
Aus dem Institut für Physik
Universität Freiburg (Schweiz)

Infrared ellipsometry study of the lattice and charge dynamicsin bulk SrTiO3, thin SrTiO3 films, and LaAlO3/SrTiO3heterostructures

INAUGURAL–DISSERTATION

zur Erlangung der Würde eines
Doctor rerum naturalium

der Mathematisch-Naturwissenschaftlichen Fakultät
der Universität Freiburg in der Schweiz

vorgelegt von
Matthias Steffen Rössle
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Abstract

Strontium titanate (SrTiO3) is a material which is often used as a substrate material for the growth of
thin film samples. The material exhibits a variety of interesting physical properties which determine
the fascinating effects observed in heterostructure samples based on SrTiO3. In this thesis, which is
divided into three parts, is concerned with the investigation of particular properties of SrTiO3 and
SrTiO3-based heterostructures using the optical spectroscopic technique ellipsometry.

The first part of this thesis is concerned with an infrared ellipsometry study of the dielectric
properties of SrTiO3 over a broad range of energies and temperatures. SrTiO3 is an incipient
ferroelectric material, that is, it has a ground state which is close to ferroelectricity but quantum
fluctuations inhibit the phase transition. Crystals of SrTiO3 therefore remain in a quantum paraelectric
state down to the lowest temperatures. Nevertheless, a ferroelectric phase can be easily induced,
for example by an external electric field, external mechanical pressure, internal pressure through
chemical doping, or an exchange of 16O with 18O. The latter is believed to suppress the quantum
fluctuations at low temperatures. In this work it is shown that the signatures of such an induced
ferroelectric transition can be identified in the optical response of SrTi18O3 crystals. The ferroelectric
transition gives rise to an anomalous splitting of the so-called rotational phonon mode (R-mode) at
438 cm−1. This phonon becomes infrared active in the tetragonal phase of SrTiO3 below 105 K and
involves a rotation of the oxygen octahedra in the perovskite unit cell. In SrTi18O3 however, this
phonon exhibits a characteristic splitting in the ferroelectric phase below TCurie ≈ 23 K that arises
from the polar displacement of the Ti ions away from the central position of the TiO6 octahedra. In
addition, the lowest direct interband transition of SrTi18O3 at about 3.7 eV shows an anomalous
softening that is induced by the ferroelectric transition. It is also shown that these aforementioned
anomalies do not appear in the paraelectric material SrTi16O3 and thus are characteristic signatures
of a ferroelectric transition.

In the second part, the influence of strain on SrTiO3 has been investigated using thin films
which have been grown under tensile strain on DyScO3 substrates and under compressive strain
on (LaAlO3)0.3−(Sr2AlTaO6)0.7 substrates. The far-infrared ellipsometry spectra turned out to be
difficult to analyse and interpret because of the weak response of the very thin SrTiO3 films and
also because of the strong optical anisotropy of the DyScO3 substrate. However, the UV/VIS spectra
of the films show a similar behaviour as observed in bulk SrTi16O3 and SrTi18O3 samples. The
films under tensile strain exhibit a characteristic minimum of the lowest interband transition energy
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close to room temperature which indicates that their ferroelectric phase transition temperature is
strongly enhanced. The spectra of the film samples which are compressively strained do not show
any signatures of a phase transition into the ferroelectric state.

In the last chapter, the response to an external electric gate voltage in heterostructures consisting
of a thin LaAlO3 layer grown on top of a SrTiO3 substrate has been investigated by ellipsometry,
X-ray diffraction, and transport measurements. A sample with a thickness of the LaAlO3 layer of 3
unit cells remains insulating while for a sample with 5.5 unit cells a conducting electron liquid exists
at the interface between the two insulators. The field-effect samples have been provided by the
group of Prof. J. Mannhart at the University of Augsburg and have been structured by a standard
lithography process to allow an electrical connection to the interface from the sample surface. With a
gate voltage between −250 V ≤ Ug < +250 V, an electric field is created between the backside of
the SrTiO3 substrate and the grounded interface region. This gate voltage allows to tune the charge
carrier concentration at the interface and even to switch the samples from a metallic (insulating)
state into an insulating (metallic) state, depending on the LaAlO3 layer thickness. It has turned
out that a clear voltage-dependent change of the so-called Berreman mode could not be observed
in these samples. However, a structural distortion develops at temperatures below 50 K and gives
rise to a hysteretic and unipolar voltage-dependent shift of the longitudinal-optical energy edge of
the SrTiO3 substrate that is closely related to the so-called soft mode. The observed anomalous
changes of the R-mode of the SrTiO3 substrate provide evidence for a pyroelectric transition in a
relatively thick (≈ 1 micrometre) SrTiO3 layer next to the LaAlO3/SrTiO3 interface. This effect is
most pronounced in the metallic 5.5 unit cell sample and absent in a control sample without a LaAlO3
layer. The anomaly of the R-mode in the LaAlO3/SrTiO3 heterostructures is observed only in the
insulating state of the interfacial electron liquid at negative gate voltages. Voltage-dependent THz
and mid-infrared ellipsometry measurements support this picture by the observation of an optical
anisotropy of the soft mode in the interface region which is manifested in different in-plane and
out-of-plane eigenfrequencies at positive and negative gate voltages with and without a polar order
at the interface, respectively. In high-resolution hard X-ray diffraction experiments, superstructure
reflexes are observed close to a fundamental Bragg reflex of SrTiO3. Such satellite peaks are
attributed to a long-range stripe domain structure with a varying polarisation of adjacent stripes
that have a width of about 60 nm. These domains form in the pyroelectric state at negative gate
voltages in order to reduce the electric stray fields due to the polarisation of the near interface
region. Field-dependent transport measurements indicate that the polar order is closely related to
a localisation of the interfacial charge carriers at low temperature. They show that the resistance
exhibits a similar temperature and hysteretic voltage behaviour as the pyroelectric order which
implies that the charge carrier localisation at negative gate voltages is triggered or at least strongly
influenced by the polar order at the interface.
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Zusammenfassung

Strontiumtitanat (SrTiO3) ist ein Material, das oft als Substrat für das Wachstum dünner Filme
verwendet wird. Dieses Material ist durch eine Grosszahl an interessanten physikalischen Eigen-
schaften ausgezeichnet, die die beobachteten, faszinierenden Effekte in Heterostrukturen auf Basis
von SrTiO3 bestimmen. In dieser Arbeit, die in drei Teile gegliedert ist, werden ausgewählte Ei-
genschaften von SrTiO3 und SrTiO3-basierenden Heterostrukturen mit Hilfe der spektroskopischen
Technik Ellipsometrie untersucht.

Der erste Teil dieser Arbeit befasst sich mit der Untersuchung der dielektrischen Eigenschaften
von SrTiO3 mittels Infrarot-Ellipsometrie in einem grossen Energie- und Temperaturbereich. SrTiO3
ist ein inzipient-ferroelektrisches Material was bedeutet, dass es einen Grundzustand besitzt,
der nahe einer ferroelektrischen Instabilität liegt, Quantenfluktuationen den Phasenübergang
aber verhindern. SrTiO3 Kristalle verbleiben daher bis zu sehr tiefen Temperaturen in einem
quantenparaelektrischen Zustand. Dennoch kann eine ferroelektrische Phase leicht induziert werden,
zum Beispiel durch ein äusseres elektrisches Feld, externen mechanischen Druck, inneren Druck
durch chemische Dotierung oder durch den Austausch von 16O durch 18O. Man nimmt bei Letzterem
an, dass dies die Quantenfluktuationen bei tiefen Temperaturen unterdrückt. In dieser Arbeit wird
gezeigt, dass die Merkmale einer so induzierten ferroelektrischen Phase in der optischen Antwort
von SrTi18O3 Kristallen identifiziert werden können. Der ferroelektrische Übergang führt zu einer
anormalen Aufspaltung der sogenannten Rotationsmode (R-Mode) bei 438 cm−1. Dieses Phonon
wird unterhalb 105 K in der tetragonalen Phase von SrTiO3 infrarotaktiv und geht mit einer Rotation
der Sauerstoffoktaeder in der Perowskit-Einheitszelle einher. In SrTi18O3 zeigt dieses Phonon
in der ferroelektrischen Phase unterhalb von TCurie ≈ 23 K eine charakteristische Aufspaltung,
die von der polaren Verschiebung der Ti Ionen aus der zentralen Position der TiO6 Oktaeder
herrührt. Zusätzlich weist der niedrigste direkte Bandübergang von SrTi18O3 bei ungefähr 3.7 eV
ein Energieminimum auf, das durch den ferroelektrischen Übergang induziert wird. Es wird zudem
gezeigt, dass keine der zuvor genannten Anomalien in dem paraelektrischen Material SrTi16O3
auftreten und somit charakteristisch für einen ferroelektrischen Übergang sind.

In dem zweiten Teil wurde der Einfluss mechanischer Spannungen auf SrTiO3 mit Hilfe dünner
SrTiO3 Schichten untersucht, die unter Zugspannung auf DyScO3 und unter Druckspannung auf
(LaAlO3)0.3−(Sr2AlTaO6)0.7 Substraten aufgewachsen wurden. Die Analyse und Interpretation der
Ellipsometriemessungen im fernen Infrarot hat sich wegen der schwachen Antwort der sehr dünnen
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SrTiO3 Filme und auch wegen der starken optischen Anisotropie des DyScO3 Substrates als
schwierig erwiesen. Die UV/VIS Spektren der Filme zeigen dennoch ein ähnliches Verhalten wie es
in den SrTi16O3 und SrTi18O3 Proben beobachtet wurde. Die Filme unter Zugspannung weisen ein
charakteristisches Energieminimum des niedrigsten Interbandüberganges nahe Raumtemperatur auf,
was nahelegt, dass die ferroelektrische Phasenübergangstemperatur stark erhöht ist. Die Spektren
der Filme unter Druckspannung zeigen keine Anzeichen eines ferroelektrischen Phasenübergangs.

