the measurements at ele-
vated temperature. The origin of the first in-gap state at 1.2 eV is related to the formation of a
small polaron that is commonly assigned to the existence of oxygen related defect or vacancies
[10, 59, 248, 249]. Its lowering of intensity with temperatures corresponds to the behavior of
the Ti 3" peak. The second in-gap state at a binding energy of 2.8 eV is in the energy range of
a polaron, originating from Sr or Ti vacancy [250]. These vacancies are likely induced in the
growth of the substrates that matches with absence of any change of the second in-gap state
with temperature.
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6.2 Ba,Sr,_,TiO; Thin Films
6.2.1 Film preparation

The samples discussed in this sections are all PLD grown films. The growth took place at a
substrate temperature of 680° to 700° in an partial oxygen pressure of 1-10~> mbar, same as
for the discussed films of BTO and CTO. After growth, the samples are in-situ transfered to the
ARPES experimental chamber. No further treatment of the samples is necessary before the
measurements.

The STO thin films discussed in Sec. 6.2.2, are grown on commercially available, single TiO,
terminated 0.5% wt Nb doped STO (001) substrates (Twente Solid State Technology). The
STO target for the PLD growth consists of a crystalline STO disk. The RHEED oscillations,
used to control the different thicknesses of the three films, are displayed in Fig. 6.10(a-c).
The oscillations for the 3 uc thick film are with 15 s per complete layer slower compared to
the oscillations for the 5 uc and 20 uc thick films (10 s per layer). This is due to lower power
of the PLD laser during this growth. The RHEED patterns recorded after the growth show
straight lines indicating a flat, 2D film surface. Between the main diffraction intensities, low
intense lines are visible [see line profiles in Fig. 6.10(d-f)]. These line correspond to the (2x2)
reconstruction with half the lattice periodicity discussed below for the ARPES results.
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Figure 6.10 — (a-c) RHEED oscillations of the film growth of 3 uc (a), 5 uc (b) and 20 uc (c)
STO on Nb:STO (001) substrates. (d-f) RHEED pattern of the three films of (a-c) after the film
growth at the grow temperature with intensity line profiles.
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Results of two films of Ba,Sr;_,TiO3, with different Ba content, one with x=0.07 and one with
x=0.1, are discussed in Sec. 6.2.3. Both films have a thickness of 20 uc and are grown on
commercially available, polished STO (001) substrates (SurfaceNet GmbH). The PLD target
for the film growth are pressed powder targets with the desired chemical composition. The
RHEED pattern after the growth at grow temperature shows lines with little indication of spots
as well as Kikuchi lines [251] proving a 2D, well crystallized surface. The LEED images, taken at
the measurement temperature of 20 K show clear, sharp (1x1) spots. There are no indications
of reconstruction visible in the RHEED pattern or the LEED images.
Ba Sr, TiO,

a) b) <) d)
x=0.07 x=0.10

e

Figure 6.11 — (a,c) RHEED pattern at grow temperature and (b,d) LEED image at the base
measurement temperature of 20 K with 70 eV electron energy for 20 uc Ba,Sr;_,Tis, with (a,b)
x=0.07 and (c,d) x=0.1 grown on a STO (001) substrate.

6.2.2 Band dispersion of thin SrTiOj; films

The STO films grown on a TiO; terminated 0.5 wt% Nb doped STO substrate show different
results in ARPES compared to measurements on the substrate surface. The Fermi surface
of 3, 5 and 20 uc thick STO films [Fig. 6.12(a-c)] show the presence of free electron like
parbolas at the primary I'-points with g = 1.6 A~! corresponding to the lattice constant of
STO (a = 4 A). Additionally there is intensity of folded T points in agreement with a (2x2)
reconstruction present in all three grown films [Marked in Fig. 6.12(c)]. For the thickest film
of 20 uc additionally to the (2x2) reconstruction, intensity of folded f,—points according to a
(2x1) reconstruction are visible. In the displayed Fermi surfaces, especially for the 5 uc thick
film [Fig. 6.12(b)] the F_(n is lower in intensity, compared to 1"_00. This is due to the response
of the 2DEG at the STO surface to the UV-irradiation, that increases its intensity and charge
density [10]. With the scanning over an angular range of 50°, the synchrotron beam moves
slightly on the sample surface, illuminating new areas. Therefore the, due to the alignment,
longer irradiated Tog at normal emission is more intense than the other T-points.