Im letzten Kapitel wurde die Antwort von Heterostrukturen, die aus einer dünnen LaAlO3
Schicht auf einem SrTiO3 Substrat bestehen, auf eine elektrische Spannung mit Ellipsometrie,
Röntgenbeugung und Transportmessungen untersucht. Eine Probe mit einer LaAlO3 Schichtdicke von
3 Einheitszellen ist isolierend wohingegen eine Probe mit einer Schichtdicke von 5.5 Einheitszellen
eine Elektronenflüssigkeit an der Grenzfläche zwischen den beiden Isolatoren aufweist. Die Proben
für die Feldeffekt-Versuche wurden von der Gruppe von Prof. J. Mannhart an der Universität
Augsburg zur Verfügung gestellt und mit Hilfe eines üblichen Lithographieprozesses so strukturiert,
dass eine elektrische Verbindung zu der Grenzfläche von der Probenoberseite her möglich ist.
Mit einer Gatespannung zwischen −250 V ≤ Ug < +250 V wird ein elektrisches Feld zwischen
Probenrückseite und der geerdeten Grenzfläche erzeugt. Diese Gatespannung ermöglicht es, die
Ladungsträgerkonzentration an der Grenzfläche zu verändern und die Proben je nach Dicke der
LaAlO3 Schicht von einem metallischen (isolierenden) in einen isolierenden (metallischen) Zustand
zu überführen. Es hat sich herausgestellt, dass keine eindeutige spannungsabhängige Änderung der
sogenannten Berreman-Mode in diesen Proben beobachtet werden konnte. Dennoch entwickelt
sich unterhalb 50 K eine strukturelle Verzerrung, die mit einer hysteretischen und unipolaren,
spannungsabhängigen Verschiebung der longitudinal-optischen Kante des SrTiO3 Substrates
einhergeht, welche eng mit der sogenannten Softmode verknüpft ist. Die beobachteten anomalen
Änderungen der R-Mode des SrTiO3 Substrates legen einen pyroelektrischen Übergang einer
vergleichsweise dicken SrTiO3 Schicht (ungefähr 1 Mikrometer) an der LaAlO3/SrTiO3 Grenzfläche
nahe. Dieser Effekt ist am deutlichsten in der 5.5 Einheitszellen Probe ausgeprägt und tritt in
einer Probe ohne LaAlO3 Schicht nicht auf. Die Anomalie der R-Mode in den LaAlO3/SrTiO3
Heterostrukturen wird nur im isolierenden Zustand der Elektronenflüssigkeit an der Grenzfläche
bei einer negativen Gatespannung beobachtet. Spannungsabhängige THz- und Mittelinfrarot-
Ellipsometriemessungen unterstützen dieses Bild durch die Beobachtung einer optischen Anisotropie
der Softmode in Grenzflächennähe, die durch unterschiedliche Eigenfrequenzen in der Ebene und
ausserhalb der Ebene bei negativer und positiver Gatespannung, entsprechend mit und ohne
polare Ordnung, ausgezeichnet ist. In hochauflösenden Röntgenbeugungsexperimenten wurden
Überstrukturreflexe nahe eines fundamentalen Bragg-Reflexes von SrTiO3 beobachtet. Solche
Satellitenreflexe werden einer langreichweitigen, streifenförmigen Domänenstruktur zugeordnet, in
der sich die Polarisation in benachbarten, 60 nm breiten Streifen ändert. Diese Domänen entstehen
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im pyroelektrischen Zustand bei negativer Gatespannung, um die elektrischen Streufelder aufgrund
der auftretenden Polarisation der Grenzfläche zu verringern. Feldabhängige Transportmessungen
legen nahe, dass die polare Ordnung bei tiefen Temperaturen eng mit einer Lokalisation der
grenzflächennahen Ladungsträger verknüpft ist. Diese Messungen zeigen, dass der Widerstand eine
ähnliche Temperatur- und hysteretische Spannungsabhängigkeit aufweist wie die pyroelektrische
Ordnung, was bedeutet, dass die Ladungsträgerlokalisation bei negativen Gatespannungen von der
polaren Ordnung eingeleitet oder zumindest stark beeinflusst wird.
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1 Optical response of matter and spectroscopic

ellipsometry

Ellipsometry is an optical spectroscopy technique which uses electromagnetic (EM) radiation for
probing the complex dielectric function of matter. Depending on the energy of the photons used
in an experiment, optical spectroscopy – and in particular ellipsometry – is a versatile tool to
investigate different types of solid state physics:
• response of conducting electrons in the far-infrared (FIR) range, usually encountered between

10 and 1000 cm−1 (1 meV to 124 meV)
• determination of superconducting gaps with sizes on the order of a few hundred wavenumbers

or tens of meV; similarly, charge density wave or spin density wave gaps can be detected
which exhibit similar gap sizes mostly at the higher energy end of the FIR regime
• investigation of phonons which are observed in the spectral range between 50 and 3000 cm−1

(6 – 372 meV), depending on the masses of the vibrating atoms/ions, their bonding, and their
chemical and crystallographic environment
• interband transitions which occur at energies of several 10000 cm−1 or several eV and higher

in the visible or ultra-violet (UV/VIS) part of the EM spectrum; typical semiconductors like
silicon have band gap energies of around 1 eV and insulators exhibit band gaps on the order
of several eV
• spectral weight transfer: due to strict optical sumrules, the transfer of spectral weight can be

reliably detected over the energy range of interest
The analysis of the phonon response gives information on the structural properties like strain and
the crystallographic structure of the sample and its composition [1]. Interband transitions are as
well sensitive to strain in the sample. In addition, in the UV/VIS range, surface modifications like
adlayers or the roughness of the sample surface are easily detectable.

Ellipsometry is a technique which is based on the analysis of the polarisation state of light. The
change of the polarisation state of the light after the reflection from a sample is analysed. It does
neither require a reference sample measurement nor a Kramers-Kronig analysis of the spectra
but directly determines the real and imaginary part of the frequency-dependent dielectric function
ε̃(ω) = ε1(ω) + iε2(ω). Because of its absolute character, ellipsometry is used for determination of
layer thicknesses of thin films and the accurate determination of optical constants of bulk materials.
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1 Optical response of matter and spectroscopic ellipsometry

In the following, the basic principles of ellipsometry will be discussed. First, a short review of the
Maxwell equations is given in section 1.1. Ellipsometry is mainly used to determine the dielectric
function of a sample and therefore an introduction to the dielectric functions of matter is given in
section 1.2. The EM radiation is partially reflected and transmitted at the interface or several
interfaces of the sample which is described by the Fresnel coefficients in section 1.3. Optical
measurements on thin films and multilayers on a substrate are discussed in section 1.3.2 and 1.3.3.
Because of the polarisation sensitivity of the technique, the different polarisation states of radiation
are dealt with in section 1.4. A discussion of features which may be observed in ellipsometric spectra
and a short discussion of the so-called Berreman mode is included. After the basic introduction, the
experimental side is covered in section 1.5: the basic equations for ellipsometry are introduced and
the experimental equipment is explained. The construction of a sample chamber for high-temperature
ellipsometry measurements in the FIR and MIR region is described in section 1.5.3.

1.1 Maxwell’s equations

The four Maxwell equations

∇× E(r, t) = −Ḃ(r, t) (1.1a)
∇×H(r, t) = j + Ḋ(r, t) (1.1b)
∇ · B(r, t) = 0 (1.1c)
∇ ·D(r, t) = ρ (1.1d)

describe time-varying electric and magnetic fields, denoted E(r, t) and B(r, t), respectively. ρ is
the external charge density and j the current density of (external) free charges. In the presence of
matter, it is no longer sufficient to use only the electric field strength, E , and the magnetic induction,
B, because these fields create electric dipoles and magnetic moments in the medium [2]. Thus,
one has to consider the displacement field D(r, t) and the magnetic field strength H(r, t) which are
sample-dependent. These fields are related to the electric field strength and magnetic induction by
the following relations

D(r, t) =
∫ ∞
−∞

dt′
∫ ∞
−∞

dr′ε0ε(r− r′, t − t′)E(r′, t) (1.2a)
B(r, t) =

∫ ∞
−∞

dt′
∫ ∞
−∞

dr′µ0µ(r− r′, t − t′)H(r′, t) (1.2b)

with the permittivity of vacuum, ε0, and the permeability of vacuum, µ0, respectively. Causality
demands that ε(r, r′, t < t′) = 0 and µ(r, r′, t < t′) = 0.
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1.1 Maxwell’s equations

It is convenient to use the Fourier transformed equivalents of the Maxwell equations introduced
in equation (1.1):

k × E(ω, k) = ωB(ω, k) (1.3a)
ik ×H(ω, k) = jext(ω, k)− iωD(ω, k) (1.3b)

kB(ω, k) = 0 (1.3c)
ikD(ω, k) = ρext . (1.3d)

Equation (1.2a) transforms for example into
D(ω, k) = ε0ε̃(ω, k)E(ω, k) (1.4)

and (1.2b) accordingly into
B(ω, k) = µ0µ̃(ω, k)H(ω, k) . (1.5)

The wavelength of the radiation used in the optical spectroscopy experiments is large in comparison
to the lattice constant a of the sample. The wave vector k = 2πλ is therefore very small compared to
the Brillouin zone boundary 2πa of solids [3]. Consequently, infrared spectroscopy probes excitations
at k ≈ 0 and in the following, the dependence on k will therefore be omitted. Additionally, the
measured macroscopic quantities are obtained by averaging the local microscopic properties over a
certain (large) sample volume.

The proportionality constant ε̃(ω) in equation (1.4) is the complex dielectric function given by
ε̃(ω) =

∫ ∞
−∞

ε(t)eiωt dt (1.6)
and the polarisation P is determined by the displacement field D together with the electric field E

D(ω) ≡ P(ω)
ε0

+ E(ω) . (1.7)
Together with equation (1.4), the dielectric function is expressed in terms of the sample polarisation
and one finally obtains for an isotropic sample

ε̃(ω) = 1 + P(ω)
ε0E(ω) . (1.8)

It is assumed here that the considered material is isotropic and therefore the permeability, permittivity,
and conductivity can be treated as scalar quantities. In general, these quantities depend on the
sample symmetry and have to be described by 3× 3 tensors.