The dispersion along k. [Fig. 6.12(d)], obtained for photon energies scanning from hv =
35—120 eV shows a clear indication of the bands at gy and I';o. There is no dispersion visible
with photon energy, confirming their 2D nature. The k dispersion along the high symmetry
direction TM [Fig. 6.12(e)] covers F_()() and F_H, located at k; =225A"1~/2-27/a, and the
folded T’ of the (2x2) reconstruction. Whereas a clear signal of the 2D bands at the

17,1/,
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Figure 6.12 — (a-c) ARPES Fermi surface of the three discussed STO films at v = 85 eV with
circularly polarized light covering Too and T'g; as well as reconstructed I'points. (a) Measured
Fermi surface for 3 uc STO on Nb:STO, (b) 5 uc STO on Nb:STO and (c) 20 uc STO on Nb:STO.
The lack of signal in (a) at k, = 0.5 A=1is due to a synchrotron beam-dump. (d,e) Dispersion
with k, for the sample with 5 uc STO on Nb:STO along I'X (d) and along I'M as indicated in (b).

primary I'-points is visible, only a broad intensity feature is present at the reconstructed I'-
point. The intensity of the reconstruction further does not follow the intensity variations of the
primary I'-points except for the strong enhancement at the Ti 3p-3d resonance at hv =45 eV.
The significantly weaker intensity of the folded, compared to the primary Fermi surfaces,
suggests that the reconstruction is not uniformly present and therefore has a low contribution
to the ARPES signal.

In the Fermi surface at hv = 85 eV [Fig. 6.12(a-c)], in the vicinity of the I'-point in 3D, there
is, apart from the clear indication of the circular Fermi surface attributed to the d,, bands,
no indication of the 3D heavy bands. Also in the dispersion along k, in Fig. 6.12(d,e) only
the 2D, non-dispersing states are present at the primary I points. This absence of the heavy
bands with xz- and yz-symmtery, is also confirmed in the measurements of the Fermi surface
with different light polarizations [Fig. 6.13(a-c)]. None of the light-polarizations show a clear
contribution of the heavy bands, elongated along T'X direction. The only band present forms a
circular Fermi surface with a xy-symmetry that can be associated with the Ti 3d, bands.
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Figure 6.13 — (a-c) ARPES Fermi surface at Too of 20 uc STO on Nb:STO, measured with
hv =69 eV with (a) circularly, (b) s- and (c) p-polarized light.

A close comparison of the band structures of the STO films with different thicknesses, shows a
very similar dispersion for all the three cases [Fig. 6.14(a-f)]. There is no change noticeable
regarding the kr [Fig. 6.14(k)] and also the formation of the valence band [Fig. 6.14()] and the
in-gape state [Fig. 6.14(m)] is similar for the three films. In the 2D curvature [252] [Fig. 6.14(g-
j)] and the k; integrated EDCs [Fig. 6.14(n)], polaron replicas of the dy, with an energy
separation of 100 meV are visible. These are large polarons formed in the photoemission
process commonly observed in titanates [54, 201].

The 2D curvature data shows the shape of the dy,, band that forms a free-electron-like parabola.
The parabola plotted in Fig. 6.14(f,j) with a band bottom of 60 meV and an effective mass of
m* = 1-m, represents the observed dispersion of the three samples well (fit by eye). Therefore
the splitting between the dy, and the unoccupied d,/dy, orbitals has to be at least 60 meV,
similar to the splitting observed for the vicinal substrates or larger (see Sec. 6.1.2). The increase
of the observed effective mass compared to bulk STO [61], agrees with an altered bond angle
between neighboring octahedrons responsible for an altered bandwidth [247]. This would
indicate an altered crystal relaxation that affects the bond angle in the film and therefore likely
also the distortion of the TiOg octahedron compared to bulk STO surfaces. Changes in the
crystal relaxation like this are expected, considering the fundamental differences between the
film growth and the crystallization process of STO bulk crystals. It is reasonable to assume that
the type of defects and possible excess atoms in the lattice are different for the two methods
and can affect the crystal relaxation and distortion of the octahedron differently. However, due
to the absence of the heavy d../d, . bands, the change in size of the splitting and therefore the
possibly altered distortion of the TiOg octahedron cannot be confirmed.

Apart from the octahedral distortion and the altered bond angle, the shift of the band bottom
from 230 meV for bulk STO (001) to 60 meV for thin films can be mainly associated with a
change in band bending. The band bending in semiconductors depends on the electron
affinity and the dielectric constant [245, 246]. The crystal quality and the local structure of the
surface layers will alter the electron affinity of the system. The distinct growth methods and
the resulting differences in the formed defects therefore contribute to the observed lowering
of the band bending. It is reported that the dielectric constant of STO films is different from
bulk STO crystals. The change in dielectric constant varies with growth method and thickness
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Figure 6.14 — Measurements with 4v = 85 eV, circularly polarized photons at I'yo of the three
different films. ARPES Fermi surface (a), band structure (d) and 2D curvature (g) for 3 uc STO
on Nb:STO. (b,e,h) and (c,f,j) same as (a,d,g) but for 5 uc STO on Nb:STO and 20 uc STO on
Nb:STO respectively. Free electron like parabola is indicated in (f,j).(k) MDCs of the three films
at the Fermi energy from (d,e,f). (1) EDC of the valence band, (m) the in-gap state and (n) close
to the Fermi energy with indicated polaron replicas (black arrows).
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[253-256]. It is therefore valid to assume that our PLD grown thin STO film will have a altered
dielectric constant compared to bulk STO and will consequently also result in a change in band
bending. The grown STO films are considered to be insulating while the choosen substrate
of Nb:STO is conducting. The effects of this metal-insulator interface on the 2DEG at the
insulator surface is not known and could also contribute to the observed differences between
the bulk and film STO surface states.

In the presented data no indication of a splitting of the d, ), into sub-bands can be observed
[Fig. 6.14(k)]. The splitting is either too low (or not existent) to be observed in the data or the
splitting in energy exceeds the band width of the occupied band. If we consider the Zeeman
splitting of AZ = 80 meV reported for bulk STO [66], the later scenario is possible. This would
imply that as an effect of the Rashba- and Zeeman-type splitting observed in the case of STO
(001) a single spin-polarized band is present at the Fermi energy of the STO thin films. In
connection with the superconducting properties of STO at low temperatures this could lead
to the creation of Majorana fermions [257]. However, with the discussed changes in band
bending and local crystal structure an altered splitting cannot be excluded.
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Figure 6.15 — (a-f) Measured band structure of the second F_m point of 20 uc STO on Nb:STO
obtained with circularly polarized photons of hv = 85 eV for different temperatures. (g-j) Angle
integrated photoemission intensity of the Ti 3p corelevels (g), the valence band (h) and the
in-gap state (j) for the different temperature. (k) EDCs of the bandmaps in (a-f) and (1) MDCs
at the Fermi energy.

The evolution of the band structure of 20 uc of STO on Nb:STO with temperature is illustrated in
Fig. 6.15. We can observe a loss of the intensity attributed to the 2DEG at a temperature of T3 =
110 K. However, there is still intensity present between the in-gap state and the Fermi energy
at a temperature of 73 = 110 Kand T, = 150 K [Fig. 6.15(c,d)]. This intensity consists mostly of
the polaronic tail, but for electron-polaron interactions taking place there must be still a only
slightly filled band at the Fermi energy. Despite the difference in the initial band structure,
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the behavior with temperature is in certain aspects similar to the temperature dependent
measurements of the vicinal surfaces discussed in Sec. 6.1.3. Especially the behavior of
the Ti 3p core level and the valence band are similar. The in-gap state consist only of one
contribution at a binding energy of 1.2 eV that loses intensity with temperature. The absence of
the higher binding enegy in-gap state, observed for the vicinal surfaces and for bulk STO, is due
to the absence of the responsible lattice defects in the films grown by PLD. More specifically
the Sr and Ti defects that are held responsible for the second in-gap states [250] are not present
in the grown films. Due to the similarities with the vicinal surfaces, the possible mechanisms
responsible for the observed altering and shift of the band dispersion with temperature are
expected to be the same as discussed in Sec. 6.1.3.

6.2.3 Altering of the band structure by Ba doping

In bulk STO crystals, ferroelectric properties can be induced by partially exchanging Sr with Ba.
With the resulting lattice strain, the transition temperature of the bulk crystals of Ba,Sr;_,TiO3
with a Ba doping content of x=0.07 is distinguished to be around 50 K, whereas for a doping
content of x=0.1 the transition temperature is at approximately 75 K [172, 258]. However, the
ferroelectric properties of films can be vastly different than of bulk systems. Although the
grown film are expected to be unstressed if the lattice constant of Ba,Sr;_,TiO3 is considered
to be unchanged compared to STO for these low doping contents, effects related to the film
growth are expected as discussed in the section before.

The ARPES measurements for the grown film with different Ba content are displayed in
Fig. 6.16. The two samples show metallic states with a very similar, circular Fermi surface
[Fig. 6.16(a-d)] and a band structure with intensity connecting the metallic states to the in-gap
state. The dispersions have close similarities to the measurments obtained for STO thin films
(see Fig. 6.14 for comparison). Indeed the free-electron-like parabola with a band bottom of
60 meV and an effective mass of m* = m, also displayed in 6.14(f,j) for the thin films is in good
agreement with the observed dispersion for the Ba doped STO films [see Fig. 6.16(j-m)]. There
is also no indication of bands elongated in TX-direction that could be associated with the 3D
dispersing d./dy, bands. The observed state can therefore be attributed to the 2D d, bands
observed in these systems. The 2D curvature [234] further shows the presence of polaron
replicas of the 2D state, separated by approximately 100 meV [54, 201]. The ample similarities
between the measurements performed on thin films of STO with the measurements on Ba
doped STO films let us conclude that the film related properties have considerable stronger
effects on the formation of the 2DEG than the Ba doping.