Electrical properties of matter are included in this formal treatment, as will be shown in the
following: Ohm’s law introduces the proportionality of the current density j and the electric field E
by

j(ω) = σ (ω)E(ω) (1.9)
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1 Optical response of matter and spectroscopic ellipsometry

where the proportionality constant σ (ω) is called conductivity of the material.
Maxwell’s equations establishes a connection between the conductivity and the dielectric prop-

erties of a material. Exploiting equations (1.3a) and (1.3b) and comparing the result with equa-
tions (1.1a) and (1.1b), the induced current and the total electric field for a material is given
by

j(ω) = −iω (ε̃(ω)− 1) ε0E(ω) . (1.10)
This leads together with equation (1.9) to the definition of the optical conductivity

σ̃ (ω) ≡ −iω(ε̃(ω)− 1)ε0 , (1.11)
where ε̃(ω) is the dielectric function of the material already defined in equation (1.8).

Maxwell’s equations furthermore relate the dielectric function of a material to its index of refraction,
n. The refractive index is defined as the ratio of the propagation velocities of an EM wave in vacuum
vvac and in matter vmat

n = vvac
vmat

. (1.12)
The propagation velocity v is

v2(ω) = 1
ε0ε̃(ω)µ0µ̃(ω) (1.13)

which is in case of vacuum with ε̃(ω) = µ̃(ω) = 1 equal to the speed of light in vacuum, c. However,
for most materials µ̃(ω→∞) ≈ 1 is a good approximation. Using equations (1.12) and (1.13), the
complex index of refraction ñ is

ñ(ω) = c
v (ω) =√ε̃(ω) ≡ n(ω) + iκ(ω) (1.14)

where n is the index of refraction and κ the so-called extinction coefficient. The latter is a measure
for the attenuation of the wave in a material. Electromagnetic waves penetrate by the length δ0
into a medium, which is the so-called skin depth, and their amplitude is decreased by a factor of 1e
after δ0 in the sample. The skin depth and the extinction coefficient are related by

δ0(ω) = c
ωκ(ω) . (1.15)

1.2 Dielectric functions of materials

1.2.1 Polarisation of dielectrics

Materials get polarised by an applied external electric field E. In dielectrics, three main types of
processes lead to polarisation effects in a sample:
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1.2 Dielectric functions of materials

• electronic polarisation: the electron cloud around the atomic nuclei is displaced and/or
deformed.
• ionic polarisation: ions are displaced with respect to each other.
• orientational polarisation: orientation of already present dipoles in for example paraelectric

or ferroelectric materials by an externally applied electric field.
The frequency dependence of the polarisation of the sample is a key element of optical spectroscopy.

A simple example is given by a classical, point-like particle with mass m and charge q in an external
electric field E(ω) which oscillates with the frequency ω:

E(ω) = E0e−iωt . (1.16)
The motion of the particle is described by a Newton equation of motion

ẍ + γẋ + ω20x = q
mE(ω) , (1.17)

with x being the displacement of the charged particle from its equilibrium position, and γ the
damping constant of its motion. The charge oscillates with the same frequency ω as the external field
defined in equation (1.16). The amplitude A of the motion is given by the solution of equation (1.17)
and has in general the form

A =
q
m

ω20 − ω2 − iγω . (1.18)

Here, ω0 is the resonance frequency of the particle. This formula is the so-called Lorentz oscillator
description and is often used to model the dielectric function of materials, especially in the phonon
region. The polarisation P is defined by the induced dipole moment µ = q · x per unit volume which
leads to an expression for P caused by l independent Lorentz oscillators given by

P =∑
l

nlq2lml
ω20,l − ω2l − iγlω (1.19)

where nl is the concentration of charged particles of type l per unit cell. The resulting polarisation
is frequency dependent and related to the dielectric function via equation (1.8). Finally, one obtains
the complex dielectric function of the Lorentz oscillator model

ε̃(ω) = ε∞ +∑
l

ω2p,l
ω20,l − ω2 − iγlω . (1.20)

Here, the so-called plasma frequency

ω2p,l = nlq2lmlε0
(1.21)
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1 Optical response of matter and spectroscopic ellipsometry

has been introduced. The plasma frequency is proportional to the strength of the lth oscillator.
Close to the resonance frequency ω0, the real part ε1 exhibits a characteristic s-shape and ε2 is
maximum, as can be seen in figure 1.1. The parameter γ determines the broadening of the line
shape and ε∞ is a real number that accounts for contributions of processes at higher energies
outside of the measured range, for example interband transitions.

ε1, ε2

ω [a. u.]
1 2 3 4 5 6 7

−10

0

10

20

30

40

ε1
ε2

ωTO ωLO

ε∞
ε0

Figure 1.1: Real (red) and imaginary (blue) part of the dielectric function ε̃(ω) of the Lorentz oscillator. The
function is calculated for the parameters ω0 = 3 a. u., ωp = 6 a. u., γ = 0.3 a. u., and ε∞ = 5.
Zero-crossings of the real part ε1(ω) occur at ωTO = ω0 and ωLO. The importance of the index
LO will be explained in section 1.2.2. At ω0, the imaginary part exhibits a maximum.

Up to now, only bound charges have been considered. These are typical for covalently and
ionically bound crystals. In contrast, in a simple metal, electrons are thought of as a gas of charged
particles on one side and ionic cores forming a static matrix on the other side. Therefore, electrons
which are accelerated by an electric field E can reach equilibrium only after a characteristic time,
τ , through collisions with each other or with the ionic cores [4]. Apart from these collisions, the
particles are assumed not to interact neither with each other nor with the nuclei in the material
and therefore are able to move freely throughout the whole sample. These assumptions are the
foundation of the Drude model for metals. This model describes the conductivity of simple metallic
materials. As in the Lorentz oscillator model introduced in equation (1.17) before, electrons are
accelerated by an oscillating electric field E(ω) = Eoe−iωt in a metallic sample. This leads to the
following similar equation of motion of free electrons

ẍ + 1
τ ẋ = −em0

E(ω) , (1.22)
where e and m0 are the charge of the electron and its mass, respectively. Due to the absence
of a restoring force of the oscillator, the resonance frequency of the free electrons is centred at
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1.2 Dielectric functions of materials

ω0 = 0. The solution of equation (1.22) has the same form as for the Lorentz oscillator, given in
equation (1.18), and one obtains

x =
−em0ω2 − iγω . (1.23)

Together with Ohm’s law (equation (1.11)), the conductivity of a metal in the Drude limit is given by

σ̃ (ω) = Nq2τ
m0

1
1− iωτ (1.24)

and its dielectric function by

ε̃(ω) = 1− ω2p
ω2 − iωτ−1 = 1− ω2p

ω2 − iωγ ; γ = 1
τ . (1.25)

The frequency dependence of equation (1.25) is depicted in figure 1.2.
ε1, ε2

ω [a. u.]
1 2 3 4 5 6 7

−30

−20
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ωp

γ

ε∞ε2

ε1

Figure 1.2: Complex dielectric function of a simple metal as described by the Drude model: the real (red)
and imaginary (blue) parts of the dielectric function are drawn for the parameters ωp = 3 a. u.,
γ = 0.5 a. u., and ε∞ = 1.

Omitting the frequency-dependence, the zero-frequency conductivity σ of a metal emerging from
the Drude model is given by

σ0 = ne2τ
m0

≡ neµ (1.26)
with the mobility µ of the charge carriers. A comparison of the two terms in equation (1.26) yields
the mobility within the Drude model

µ = eτ
m0

. (1.27)
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1 Optical response of matter and spectroscopic ellipsometry

All the quantities in the Drude model are derived under the assumption that m0 is the mass of a
free electron. In reality however, the electron mass depends on the bandstructure of the material
and an effective mass m∗ is determined by the curvature of the band d2Edk2 :

m∗ = ~2
d2Edk2

(1.28)

which takes into account how the crystal’s potential landscape influences the motion of the electron
[4].

1.2.2 Infrared active modes

Vibrational modes are infrared active, that means they can be excited by the IR radiation, if the
excitation of the involved atoms or ions creates a change of the dipole moment. Since the latter is
determined by the crystallographic structure, the number of infrared active phonons is determined
by group theory. Infrared active phonons can be separated into the following groups [5]:
• acoustic or optical

and
• transverse or longitudinal.

Energy conservation requires that the photon has the same energy as the excited phonon. Optical
phonons show only a very weak dispersion at small values of k and thus intersect with the steep
dispersion of photons E = k~ at finite energies although k is very small for IR wavelength, as
mentioned in section 1.1. Since acoustic modes have a linear dispersion at k ≈ 0, they cannot be
excited by EM waves. Being a transverse wave, the EM radiation cannot excite longitudinal modes
in a cubic crystal. However, the longitudinal optical (LO) mode frequencies can be inferred from the
maxima of the loss function −Im ( 1̃ε

) because maxima of the loss function occur at ε1 = 0 where the
longitudinal modes are centred. The LO frequency is also given by the zero-crossing of ε1(ω) in
figure 1.1.

The relation between the frequencies of transverse optical (TO) and corresponding LO frequencies
can be calculated based on the Lorentz model. It is expressed by the Lyddane-Sachs-Teller (LST)
relation [5–7]

ε̃(ω = 0)
ε̃(ω→∞) = ω2LO

ω2TO
. (1.29)

The static dielectric constant ε̃(ω = 0) is related to the high-frequency value ε̃(ω→∞) by the ratio
between the TO and LO frequencies. The splitting between these two frequencies for a particular
phonon depends strongly on the ionicity of the crystal.
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1.3 Optical response of layered structures

1.3.1 Fresnel coefficients

The Fresnel coefficients describe the change of the amplitude and the phase of an electromagnetic
wave which is reflected or transmitted at an interface between two media with different optical
properties. For simplicity, only non-magnetic (µ = 1) and isotropic media will be discussed. In the
following, the plane of incidence is always oriented parallel to the drawing plane.

ñ1
ñ2

θ1 θ ′1

θ2

B1,p

E1,p

E1,p B′1,p

E′1,p

E′1,p

B2,p

E2,p

E2,p

(a) p-polarisation

θ1 θ ′1

θ2

E1,s

B1,s

B1,s
E1,s

B′1,s

B′1,s

E2,s
B2,s
B2,s

(b) s-polarisation

Figure 1.3: Electric field E of an electromagnetic wave which is partially reflected and transmitted at an
interface of two materials with different indices of refraction ñ1 and ñ2, where ñ2 > ñ1. E is
parallel to the plane of incidence in a and perpendicular to the plane of incidence in b. The plane
of incidence is parallel to the drawing plane. The components of the magnetic field B of the EM
wave are shown accordingly.
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1 Optical response of matter and spectroscopic ellipsometry

Different media l are characterised by their complex indices of refraction ñl. In figure 1.3, a
light beam is shown which is incident on a sample. The angle of incidence (AOI) of the beam in
medium 1 is θ1, the refracted angle in medium 2 is θ2, respectively. The vector components of the
incident radiation are separated into two components with respect to the plane of incidence. The
plane of incidence itself is defined by three vectors lying in this plane: these are the incoming
and outgoing light rays and the surface normal of the sample. If the electric field vector E of the
incoming radiation is oriented parallel to the plane of incidence, this polarisation state is called
p-polarised. For orientation of the E vector perpendicular to the plane of incidence, the wave is
called s-polarised. These two situations are shown in figure 1.3 a and 1.3 b, respectively.

The boundary condition requires that the electric and magnetic components of the electromagnetic
wave parallel to the interface are continuous across the interface [8]. For p-polarisation, this leads
to the following conditions for Ep and Bp:

E1,p cosθ1 − E ′1,p cosθ ′1 = E2,p cosθ2 (1.30a)
B1,p + B′1,p = B2,p , (1.30b)

with the modulus |El,p| = El,p cosθl. Equation (1.30b) can be rewritten using E = cnB and the
result finally depends only on the index of refraction nl. One obtains

n1(E1,p + E ′1,p) = n2E2,p , (1.31)
omitting the imaginary part of ñl.

Exploiting the law of reflection stating θ1 = θ ′1 and eliminating E2,p, the so-called Fresnel
reflection coefficient rp for p-polarisation

rp ≡ E ′1,p
E1,p

= n2 cosθ1 − n1 cosθ2
n2 cosθ1 + n1 cosθ2

(1.32)
is obtained. Similarly, for s-polarisation the amplitude reflection coefficient rs is defined

rs ≡ E ′1,s
E1,s

= n1 cosθ1 − n2 cosθ2
n1 cosθ1 + n2 cosθ2

. (1.33)
For the transmission coefficients tp,s, one finds after eliminating E1,(p,s) for both polarisation
components:

tp = 2n1 cosθ1
n1 cosθ2 + n2 cosθ1

(1.34a)
ts = 2n1 cosθ1

n1 cosθ2 + n2 cosθ1
. (1.34b)

These equations are valid in general, notably if the real refractive index nl is replaced by the
complex quantity ñl. Consequently, the Fresnel coefficients are complex quantities, for example

rp,s = |rp,s|eiδp,s . (1.35)
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1.3 Optical response of layered structures

Hence, upon reflection an electromagnetic wave changes its amplitude by |rp,s| and its phase by
δp,s.

At the so-called Brewster’s angle, θB,
tanθB = n2

n1
, (1.36)

the Fresnel coefficient rp is zero and thus p-polarised light is fully transmitted and s-polarised
light is completely reflected. This is true for the condition n1 < n2. It will be shown later that
ellipsometry measurements are most sensitive at Brewster’s angle because the difference between
both Fresnel coefficients is maximum.

1.3.2 Optical response of a thin layer – substrate system

θ0

θ1
θ1

θ0 ambient, ñ0
film, ñ1

substrate, ñ2

δ0

d12δ1

Figure 1.4: A simple model which illustrates the appearance of interference phenomena in a film of thickness
d on a semi-infinite substrate sample. Every material is characterised by its complex index
of refraction ñl. The angle of incidence of the electromagnetic radiation is denoted θl, which
corresponds to the number of the interface. At the interfaces between ambient – film and film –
substrate, the waves are partially reflected and transmitted and can interfere due to difference in
the length of the optical paths. Depending on value of the path difference δ0− δ1, the interference
may be constructive or destructive.

A simple model for a thin film of thickness d on a substrate is shown in figure 1.4. The three
different media involved are ambient, film, and substrate, all defined by their respective refractive
indices ñl. The angle of incidence of the light on the sample surface is θ0. The light beam is
partially reflected from and partially transmitted into the layer. The transmitted beam is again
partially reflected and transmitted at the interface between film and substrate. It is assumed that
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1 Optical response of matter and spectroscopic ellipsometry

there are no reflections originating from the backside of the substrate. This can be achieved either
by a very thick substrate, an opaque substrate, or by dispersing the beam of the light which is
reflected from the backside by roughening the back surface of the substrate. The amplitude of the
reflected EM field is calculated for every single beam and after summation over all light beams, the
total light intensity of the reflected light is obtained. The amplitude of the first reflected beam is

r012 = r01 + t01t10r12e−iα + t01t10r10r212e−i2α + . . . . (1.37)
The subscripts of the Fresnel reflection coefficient indicate in which medium and at which interface
the reflection or transmission of the radiation takes place; for the illustration see figure 1.5.

r01

r01

t10

t01t10r12e−iα

t10

t01t10r10r212e−i2α

t01 r12 r10 r12

t12

t01t12e−i 12α

t12

t01t12r10r12e−i 32α

θ0

θ1

θ2

ñ0
ñ1

ñ2

r012

t012

Figure 1.5: The interference in a thin film on a substrate determines the light intensity of the reflected and
transmitted light. The Fresnel reflection coefficients are distinguishable by their subscripts
which indicate at which interface the reflection and/or transmission of the light ray takes place.
The totally reflected or transmitted intensity is given by the sum of the individual light beam
intensities, respectively.

The first and second beam acquire on their path through the sample different phase shifts, as
already indicated in figure 1.4 by δ0 and δ1. Assuming plane EM waves of the form ei(ωt−k·r), every
wave obtains a phase shift of e−iñωc ·r along r. For non-absorbing media, the phase difference is
expressed by the factor α [8]:

α = 2πñ1
λ · δ1 − 2πñ0

λ · δ0 (1.38)
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with λ being the wavelength of the EM radiation in vacuum. In this geometry, one obtains
δ0 = 2d sinθ0 tanθ1 and δ1 = 2dcosθ1 . Using Snell’s law, equation (1.38) is transformed into

α = 4πdñ1
λ

1− sin2 θ1
cosθ1

= 4πdñ1
λ cosθ1 . (1.39)

From the second reflected beam onward, the result is described by a geometric series of the form
y = 1 + a+ a2 + · · · = 11−a and one obtains

r012 = r10 + t01t10r12e−iα
1− r10r12e−iα . (1.40)

Using the relations r10 = −r01 and t01t10 = 1− r201, r012 is given for p- and s-polarisation through

r012,p = r10,p + r12,pe−iα
1 + r01,pr12,pe−iα and r012,s = r10,s + r12,se−iα

1 + r01,sr12,se−iα . (1.41)

The reflectivities Rp and Rs of the sample are defined as
Rp = |r012,p|2 and Rs = |r012,s|2 . (1.42)

1.3.3 Multilayer structures

z

ñ0
ñ1, d1
ñ2, d2

...
ñl, dl
ñs, ds

θ0

θs

Figure 1.6: Sketch of a multilayer sample which consists of a stack of different layers on a substrate. Each
layer is characterised by its thickness dl and refractive index ñl. The angle of incidence on the
surface is θ0.
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The subsequent approach is more applicable for multilayer systems, such as the example shown
in figure 1.6, consisting of several layers on a substrate. Following the approach introduced in
section 1.3.2, the response of the sample has to be calculated from the substrate upwards, that is
from the bottom towards the top layer by an iterative process. An alternative way for the calculation
of the Fresnel coefficients of this complicated sample is the transfer matrix method by Abelès
[9]: matrices represent the optical properties of every layer l and the response (the so-called
pseudo-dielectric function) of the entire sample is obtained by the multiplication of the matrices
describing the individual layers. A characteristic matrixMl of a layer for the transverse electric
wave response is [9]

Ml =
( cosαl − ipl sinαl
−ipl sinαl cosαl

)
, (1.43)

where the phase variation as function of z (the depth) is αl = 4π(ñl cosθi)·zλ , see equation (1.39). The
angle of incidence is defined as

pl = ñl cosθl =
√
ñ2l − (ñ0 sinθ0)2 . (1.44)

By multiplication of the matrices of the different l layers, the matrixM of the sample is obtained

M =
(m11 m12
m21 m22

)
=M1(z1) · M2(z2 − z1) · · ·Ml(zl − zl−1) , (1.45)

which represents the pseudo-dielectric function of the sample: with the help of the elements of M,
the reflection coefficient of the whole multilayer – substrate structure is

rpseudo = (m11 +m12ps)p0 − (m21 +m22ps)
(m11 +m12ps)p0 + (m21 +m22ps) (1.46)

where the p0 and ps are the reflection coefficients for ambient and the substrate as defined in
equation (1.44), respectively.