The evolution of the band structure with temperature is of particular interest in the Ba, Sr;_, TiO3
system, due to the allocation of the para- to ferroelectric phase transition in the covered tem-
perature range. The measurements for the lower doped film with a Ba doping of 7% (Fig. 6.17)
show a small reduction of kr at the first elevated temperature of T, = 80 K [Fig. 6.17(j,1)]. Ata
temperature of T3 = 140 K, the metallic states completely disappear and reappear again after
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Figure 6.16 — Comparison of Ba,Sr;_,TiO3 for two different dopings. (a,b) ARPES Fermi
surfaces with s-polarized photons of hv = 47 eV energy with a doping of x=0.07 (a) and x=0.1
(b). Corresponding band structure (e,f) and 2D curvature (j,k) with indicated free-electron-like
dispersion (fit by eye). (c,d) Fermi surfaces with hv = 83 eV, circularly polarized photons for
the two dopings with (g,h) band structure and (I,m) 2D curvature.

cooling back to the initial temperature. As for in the other temperature dependent measure-
ments of oxides discussed in this thesis, the system does not recovery completely after the
temperature cycle, indicating non reversible structural changes induced by the combination
of UV irradiation and rised temperatures.

The temperature dependent measurements of the film with 10% Ba doping, depicted in
Fig. 6.18, shows a similar behavior as the lower doped film. With elevating temperature
the kr of the 2DEG is gradually reduced. At a temperature of 75 = 150 K the signature of
the metallic state is barely recognizable in the band dispersion. This indicates that there
is a difference in the temperature dependent mechanisms for the two different Ba dopings.
Due to the second order nature of the para- to ferroelectric phase transition the observed
gradual change with temperature could be related to ferroelectric properties. The ferroelectric
phase transition implies changes in the dielectric constant [120, 258] that show a tip at the
phase transition temperature and is then decreasing with rising temperatures. This decrease of
dielectric constant with temperature is also observed for undoped STO with the peak of a phase
transition missing [258]. Therefore the altering of the dielectric constant and consequently
the band bending could be an explanation of the similar behavior with temperature of the
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Figure 6.17 — Temperature dependent measurements of the Bag ¢7Sr(.93TiO3 film with hv =
83 eV, s-polarized light. (a-d) ARPES band structure at I'pg and (e-h) ARPES band structure at
I'yp for the indicated temperature. (j,I) MDCs at the Fermi energy and (k,m) EDCs for the two
I'-points.

measured compounds. In the two Ba doped systems, the higher dielectric constant of the
x=0.1 sample around 150 K due to the higher phase transition temperature is a possible
explanation for the still present 2DEG at T5 = 150 K. After the elevated temperature, however,
the higher doped sample behaves in the same way as lower doped or undoped one and does
not completely recover to the initial state.

An other view on the mechanisms taking place with increasing temperature can be gained
by the core level intensities measured at the different temperatures at normal emission and
an emission angle of 8 = 45° (see Fig. 3.3 for a sketch of the setup) for the two samples. The
measurements at the higher emission angle are more surface sensitive due to the limited
escape depth of the photoelectrons. The results of the x=0.07 and x=0.1 doped Ba,Sr;_,TiO3
films are displayed in Fig. 6.19 and Fig. 6.20. The shown XPS intensities of the core levels
have a Shirley background removed to account for the increase in secondary electrons at
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Figure 6.18 — Temperature dependent measurements of the Bag 1 Sro 9 TiO3 film with Av =83 eV,
s-polarized light. (a-d) Measured band stucture at Tgg for the indicated temperatures with
corresponding MDCs (j) at the Fermi energy and EDCs (k). (e-h) Band structure for the T'o
point with MDCs (1) and EDCs (m) at the same temperatures as (a-d).

the peak position. However, the removel for the Sr 3d corelevel and the Ba 4d corelevel are
not ideal, since the Sr 3d corelevel is on the rising intensity tail of the secondary electrons
(hv =170 eV) and the Ba 4d corelevel is very low in intensity. Fig. 6.19(j,k) and Fig. 6.20(,k)
summarize the results of a peak fitting with Gaussian peaks for the Sr 3d, Ba 4d and Ti 3p core
levels. In Figs. 6.19, 6.20(j) the percentage of the elements peak on the total peak intensity
(Itotal = Isr 34 + Ipa aa + I1i 3p) is plotted as a function of tempearture for the two emission
angles. Figs. 6.19, 6.20(k) focus on the peak contribution of the lower intense Sr-shoulder, the
Ti 3+ peak and the bulk Ba peak [see arrows in Figs. 6.19, 6.20(a,b,c)] to the Sr 3d, Ti 3p and
Ba 4d core levels respectively.