To finally calculate the pseudo-dielectric function of the sample or the properties of a layer
inside of a heterostructure, equation (1.46) has to be inverted numerically. Only one unknown
quantity at each wavelength can be obtained from the measured reflectivity values while ellipsometry
measures two values at each wavelength as will be shown in section 1.5 later. For example, in
case of a single layer on a substrate, the thickness and the dielectric function of the substrate have
to be known to extract the optical constants of the film. Usually, such inversions are performed
wavelength-by-wavelength yielding values of the film at every wavelength. Multiple sample analysis
and multiple angle of incidence experiments can improve the data basis for the determination of the
desired quantities.
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1.4 Polarisation state of electromagnetic waves

Electromagnetic waves with a common, well-defined orientation of their electric field vectors are
called “polarised”. One can distinguish different relative orientations of the field vectors of the
waves: consider two light waves which travel in the same direction, z, and whose electric fields
are superimposed. It is assumed that the electric fields are oscillating in the x, y-plane, as shown
in figure 1.7. In the first case, shown in figure 1.7 a, the electric field vectors of the waves are
perpendicular to each other and the field strengths are equal. The relative phase difference between
both waves is ∆ = nπ with n = 0,±2, . . .. The resulting polarisation state is called ”linear” and
the orientation of the electric field is obtained by the vectorial addition of both electric field vectors.
The resulting orientation of the electric field is constant in time. If for example a phase difference
of ∆ = nπ2 with n = 0,±1,±2, . . . is introduced between both waves, the resulting polarisation
becomes ”circular”, as indicated in figure 1.7 b. In this case, the polarisation vector E rotates with
an angular frequency ω and its tip describes a circle in the plane perpendicular to the propagation
direction of the waves while the electric field strength remains constant. In the most general case,
which is shown in figure 1.7 c, the electric field strengths of the two waves are different and the
phase difference between both waves does not match any of the values mentioned before. The
superposition then yields a so-called ”elliptically” polarised light where the resulting electric field

z

x
y

∆ = 0

(a) linearly polarised light

z

x
y

∆ = π2

(b) circularly polarised light

z

x
y

0 < ∆ ≤ π

(c) elliptically polarised light

Figure 1.7: Three different polarisation states of light which are generated by two light waves propagating
into the same direction, z: in a, both waves have the same amplitude and a phase difference
of ∆ = 0. The resulting polarisation state of the light is called linear. Figure b shows the
superposition of two waves with a phase difference of ∆ = 90◦ which results in circularly polarised
light for the case of equal amplitudes of the light waves. Figure c finally displays the formation
of elliptically polarised light. Two waves with different amplitudes and a phase shift ∆ 6= 90◦
generate a polarisation state where the tip of the vector describes an ellipse. The displayed
example is calculated for a phase difference of ∆ = 40◦ and an amplitude ratio of 2.5.
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strength changes while the tip of the resulting vector describes an ellipse in the plane perpendicular
to the propagation direction. This so-called polarisation ellipse can be constructed if the amplitudes
of the two waves and their relative phase difference ∆ are known. This generalised case also serves
as eponym of the experimental technique ellipsometry. A more detailed mathematical description of
the polarisation ellipse and its importance for ellipsometry is discussed later in section 1.5.

1.5 Experimental technique – ellipsometry

1.5.1 Principle of ellipsometry

Figure 1.8: Schematic of a ellipsometry setup with polariser – sample – analyser. The EM radiation passes
through the polariser with the angular setting P and falls onto the sample under the angle θ .
After the reflection, the new polarisation state of the light is probed by the analyser. The light
intensity as function of the varied analyser angle A is determined by the detector. Both, the
polarisation state before and after the sample are shown only exemplary.

A schematic picture of a rotating analyser ellipsometric (RAE) setup is shown in figure 1.8. The
IR radiation is coming from a light source, being either a thermal light source like a globar, a metal
vapour light source (for example a mercury arc), or a synchrotron light source. It first is passed
through a linear polariser, the so-called polariser, which is set under an angle P with respect
to its transmission axis. The polariser decomposes the incoming radiation into its Ei,p and Ei,s
components and the angle is kept fixed during the measurement. The radiation falls onto the sample
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S under an angle θ . As already introduced in section 1.3.1, the incoming and outgoing light beams
together with the sample surface normal define the plane of incidence, indicated by the light blue
plane in the sketch. After reflection from the sample, the light is generally elliptically polarised.
With a second linear polariser, the so-called analyser, the polarisation state of the radiation after
the reflection from the sample is probed. Rotating the analyser in equidistant steps, a spectrum
is recorded at every of these analyser positions A. Finally, the light intensity transmitted by the
analyser is measured by a detector. In a RAE setup, the detector should be polarisation insensitive.

E0

Ep

Es
a

b

Ψ θ

Ep

Es

AB
γ

Figure 1.9: Example for a polarisation ellipse which has been calculated for EpEs = 52 and a phase shift of
∆ = 40◦. The rotated coordinate system of the ellipse is drawn in blue where the rotation angle
is θ. The amplitude E0 and the corresponding ellipsometric angle Ψ of the electric field of the
electromagnetic wave are drawn in red. The ellipticity angle γ of the ellipse is shown which
contains information on the phase shift of the EM waves generating the polarisation state.

Ellipsometry simultaneously determines two quantities, the so-called ellipsometric angles Ψ and
∆, at every wavelength. They describe the change of the polarisation state of the probe light after
the reflection from the sample. Imagine a linearly polarised beam which is falling onto the sample
with P = 45◦, that means Ei,p = Ei,s. The polarisation state of the reflected light is mathematically
described by the ellipsometric angles and the amplitudes of the electric fields Ep and Es of the
wave which create the polarisation state:

E2p
E20

+ tan2 ΨE2s
E20
− 2 tanΨEp

E0
Es
E0

cos ∆ = sin2 Ψ sin2 ∆ . (1.47)
Equation (1.47) describes the polarisation state in the Ep, Es coordinate system which is shown
in figure 1.9. A more intuitive picture is obtained by rotating the ellipse into the a, b coordinate
system which yields a simple form of the equation of an ellipse

B2E2a + A2E2b − A2B2 = 0 (1.48)
with Ea = Ep cosθ + Es sinθ and Eb = −Ep sinθ + Es cosθ and θ being the rotation angle of the
coordinate system. Ψ is the tilt angle of the polarisation ellipse and is defined as the ratio of the
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electric field strengths Ψ ≡ EpEs . The phase difference ∆ is contained in the eccentricity e of the
polarisation ellipse which is equal to the tangent of the ellipticity angle e = tan γ = ±BA with A,B
being the main axes of the ellipse. Consequently, the value of Ψ is between 0 < Ψ ≤ 90◦, whereas
∆ can take values between 0 < ∆ ≤ 360◦ or −1 < e ≤ 1 [10]. Depending on the experimental
setup, only values between 0 < ∆ ≤ 180◦ can be distinguished.

Now, after the theoretical description of the polarisation state of the electromagnetic radiation,
the question arises how to measure it? The determination of the ellipsometric angles in a RAE
experiment is accomplished by fitting the intensity modulation I(A), where A is the angle of the
analyser. The modulation of the intensity as function of the analyser angle I(A) is written as [10]

I(A) = I(P)|rs|2 cos2 P
2(tan2 Ψ + tan2 P) (1 + α2 cos(2A) + β2 sin(2A)) (1.49)

with the Fourier coefficients α2 and β2, where
α2 = tan2 Ψ− tan2 P

tan2 Ψ + tan2 P and β2 = 2 tanP tan Ψ cos ∆
tan2 Ψ + tan2 P . (1.50)

The absolute intensity I(P) is usually unknown but the ellipsometric angles Ψ and ∆ can be
obtained from the α2 and β2 coefficients because they are independent of I(P). To obtain usable
data from the α2 and β2 coefficients, at least three different analyser (or polariser) angles have to
be measured [10]. Measuring at more analyser angles improves the accuracy and reliability of the
data. Higher order Fourier coefficients, for example α4 and β4 describing faster oscillations with
sin(4A) and cos(4A) components, give further information about the measurement, for example they
enable the determination of the detector non-linearity.

After determination of the two Fourier coefficients, one can calculate the so-called ellipsometric
ratio ρ̃

ρ̃ = 1 + α2
β2 ± i

√
1− α22 − β2

tanP
1− tanP (1.51)

and derive the ellipsometric angles Ψ and ∆ which are related to α2 and β2 by

tan Ψ = | tanP|
√

1 + α2
1− α2

and cos ∆ = sign(P) β2√
1− α22

. (1.52)

Finally, the ellipsometric ratio expressed in terms of the ellipsometric angles reads
ρ̃ ≡ tan Ψe−i∆ = rp

rs , (1.53)
which associates the Fresnel reflection coefficients for parallel and perpendicular polarisation with
the ellipsometric angles. This equation is inverted for a semi-infinite sample in order to obtain the
complex dielectric function

ε̃(ω) = sin2 θ
(

1 + tan2 θ
[1− ρ̃
1 + ρ̃

]2)
(1.54)
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where θ is the angle of incidence of the light on the sample. For layered samples, equation (1.53)
has to be inverted numerically using the formalism introduced in section 1.3.3 in order to calculate
the dielectric function(s) of the layer(s).

For P = ±Ψ and ∆ = ±π2 , the Fourier coefficients vanish and the reflected light from the sample
is circularly polarised [10] and the measurement most sensitive. During an experiment P is chosen
such, that it matches closely the value of Ψ of the sample over the energy range of interest.

If the phase shift ∆ introduced by the sample is very small, that is the reflected light is still almost
linearly polarised after the reflection from the sample, the sensitivity to ∆ in a RAE experiment is
very low. Ellipsometric measurements return cos∆, see equation (1.52), and the determined value
of ∆ is close to either 0 or 180◦. Every imperfection of the sample or the experimental setup makes
the exact determination of the phase shift therefore very difficult. To increase the sensitivity in
this situation, the incoming radiation may be circularly polarised. This is for example achieved by
an additional optical element, the so-called compensator (which is effectively a λ4 plate) which is
inserted between polariser and sample. In a more advanced setup where the compensator is rotated
during the measurement, ∆ is measured in the full range 0 < ∆ ≤ 360◦ with improved sensitivity.
In addition, the (partial) depolarisation caused by the sample is determined by the measurement
with a rotating compensator.

1.5.2 Berreman mode

The Berreman effect has been discovered in thin films of LiF grown on thick metallic or dielectric
substrates [11]. Such films show in off-normal incidence reflection experiments strong features which
appear at the longitudinal optical mode frequencies and are strongly polarisation dependent: the
p-polarised reflection coefficient exhibits clear maxima whereas the s-polarisation coefficient does
not show corresponding features. Thus, this effect is easily observable by ellipsometry measurements
because the ellipsometric angle Ψ which is given by equation (1.53) reads Ψ = arctan

∣∣∣ rprs
∣∣∣. Later

in chapter 5, the Berreman mode is used to analyse LaAlO3 (LAO) thin films grown on SrTiO3
(STO) substrates where a conducting layer between both insulators is found. In section 2.5 a more
thorough introduction to this system is given.

In order to discuss the physical background of the Berreman mode in a little more detail,
experimental data of an insulating SrTiO3 substrate have been obtained at T = 10 K and at an
angle of incidence of 75◦. These measurements are compared with the simulated response of a
heterostructure which is based on the experimentally obtained data of the SrTiO3 substrate, except
that a doped layer has been added on top. In the following, it is assumed that the additional layer
is 10 nm thick and the layer is electron doped with an electron concentration of N = 1020 cm−3,
the effective mass of the charge carriers is m∗ = 3.2me, and the mobility of the charge carriers
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is µ = 1000 cm2V−1s−1. For simplicity, it is assumed that the electrons can be described by the
Drude model introduced before in section 1.2.1.

Figure 1.10 a displays the real parts of the dielectric function ε1(ω) for the insulating STO
substrate as measured (blue) and for the simulated model heterostructure (red), respectively. In b,
the corresponding Fresnel coefficients rp (blue) and rs (red) for the undoped SrTiO3 sample are
shown as obtained from the experimental ellipsometry measurement. The accordingly calculated
ellipsometric angle, Ψ, is displayed in figure 1.10 c.
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Figure 1.10: Formation of the Berreman mode in a system of a metallic layer on an insulating substrate
using the example of a doped SrTiO3 layer on an undoped STO substrate. a the real parts ε1 for
undoped (blue) STO and the doped heterostructure (red) are shown. For insulating SrTiO3, the
Fresnel coefficients rp (blue) and rs (red) are displayed in b and the corresponding ellipsometric
angle Ψ is shown in c. A conducting layer is added on top of the insulating STO and the
corresponding Fresnel coefficient rp in d exhibits a clear feature at the LO frequency of the
STO substrate in the heterostructure which is also observed in the ellipsometric angle Ψdoped,
shown in e. Calculating the difference ∆Ψ between doped and undoped sample leaves two
distinct features, shown in f : the peak is the so-called Berreman mode which appears due to the
presence of free charge carriers at the interface between the insulating bulk and the doped top
layer. The dip appears between the LO energy of the substrate and the condition ε1(STO) = 1.
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Let us now look at the Fresnel reflection coefficients of the heterostructure: figure 1.10 d shows
the results for both, rp and rs, respectively, and one immediately sees that rs does hardly change
while rp now exhibits an additional peak-like feature. The calculated ellipsometric angle, Ψdoped,
exhibits two features which become evident in figure 1.10 e. In order to emphasise the small
differences between substrate and heterostructure, one may subtract the substrate contribution from
the value of the model heterostructure: ∆Ψ = Ψdoped −Ψ is calculated in figure 1.10 f and exhibits
two features: a dip followed by a peak structure. What do these features represent? The dip occurs
between the LO energy of the substrate and the energy where the condition ε1(STO) = 1 is fulfilled.
This is the plasma edge feature which indicates that the value of the dielectric function of STO
matches the value of vacuum. The peak is observed at the LO mode energy of the heterostructure,
that means where ε1(doped) = 0. Thus, the latter peak feature represents the Berreman mode
[12]. It turns out that the Berreman mode contains information about the charge carrier mobility
(amplitude), the charge carrier concentration (position), and the carrier distribution as function of
distance from the interface of the heterostructure (broadening and extend towards higher energies)
[12].

1.5.3 Experimental setup

Measurements from the far-infrared up to the near-infrared range

In the FIR and MIR range mainly (Fast-)Fourier-transform infrared ((F)FT-IR) spectrometers are
used. Especially in the FIR range, all currently available laboratory light sources lack the required
brilliance [9]: thermal light sources emit the radiation without a preferred direction over the whole
solid angle. One can only use a small portion of the generated EM radiation which results in
light beams of a rather large diameter and weak intensity. Using FT-IR spectrometers saves time
(measurement of all wavelengths at once) and especially allows the very efficient use of the available
light intensity (Jacquinot advantage), and not to forget the high sensitivity and accuracy [9]. This
does not solve the problem which arises for small samples: focusing the beam onto a small sample to
obtain a good signal-to-noise ratio is not desired because the focused beam is virtually assembled
of several beams which fall onto the sample with different angles of incidence. As has been shown
earlier in equation (1.54), the determination of the dielectric constant requires the precise knowledge
of the angle of incidence during the ellipsometry measurement. This problem can be overcome by
the use of synchrotron radiation as a light source [1, 13]. In the FIR, one can gain up to three orders
of magnitude in brilliance compared to a conventional mercury arc light source [1]. In the UV/VIS
range, the brilliance of the light sources is so high that even simple grating monochromators can be
used and the measurements are usually performed wavelength-by-wavelength.

A sketch of the FIR-ellipsometry set-up of the University of Fribourg, which has been mainly
used for this work, is shown in figure 1.11. It consists of a trusty, commercial Bruker IFS 113 Fast
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Figure 1.11: A sketch of the ellipsometer in Fribourg which has been used for most of the measurements: the
beam path of the IR radiation is indicated by the red arrows. The moving interferometer scanner
mirror MM is drawn in dark blue. The interferometer is of Genzel-type as can be inferred from
the fact that two beams which are reflected from the front and the backside of the movable mirror
are interfering at the beam splitter BS.

Fourier-Transform spectrometer [13, 14] and the ellipsometer which is located in an adjacent vacuum
chamber. The IFS 113 has several light sources covering the energy range from 20 cm−1 up to
11000 cm−1: These include a Hg-arc light source for the FIR, a globar source for the (FIR-)MIR, and
a Tungsten-Halogen source for the NIR range. In the FIR range usually a Ge-coated 6 µm-Mylar
beam splitter is used, for the MIR a Ge-coated KBr and for the NIR a CaF2 crystal beam splitter are
utilised. The beam splitters (BS) can be changed under vacuum. For each energy range, suitable
polarisers need to be used in order to ensure a high degree of polarisation of more than 99% over
the desired measurement range. For FIR measurements, a matched pair of wire grid polarisers on a
polyethylene substrate are used, for the MIR a free-standing gold-evaporated silicon base structure
[15] is used as polariser and two slightly rotated free-standing KRS-5 substrate wire grid polarisers
as analyser [16]. In the NIR range crystal polarisers of Nicol-prism-type are used. The angle of
incidence of the radiation on the sample can be varied between 60 and 90◦ in 2.5◦ steps.
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In order to avoid freezing of water on the sample at low temperatures, the sample is mounted
inside of a high-vacuum chamber which is part of a liquid helium flow cryostat [17]. The vacuum
inside of the cryostat is of the order of 10−6 mbar. To reduce the influence of thermal radiation from
outside, two radiation shields with small openings for the in- and outgoing beams cover the sample,
while the inner shield additionally serves as a local cold trap. An aluminium lid is used to maintain
the vacuum around the sample and to hold the windows in the right position. Depending on the
measurement range, the windows are made of mylar (FIR), wedged diamond (FIR – MIR) or KBr for
the MIR and the NIR.

For the different wavelength regimes bolometers with different low-pass filters are used [18]. The
detector elements are cooled to liquid helium temperature and for (far-)FIR measurements, the
temperature of liquid helium is lowered by pumping on the helium gas above the liquid to reach
1.8 K. The low temperatures of the sensitive elements ensure a low thermal background and an
enhanced sensitivity. Different filters are used to cut unwanted radiation contributions in order
to improve the sensitivity. Important properties of the bolometer detectors are their polarisation
insensitivity and fast response time which reduces the measurement time considerably. This is
especially important for experiments at low-temperatures.

High-temperature ellipsometry measurements

The cryostat in the Fribourg ellipsometer is designed for measurements up to 450 K. For mea-
surements of spectra at temperatures higher than 450 K, a replacement for the cryostat has been
designed and built by the workshop of the Physics department. This high-temperature stage has
been implemented as a part of this PhD work which allows measurements up to 750 K at angles of
incidence between 70 and 82.5◦. A 3D view of the setup, which has been rendered directly from
the technical drawings, is shown in figure 1.12 a and b. The left picture shows the top part of
the high-temperature (HT) stage with the sample holder and the picture on the right hand shows
the view from below where the required connections are shown and labelled. These connectors
are the cooling water, the power supply for the heater, a thermocouple, and the vacuum connector.
The actual sample holder (dark blue in figure 1.12 b) is made of stainless steel while the whole
support for the sample stage is machined from aluminium. A commercially available heater cartridge
[19] (dark grey hexagon head facing the reader in figure 1.12 a) is mounted close to the sample to
avoid an extensive and unnecessary heating of the whole stage. Also the temperature equilibrium
is reached much faster. To decouple the heated part from the chassis, the heater is separated by
small ceramic spacer discs and additionally mounted on the rotatable and water-cooled support
(shown in light brown in figure 1.12 b) which also allows to change the angle of incidence of
the radiation on the sample. The temperature is read out with a standard type K thermocouple
(chromel/alumel) which is installed close to the sample. Control of the heater is maintained by an
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Figure 1.12: 3D drawings of the high-temperature stage. a, The heater (dark grey hexagon screw head) is
sitting right below the sample holder, drawn in dark blue. The whole hot part is mounted on a
water-cooled base (yellow) which is rotatable to allow change of the angle of incidence. b View
from below: the connections for the heater (yellow), vacuum port (light brown), thermocouple
feed-through (dark brown), and connections for the water cooling (light yellow) are visible.

external temperature controller [19] which uses the internal thermocouple. An aluminium radiation
shield, which is screwed to the water-cooled base, is mounted to lower the heat radiation impinging
on the “cryostat” lid and especially on the window mounts. The windows are wedged diamond
windows which have been glued with silicone glue to the window flanges.

A series of photographs of the assembled HT stage is shown in figure 1.13. A second thermocouple
which is glued directly to the window mount is utilised to monitor the temperature at the window as
shown in figure 1.13 d. The temperatures at the window flange have never exceeded 30◦C even at a
sample temperature of T = 700 K. The oxidation of the samples at higher temperatures is avoided
with a guard vacuum inside of the sample chamber which is on the order of 10−6 mbar at room
temperature. At temperatures above 600 K, the pressure increases inside of the sample chamber by
roughly one order of magnitude.