The Sr 3d, Ba 4d and Ti 3p peak maximas all exhibit a shift to lower binding energies with
temperature of approximately 300 meV. In the valence band, this shift is also present but with
250 meV slightly smaller. A similar shift can also be observed for the temperature dependent
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Figure 6.19 — Sr 3d, Ba 4d, Ti 3p and VB photoemission intensity for Bag g7Srg.93TiO3 as a
function of temperature, measured with hv = 170 eV for normal emission (a-d) and for an
angle of 8 = 45° (e-h). (j) Percentage of the Sr 3d, Ti 3p and Ba 4d core level area on the
combined peak area of these three core levels. (k) Percentage of the Sr shoulder on the Sr 3d
core level, of the Ti 3" shoulder on the Ti 3p core level and of the bulk Ba peak on the Ba 4d
core level.

measurements on the vicinal surface (Fig. 6.9). For both films only one in-gap state is observed
in contrast to the vicinal substrate, indicating a different Sr and Ti vacancy formation. The
contribution of the elements peak area to the total peak area [Figs. 6.19, 6.20(j)] shows no
significant evolution with temperature. The Ti 3p corelevel shows lower contribution to the
total intensity at normal emission than 8 = 45°. This is contrary to the Sr 3d intensity indicating
a TiO, termination of the grown films. The Ba 4d core level intensity is higher for 6 = 45° than
normal emission over the whole temperature range for the two films. A possible explanation
for this is a non uniform distribution of Ba atoms in the film or a possible clustering of Ba at
the surface.

The Ba 4d core level consist out of two doublets split by 2.7 eV and separated by 1.8 eV
from each other. Whereas for the BTO films the doublet at lower binding energy was more
intense [see Sec. 5.1, Fig. 5.1(e)], the core levels of Ba doped STO films show an inverted
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Figure 6.20 — Core levels photoemission intensity measured with hv =170 eV as a function of
temperature of the Bag ;Srg 9TiO3 film measured at normal emission (a-d) and 6 = 45° (e-h).
(j) and (k) peak area analysis obtained the same way as Fig. 6.19(j,k).

behavior. In literature the peak at lower binding energy is associated with bulk Ba [labeled in
Figs. 6.19, 6.20(b)] whereas the peak at higher binding energy is attributed to undercoordinated
Ba [229-231]. The fraction of the bulk Ba on the Ba 4d core level is around 10% for all the
temperatures and only visible at normal emission, confirming its location in the bulk of
the films. These observations match with the presence of excess Ba at the film surfaces.
The resulting altered stoichiometry of the sample would consequently also affect possible
ferroelectric properties. However, photo electron spectroscopy only offers limited possibilities
to study the spatial location of elements in a crystal lattice.

The peak of the Ti 3p core level has a shoulder on the low binding energy side that is associated
with Ti 3* ions. Their existence is commonly explained by the presence of oxygen vacancies
Ti 3" ions or could also be related to a structural rearrangement of the surface Ti for example
from a octahedral to a tetrahedral configuration. The ratio of approximately 40% of the Ti 3"
on the total Ti 3p peak area is similar for the two emission angles. Therefore their presence
is not restricted to the surface but rather uniform in the probed area. With temperature the
fraction of Ti 3* ions is reduced to about 15% around 150 K and only partially recovered after
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cooling the samples back to the initial temperature. This behavior can be explained by two
mechanisms; a reduction in oxygen vacancies or a change in the crystal arrangements and
bonds.

An indication for atomic rearrangement can also be found in the evolution of the Sr 3d core
level. Additionally to the intense, split doublet with a separation of approximately 2 eV a low
intense shoulder is visible indicating the existence of a second doublet, shift by 1.2 eV to higher
binding energy. This second doublet is also observed for bulk STO [61] and is suggested to be
an indication of the formation of SrO at the surface. The fraction of this Sr shoulder is constant
over the temperature range for the measurements at normal emission. At an emission angle of
0 = 45°, however, a sudden increase is observable around a temperature of 100 K. With the
unchanged fraction of the Sr shoulder in the measurements at normal emission, this indicates
the formation of SrO at the surface at this temperature. After cooling the sample back to the
initial 20 K the area of the Sr shoulder stays constant. This associated changes are therefore
not reversible and could offer an explanation for the also non reversible behavior of the 2DEG.
The formation of SrO at the surface would likely alter the possible ways of surface relaxation
and therefore could alter the 2DEG formation. Due to the low intensity of these SrO related
shoulder, more detailed experiments are necessary to make final conclusion. Further it is
unclear if the effects are related to the Ba doping or if similar effects also take place in bulk
STO.

6.3 Conclusion

In this chapter, three different approaches to manipulate the 2DEG formation at the STO
surface were presented. Step edge density on vicinal surfaces, STO thin films grown on STO
substrates and Ba doping to induce a ferroelectric phase. In this approaches two mechanism
play a key role, the deformation of the TiOg octahedron, responsible for the splitting between
the 2D d,y bands and the 3D d./d,; bands and the band bending affecting the filling of the
Ti 3d states.

The vicinal substrates show a reduction of the splitting between the d and the d,./d,, bands
from the literature value of 180 meV for STO to 80 meV at the surface of the sample with 44A
terrace size and to 60 meV for the 22 A terrace size sample. This change is attributed to a
changed surface relaxation due to the step edges, reducing the tragonal distortion of the TiOg
octahedron. Apart from this, the altered electron affinity of the surface due to the presence of
step edges is expected to reduce the surface band bending, causing the observed shift of the
dy/dy. bands to lower binding energies. With temperature the bottom of the band of the d,
bands gradually shifts to lower binding energies indicating an altering of the band bending as
well as the distortion of the octahedron.

The STO thin films, grown on Nb:STO substrate show a band dispersion different from bulk
STO but similar for the measured films of 3 uc, 5 uc and 20 uc thickness. The 3D dy./d,
bands are not present in the dispersion. The 2DEG is therefore the only band contributing
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to the metallic properties of the system with a band bottom at approximately 60 meV. The
increased effective mass is indicating an altered Ti-O-Ti bond angle. The most striking effect
responsible for the different formation of the band structure of STO films compared to bulk
STO is likely a change in dielectric constant. This, together with an altered defect density in
grown films will alter the band bending at the vacuum interface.

As a last example, results of films of Ba doped STO were presented. In bulk STO already a
small amount of Ba doping induces a ferroelectric phase at low temperatures. The band
structure of the two studied Ba,Sr;_,TiO3 films with x=0.07 and x=0.1 are similar to the bands
observed for STO thin films and lack the presence of the 3D d../d,. bands. With temperature
a different behavior is observed. Whereas the lower doped sample has no bands presence at a
temperature of 140 K the higher doped sample still has indications of bands at a temperature
of 150 K. A possible reason for this altered behavior could be the different evolution of the
dielectric properties with temperature due to the different ferroelectric transition temperatures
of the two films. In order to make more profound statements on the effect of ferroelectric
properties and their impact on the 2DEG formation, measurements proving the existence
of a ferroelectric phase in the grown films at low temperature would be necessary. The
XPS measurements show the presence of under coordinated Ba at the film surfaces. In the
temperature cycle a not reversed increase in peak intensity of a higher binding energy Sr
species is observed. Likely this peak intensity can be attributed to SrO and is a possible
reason for the altered band structure after the temperature cycle. However, spatially resolved
techniques would be necessary to make conclusive statements about surface ad-atoms and
their evolution with temperature.
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Oxide materials are considered as valuable candidates to find new possibilities for applications
in electronic devices due to the broad range of observed properties. The two-dimensional
states found at the interface and surfaces of titanates are of particular interest. With the
various bulk properties of titanates, they offer a playground to obsere the interaction of these
properties with the formation of the two-dimensional states. Furthermore, the mechanism
responsible for the formation of the two-dimensional states can be explored and manipulated
through the surface and bulk properties. The goal of this thesis was to find different approaches
to manipulate the formation of the two-dimensional electron gas (2DEG) at the surface of
titatantes with perovskite structure. On one hand this was done by observing the states at
materials with different ferro- and dielectric properties and on the other hand by altering the
surface lattice arrangements and relaxations.