NIR – VIS range

For the measurements in the UV/VIS range from 0.75 eV (after a recent detector upgrade already
from 0.52 eV) up to 6.5 eV, a modified commercial Woollam VASE (Variable Angle Spectroscopic
Ellipsometry) spectrometer [20] has been used. It has been modified to be able to mount a ultra-high
vacuum (UHV) liquid helium flow cryostat [17] for measurements in the temperature range between
10 and 750 K under UHV conditions. A sketch of the setup is shown in figure 1.14.

The spectrometer consists of a Xenon lamp light source and a double-grating monochromator
which are both located in the same housing. The measurements are done wavelength-by-wavelength,
that means that the monochromator selects one wavelength for the measurement and changes to
the next wavelength after the measurement has been performed. In order to increase the accuracy
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Figure 1.13: Photographs of the mounted heater stage in the ellipsometry set-up. The HT stage is shown in
a with a sample mounted. b, View from below: the vacuum port, the power connection of the
heater, and the thermocouple with its support are shown. Pictures c and d display the mounted
radiation shield and vacuum lid, respectively. To monitor the temperature of the windows, a
second thermocouple is mounted outside close to the window.

of the measurements, the ellipsometer is equipped with an adjustable compensator (the so-called
autoretarder), which allows the determination of ∆ between 0◦ and 360◦.

The spectrometer has two detectors which are used for different energy ranges: a Si detector
for the NIR/VIS range and a photomultiplier for the UV range. These detectors are automatically
interchanged at – in our case – 3.4 eV (360 nm). The sample is mounted on a θ/2θ goniometer
stage. For room temperature measurements, the goniometer is operated automatically and changes
the angle of incidence depending on the measurement settings. This allows therefore several
measurements at different AOIs without the need to realign the sample.

Low temperature measurements with the cryostat however require a manual change of the angle of
incidence. The cryostat offers x, y, z degrees of freedom for positioning the sample in UHV relative
to the incoming beam and additionally, the sample can be rotated to change the AOI accordingly.
To avoid freezing of water layers on the sample during long measurements at low temperatures,
UHV conditions are essential. The cryostat is directly mounted on the turbo molecular pump (TMP)
to ensure a good vacuum which can be improved by a mild bake-out before the measurements. At
room temperature, the pressure is in the order of low 10−8 mbar which is sufficient to efficiently
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Figure 1.14: Schematic drawing of the Woollam VASE spectrometer with attached cryostat. The light is
coupled into a light fibre in the monochromator housing (not shown) and is then guided to
the polariser and autoretarder unit. From there, the beam is collimated and shone onto the
sample. The reflected light is analysed by the second polariser and the intensity is detected
by a detector which are automatically exchanged depending on the energy range. The whole
cryostat offers four motional degrees of freedom for the sample. To maintain a good vacuum for
long measurements, a turbo molecular pump (TMP) is directly attached to the cryostat.

avoid freezing out of water on the sample, even at longer measurement runs. At low temperatures,
the pressure drops by minimum one order of magnitude due to the cryo-pump effect. Two radiation
shields with small openings for the beam protect the sample against additional heating by the
thermal radiation from outside through the windows.

The sample alignment is done with the help of a back-scattering alignment detector which ensures
that the sample surface is perpendicular to the incoming beam. In a second step, the sample is
positioned in the axis of rotation of the goniometer by changing the horizontal position in the x, y
plane by maximising the signal at the detector. This procedure is identical for the room temperature
and the low temperature measurements. A special calibration procedure ensures that the influence
on ∆ which is caused by the inhomogeneous strain within the cryostat windows is properly taken
into account during the measurement and the data analysis.
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In this chapter, the two primarily investigated materials SrTiO3 (STO) and LaAlO3 (LAO) are
introduced. Both materials are band insulators and belong to the big class of perovskite oxides
which show a large variety of phenomena like structural phase transitions, metal-to-insulator
transitions, magnetism, ferroelectricity, and high-temperature superconductivity. In section 2.1, the
general crystallographic structure of the perovskite oxides is described. Section 2.2 summarises
the most important properties of STO like incipient ferroelectricity, the effect of oxygen isotope
substitution, unconventional transport properties, and strain-induced effects in thin STO films. The
subsequent section 2.4 deals with the properties of LAO and section 2.5 depicts the properties of
the two-dimensional conducting interface which is formed between the two insulators LAO and STO.
The conducting interface has recently attracted large interest and will be investigated in further
detail in this thesis. Section 2.3 explains shortly the basic physics of ferroelectricity within the
framework of the Landau theory of phase transitions.

2.1 Perovskites

Figure 2.1: Ideal crystal structure of the ABO3 perovskite oxides. The cation
B (green) is octahedrally coordinated by six oxygen atoms (blue)
which are located on the six centres of the side faces of a cube.
The cations A form a simple cubic lattice. Depending on the
sizes of the atoms, the oxygen octahedron may be tilted and/or
distorted.

The prototype perovskite material is calcium titanate CaTiO3. It was discovered in the nineteenth
century in Russia by Gustav Rose and named after the Russian mineralogist L. A. Perovski [21].
It exhibits the characteristic crystal structure in which many oxide materials with the generalised
chemical formula ABO3 crystallise. Here, A and B are cations with different radii and generally
also different valencies. Atom B is usually a transition metal ion. The crystallographic building
block of the perovskites can be described as follows (see also figure 2.1): the cation A occupies the
corners of a simple cubic unit cell. In the centre of this unit cell sits atom B which is octahedrally
surrounded by six oxygen atoms. All oxygen octahedra form a corner-sharing network. By tilting
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and rotating of these octahedra, the crystal structure can adapt to the different diameters of the
cations A and B. The difference in diameter of the cations inevitably leads to a distortion of the
crystallographic structure which is accounted for by the tolerance factor t

t = rA + rO√2(rB + rO) (2.1)
where rA, rB, and rO are the Goldschmidt radii of the different ions, respectively. The undistorted
perovskite structure is observed for t = 1 while the perovskite structure is found to be stable in
the interval 0.8 < t ≤ 1.1 [22, 23] which corresponds to a distorted perovskite structure. The bond
angles between the orbitals of oxygen and the transition metal ion B are very sensitive to any
distortion. Many properties of perovskite oxides are determined by the d-shells of the transition
metal atom which are close to the Fermi level. Consider the orbital scheme of a free transition
metal atom in figure 2.2 on the left hand side which has five degenerate d-orbitals. In an octahedral
crystal field environment as it is generated for example by the perovskite structure, these orbitals
are no longer degenerate and split up into two eg and three t2g orbitals which is shown in the
middle panel of figure 2.2. For typical transition metal oxides, the splitting ∆ between the eg and
t2g levels is on the order of one 1 eV.

E

free atom

∆ = 10 Dq

Mn4+

dz2
dx2−y2

dyz

dxz , dxy
Mn3+

eg

t2g

Figure 2.2: Energy levels of the d-orbitals in an octahedral environment. In the leftmost picture, the degenerate
d-orbitals in a free atom are shown. If the atom is placed into an octahedral environment, these
levels split by the amount ∆ into eg and t2g levels, respectively. The rightmost image shows a
further splitting of these orbitals due to the Jahn-Teller distortion.

If one of the eg and t2g orbitals is only occupied with one electron, the system can lower its
energy by a spontaneous distortion of the oxygen octahedra. This is shown in figure 2.2 on the
right hand side for the case of Mn4+ and Mn3+. The resulting distortion where the octahedra are
structurally deformed is known as the Jahn-Teller effect. The elastic energy cost of the distortion
is proportional to the magnitude of the distortion u2 while the electronic gain is proportional to u
[24] which leads to a potential energy minimum for small values of u. For the case of the Mn3+
ions in La2/3Ca1/3MnO3, the Jahn-Teller distortion leads to a localisation of charge carriers and to
a formation of small polarons. Note that near an interface or a surface, the effect of the bandwidth

28



2.2 SrTiO3

can be reduced and the system might develop Jahn-Teller states near the interface/surface [25]. A
local tetragonal distortion, for example at the interface, can lift the degeneracy of the 3d states and
lead to various other effects as will be shown later.

2.2 SrTiO3

Strontium titanate with the chemical composition SrTiO3 is one of the most famous perovskite
materials. STO crystals are grown either by the flame fusion method [26] or by Verneuil and
top-seeded-solution-growth methods (see for example references in [27]). STO is frequently used
as a substrate for thin film samples, especially for perovskite-based materials because of similar
values of the lattice constants. A graphical comparison of the lattice constant of STO with other
perovskite materials is displayed in figure 2.10. STO is a material which behaves in several aspects
differently than other nominally similar perovskite titanates like BaTiO3, CaTiO3, and PbTiO3.
This shows that small changes of the composition in this class of materials lead to fundamental
changes in the physical properties, mainly manifested in polarisation effects (ferroelectricity) and
very different phase transition temperatures and in general very rich phase diagrams. The proximity
of the energetic ground state of for example STO to a ferroelectric one is disclosed in the stress
sensitivity of both, bulk and thin films (as will be shown in section 2.2.3), a strong isotope effect,
and a strong response to external electric fields.

2.2.1 Crystallographic structure, phonons, and phase transitions of SrTiO3

Strontium titanate crystallises in the ideal perovskite structure. As mentioned in section 2.1 before,
this structure offers many degrees of freedom for various phase transitions and STO is no exception
in this respect. As a function of temperature, several phase transitions occur which result in a
lowering of the symmetry of the material. Their sequence as function of temperature is sketched in
figure 2.3. The phase transitions and their impact on the physical properties will be discussed in
the following in more detail.