In the first part of the thesis it was shown that the existence of a 2DEG can be extended
from the well known STO surface to the related compound CaTiOs. At low temperatures
CTO shows, like STO and KTaO3 a quantum paraelectric behavior. The CTO films, grown
by pulsed laser deposition exhibit a symmetry given by the pseudo cubic unit cell of the
bulk orthorhombic perovskite. The film alters its surface reconstruction under irradiation
with UV-light from a c(4x2) to a p(2x2) symmetry. At the surface of the CTO films, a 2DEG
is present that is only of dy, character and shows folded Fermi surfaces according to the
reconstruction. The band bottom of the state is around 400 meV and has an effective mass of
0.4- me. Whereas the band bottom of the CTO dy, band is higher, its effective mass is lower
compared to the dy, bands of STO. The 2DEG further shows a splitting into two subbands that
could possibly be Rashba-like. Spin-resolved ARPES measurements are necessary to clarify
the spin polarization of the two subbands. The absence of d,./d, . bands indicates a strong
tetragonal distortion of the TiOg octahedron, altering the crystal field splitting, whereas the
binding angle between the octahedrons is more straight than for STO according to the bands
effective mass. Therefore, the surface of the CTO film is clearly different from the bulk CTO
with its orthorombic structure and the strongly altered binding angles. The affinity of the
metallic states to the reconstruction open ways to further manipulate the system by different
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substrates and surface terminations with the goal to achieve an overlap of neighboring Fermi
surfaces. This could lead to a hybridization of the possibly spin-polarized bands. Furthermore
with the existence of a 2DEG at the surface of CTO, experiments to explore the phase space of
CTO - STO intermixture with its (anti-)ferroelectric properties are feasible.

In BTO the ferroelectric properties of the material affect the observed band dispersion in a
drastic way. The ferroelectric properties of PLD grown BTO films are explored with piezore-
sponse force microscopy. The films have no intrinsic ferroelectric domains of resolvable size,
but regions with increased out-of- and into-the-plane polarization can be written. However,
the surface cannot be polarized completely along this axis, indicating the presence of strain-
locked in-plane domains. The presented ARPES measurements reveal that the BTO vacuum
surface also hosts a two-dimensional state. The intrinsic electric fields in in-plane direction,
originating from the ferroelectric, in-plane locked tetragonal domains, are responsible for a
Wannier-Stark localization of the conduction band electrons. This localization of the electrons
in the unit-cell of the crystal smears the bands along the electric field direction in reciprocal
space. The mixture of domains present, lead to smearing of the band dispersion along both
high-symmetry T'X directions and out-of-plane polarized domains possibly also lift the spin-
degeneracy of the bands. The Wannier-Stark localization is also observable in overlayers of 3
unit cells of STO deposited on top of the BTO film and is reduced as a function of film thickness.
The electric field responsible for the localization in the STO overlayer could be the electric
field of the BTO underneath or it could originate from ferroelectric properties induced in the
thin STO layer by strain. By the help of BTO films with preferred polarization directions or the
possibility of an in-situ polarization of the films the interaction of the ferroelectric field with
the two-dimensional state could be further explored. Under uniform in-plane polarization,
the effects of the Wannier-Stark localization of the surface states on their transport properties
could be studied. A completely out-of-plane ferroelectric polarization is expected to alter the
Rashba-like splitting of the d, . For high enough splittings, a single spin polarized band would
form the Fermi surface.

The effect of an altered surface arrangement on the 2DEG at the STO surface was investigated
by the help of vicinal STO substrates. With increasing step density, the band bottom of the
dyxy band is shifting to higher binding energies. This shift is not represented in the heavy
dy./dy; bands and is therefore due to an altered distortion of the TiOg octahedron affecting
the splitting between the dy and dy./d,, bands. This is a direct indication of an altered
surface relaxation that can be controlled by the step-density. With rising temperature the
separation between the dy and d../dy. bands is further reduced, accompanied by a rigid
shift likely due to altered dielectric properties with temperature affecting the surface band
bending. At 150 K, the bands are not visible anymore and the vicinal substrate turns insulating.
After cooling back to 20 K, the bands are not fully recovered to the initial state similar as
observed for BTO. The presence of a second in-gap state at a binding energy of 2.8 eV, indicates
a different type of defects, likely related to Sr or Ti, in the commercial substrates that is not
present in PLD grown films.
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STO thin films grown on Nb doped STO substrates show metallic states only consisting of a two-
dimensional dyy band with a band bottom of approximately 60 meV. There is no indication of
the dy./dy, that are present at the surface of STO substrates. The two-dimensional bands of
the STO films show a higher effective mass, compared to the STO substrates which indicates
and altered bonding angle between the TiOg octahedron. The lower binding energy of the d,
band can be due to an changed octahedron distortion or a different surface band bending.
The band bending is likely affected by the different dielectric properties of STO films and the
altered defect density of PLD grown films compared to STO substrates. The d, bands show no
indication of a Rashba-like splitting. This implies that the splitting is either reduced below the
resolving power or only the dy, band with higher binding energy is filled, resulting in a single,
spin-polarized band formin the Fermi surface. Spin-resolved measurements are necessary
to clarify this. Also here the existence of a single spin-polarized band in combination with
the superconducting properties of STO at low temperatures could be a platform to observe
Majorana fermions.

A similar band dispersion as for the STO thin films is also measured for 20 uc thick PLD
grown films of Ba doped STO. Bulk crystals with Ba doping are reported to exhibit ferroelectric
properties at low temperatures. The two investigated films with a doping of 7 % and 10 %
Ba respectively show a similar band structure at low temperature but behave different with
rising temperature. For the lower doping, with a ferroelectric phase transition for the bulk
material reported to be at 50 K, the sample shows no more conducting states at a temperature
of 140 K, whereas for the higher doping with a bulk transition temperature of 75 K, faint
states are still present at 150 K. The different transition temperatures is likely due to a different
behavior of the dielectric constant with temperature that is expected in relation with the altered
ferroelectric properties. Emission angle and temperature dependent XPS measurements show
the presence of under coordinated, likely excess Ba at the surface of the thin films. Therefore
the stoichiometry of the films is not uniform and does not represent the composition of the
PLD target exactly. Further experiments to distinguish the ferroelectric properties of the grown
films at low temperatures would be necessary. This could be for example low temperature
PFM measurements or measurements of the dielectric behavior. In future experiments Ba
doped bulk STO substrates could be measured, that likely achieve a better stoichiometry and
are also expected to exhibit a different dielectric behavior than films as observed for the STO
films.

For both samples the state is not completely recovered after cooling back to the initial tem-
perature, similar to the observations for BTO and vicinal STO. A non reversible change is also
observed on the Sr corelevels. They exhibit a change in lineshape that is likely due to excess
Sr or SrO at the surface formed at elevated temperature under UV irradiation. The onset of
this change is in the region of the tetragonal phase transition of the STO substrate. Therefore
the observed changes in the 2DEG band structure after the temperature treatment could be
related to an altered surface ordering and quality. Further measurements on other system
would have to clarify if this effect is only observed for the Ba doped STO films or is of a general
nature. This findings could also be supported by spatial resolved techniques as photoemission
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electron microscopy (PEEM) or non contact AFM, identifying the nature of the Sr species that
are formed at the surface at elevated temperatures under UV irradiation.

The findings of the vicinal substrates, the STO films and the Ba doped STO films directly show
possible ways to alter the formation of the STO 2DEG. The formation of the 2DEG is sensitive
to the surface structure and relaxation and the splitting can be lowered by allowing the surface
to relax. This relaxation could also be affected by inducing compressive or tensile strain in thin
STO films or by external stress on STO substrates. Of crucial role for the formation of the 2DEG
is the surface band bending that controls the band filling. The extend of the band bending
is linked to the dielectric properties of the material. Due to the crucial role of the surface
arrangement, in-sifu techniques to measure the dielectric properties of thin films could clarify
this. Combining the ability of the existing ARPES system with the in-situ PLD growth chamber
with additionally a PFM system would give the possibility to investigate the ferroelectric
properties of the grown systems at the conditions of the ARPES measurements. This would
be particularly interesting for bulk ferroelectric systems as BTO but also for the quantum
paraelectric CTO and STO were surface ferroelectric properties could exist. Unclear is also
the effect of the UV irradiation on the ferroelectric properties. Possible is for example that the
light locally induces ferroelectric properties and/or writes the already ferroelectric surface.
The possibility of in-situ PFM could also address this question by having the possibility to
change between ARPES and PFM and track the light induced changes.

The transition metal oxides are interesting due to their interplay of spin, lattice, charge and
orbital degree of freedoms. In this thesis mainly the lattice degree of freedom was touched,
resulting in effects on the charge and orbital degree of freedom and likely also the spin. Due
to the properties of the investigated titanates there were already numerous effects on the
formation of the two-dimensional states observed as a result of the small changes of the lattice
degree of freedom. The mutual interaction of these properties gave rise to new observations as
Wannier-Stark localization and gives access to the responsible mechanisms of the formation
of the two-dimensional surface state. The phase space to explore in titanates is vast and only a
small portion of its was accessed by this thesis, giving a perspective on the possibilities that
are still undiscovered.

Apart from the projects on oxides, covered in this thesis, the thesis author collaborated closely
in two projects. The first project focused on the spin-texture of the Fermi arc of the Weyl
semimetal TaAs [259]. The Fermi arc shows a chiral spin-texture that indicates the existence of
topological nontrivial states in TaAs. The second project is the ferroelectric a-GeTe that shows
multiferroic properties by Mn doping [77, 260]. In the undoped case, a-GeTe exhibits a Rashba
splitting of its bulk bands due to the noncentrosymmetric lattice structure. Under Mn-doping
the degeneraxy at the I'-point is lifted due to the magnetic moments. The spin polarization of
the bands at the I'-point can be controlled by external magnetic fields. Further experiments
are performed to explore the multiferroic properties by observing the spin polarization with
applied electric fields.
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