High-temperature phase of SrTiO3

At room temperature, strontium titanate exhibits the almost ideal perovskite structure shown in
figure 2.1 with the cubic symmetry group Pm3̄m and a lattice constant of a = 0.3905 nm. This
symmetry group allows 15 phonon modes: three are so-called silent modes, three are acoustic ones,
and three sets of triply degenerate modes are infrared active [30]. The silent modes are neither
infrared nor Raman active and only oxygen atoms are involved in these vibrations [30]. All of the
infrared active modes are split into their TO and LO branches due to the high ionicity of the material
which leads to the observed three (four at temperatures below 105 K) TO and LO phonon pairs.
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Figure 2.3: Crystallographic phase transitions of SrTiO3 as function of temperature T , after [28]. The
ferroelectric phase transition in SrTi18O3 is included for comparison [29].

Because of the high symmetry of the crystal at room temperature, none of the IR active modes are
Raman active. In thin films, after the application of an electric field and the subsequent distortion,
an application of mechanical deformation, or the formation of polar regions, these phonon modes
become also Raman active [30, 31]. The relative movements of the ions which are involved in the
particular phonon modes are shown in figure 2.4 a-d. At room temperature, only the modes in
figure 2.4 a-c are observed while the mode in figure 2.4 d becomes IR active below 105 K in the
tetragonal phase of SrTiO3.

(a) 90 cm−1 (b) 170 cm−1 (c) 540 cm−1 (d) 438 cm−1

Figure 2.4: Schematic representation of the IR-active phonon modes in perovskite materials, illustrated using
the example of SrTiO3. The orange arrows indicate the movement of the ions; Ti4+ cations are
drawn in green, Sr2+ in red, and oxygen anions in blue. The modes in a-c are IR-active at room
temperature and the mode in d becomes active in the tetragonal phase of STO below 105 K. After
[32, 33]

The lowest-energy mode which is observed in the infrared experiments, is the so-called soft mode
which is centred at 90 cm−1 at room temperature (sometimes this mode is also called Slater mode
or bending mode). This phonon mode is shown in figure 2.4 a. Here, the Ti central ion moves
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against the oxygen O6 octahedron. This mode dominates the low-temperature physics of STO and
will be discussed further below. The next higher-energy mode is the so-called external mode (Last
mode) at 170 cm−1 (see figure 2.4 b) where the Sr sub-lattice moves against the TiO6 octahedra.
The bending mode at 540 cm−1(Axe mode) is shown in figure 2.4 c. The rotational phonon mode
(R-mode) which involves a rotation of the oxygen octahedra around the [0 0 1] axis is depicted in
figure 2.4 d.

The phonon dispersion along certain crystallographic directions in the Brillouin zone is shown in
the left part of figure 2.5 as determined by neutron scattering at room temperature [34]. Important
points are the zone centre Γ (0 0 0), the X (0 0 12 ), and finally the R (12 12 12 ) point, respectively. All
excitations observed by infrared-based experiments are located close to the Γ point due to the long
wavelength used in the experiment.
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Figure 2.5: Phonon dispersion of SrTiO3 at room temperature (left panel, red lines) and below the 105 K
phase transition (right panel, blue lines) between the R , X , and Γ points of the Brillouin zone,
respectively. The silent mode at 265 cm−1 is not shown for clarity. The phase transition forces a
doubling of the crystallographic unit cell which results in a remapping of the R point onto the
zone centre Γ. Therefore, an additional phonon mode becomes IR-active at low temperatures
as indicated by the thick blue lines. This mode is the observed IR-phonon at 438 cm−1. After
reference [34].

Antiferrodistortive phase transition and low-temperature structure of SrTiO3

The first and most prominent phase transition at low temperature occurs at 105 K where the crystal
structure of SrTiO3 changes from cubic Pm3̄m to tetragonal I4/mcm [35–37] with the new lattice
constants (at 50 K) a = b = 0.5515 nm and c = 0.7801 nm. In this phase, neighbouring oxygen
octahedra rotate around the [0 0 1] axis in opposite directions leading to a unit cell doubling, as
indicated in figure 2.6. Because of the opposite rotations of adjacent octahedra, this phase transition
is called in analogy to ferroelectric phase transitions antiferrodistortive (AFD). The AFD transition
is located at the R point of the Brillouin zone(see figure 2.5) and the energy exhibits a softening
behaviour as the temperature is decreased towards 105 K which results in the phase transition and
hence the observation of an infrared-active phonon mode at temperatures below 105 K.
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[0 0 1]
Figure 2.6: Illustration of oxygen octahedra rotation during

the antiferrodistortive (AFD) phase transition of
SrTiO3 at T < 105 K. The octahedra of neigh-
bouring unit cells rotate by a small angle in
opposite directions around the [0 0 1] axis. This
leads to a zero net-polarisation and a doubling
of the crystallographic unit cell.

During this phase transition, the Brillouin zone dimensions change which leads to a back-folding
of the electronic and the phonon dispersion relations. The latter is schematically shown in the
right part of figure 2.5. This transition has been intensively studied by neutron scattering [35,
38], electron paramagnetic resonance [39], X-ray diffraction [40], Raman spectroscopy [41], infrared
spectroscopy [42, 43], and recently also by UV/VIS ellipsometry [27].

It is important to note that the AFD transition does not influence the dielectric (ferroelectric)
properties of the material, that is, the dielectric constant does not show a discontinuity at the
transition temperature. At 10 K and below, a rotation angle of the octahedra of approximately 2◦
has been experimentally determined [28, 36, 44, 45] which corresponds to a tetragonality ratio of
ca = 1.0006. But the symmetry changes below 60 K again and the STO unit cell transforms into an
orthorhombic structure with a : b : c = 0.9998 : 1 : 1.0002 [28]. The formation of domains is easily
facilitated because the angles within the unit cell do not change and the degenerate rotations
around the [1 0 0], [1 1 1], and [1 1 0] axes are still possible [46]. The formation of domains at
low temperature can be suppressed for example by external restraints like an electric field [47],
mechanical stress [48], or extremely slow cooling rates. At even lower temperatures, the crystal
structure is assumed to transform around 37 K into a rhombohedral low-temperature phase [28, 49].

The soft mode concept and its relation to ferroelectricity in SrTiO3

Although SrTiO3 is a (quantum) paraelectric material down to the lowest temperature, it exhibits
a soft mode whose energy strongly decreases while the temperature is diminished. In contrast
to the AFD phase transition, the soft mode heavily affects the dielectric properties of STO and
is responsible for the high static dielectric constant at low temperatures. An infrared-active soft
mode at the central Γ point of the Brillouin zone is an indicator for a ferroelectric instability in a
material. It is thus believed that paraelectric strontium titanate is an incipient ferroelectric (because
it exhibits a strong soft mode) which does not exhibit a long-range ferroelectric order but possesses
a ground state which is close to a ferroelectric one and exhibits on a microscopic scale a local
”ferroelectric” order [50]. The ferroelectric phase transition in SrTiO3 is believed to be inhibited
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by the quantum fluctuations of the lattice [51]. As already shown in figure 2.4 a, the soft mode
involves a movement of the central Ti ion along one of the three [1 0 0] axes against the stiff oxygen
octahedron. At the critical temperature Tc , the lattice becomes unstable against even the smallest
shear deformations and hence becomes literally “soft” [46, 52]. For a second-order Landau-type
ferroelectric phase transition, this critical temperature corresponds to the temperature where the
energy of the soft mode is zero. However, the renormalisation of the phonon frequencies due to
anharmonic contributions is completed at Tc and the accompanying fluctuations should become
static [53] which does not happen in STO. The softening of a phonon mode requires in order to
fulfil the Lyddane-Sachs-Teller relation which is given by equation (1.29) that the static dielectric
constant has to diverge at the critical temperature as shown in figure 2.7 which is described by a
Curie-Weiss law.

T

ε1(0)

Tc

Figure 2.7: Schematic temperature dependence of the static real part ε1(0)
of the dielectric function of a ferroelectric material. The dielec-
tric function diverges at TCurie and follows a Curie-Weiss-law
behaviour.

Many other ferroelectric perovskite materials like barium titanate are ferroelectric at room
temperature. BaTiO3 has for example a Curie temperature of 395 K. On the other hand, the
ferroelectric phase in STO crystals can be stabilised if 16O is replaced by the heavier oxygen
isotope 18O for at least 36 atomic-%. A long-range ferroelectric order appears in SrTi18O3 (STO18)
crystals at around 23 K [54] and is the maximum Curie temperature which is reached for an exchange
ratio of 93-95% [54, 55]. The quantum fluctuations are thought to be suppressed or at least slowed
down by the oxygen exchange due to the heavier mass of 18O compared to 16O. It is important
to note that the ferroelectric state in general is strain-sensitive and SrTi16O3 films can become
ferroelectric even around room temperature [37, 56, 57] as will be shown in section 2.2.3.

Electric field response of SrTiO3

In strontium titanate, the soft mode is the phonon which is most strongly affected by an external
electric field. Raman experiments by Fleury et al. have shown that the soft mode energy increases as
response to an external electric field of 1000 Vmm−1 by more than 40 cm−1 at 10 K [30]. During the
investigation of the field effect in STO thin film samples, it has been observed that the other phonon
modes of STO are hardly affected by an electric field of similar strength [31]. While applying an
external field, the real part of the dielectric function decreases due to the now increased polarisation
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within the sample. An external field is further believed to suppress the quantum fluctuations which
compete with the ferroelectric ground state. As a consequence, a ferroelectric state can be induced
by an external electric field as it is shown in the phase diagram in figure 2.8 [47]: an electric field
of approximately 180 Vmm−1 is already sufficient to stabilise the ferroelectric state in STO at
T < 10 K. Above 30 K, the field strength to remain within the ferroelectric phase has to exceed
600 Vmm−1. Such high electric fields could lead to the destruction of the strontium titanate due to
the formation of mobile oxygen defects which finally lead to an electric breakdown of the sample.
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Figure 2.8: Phase diagram of SrTiO3 as function of the external electric field E and the temperature T . Filled
triangles indicate maxima of the real part of the dielectric function which have been observed at
different field strengths E . The round, red symbols represent the minima of the imaginary part
of the dielectric constant of STO. Minima of the non-linear susceptibility χ3(T ) are shown as
open squares. The blue solid line is result of a mean-field model calculation as explained in
reference [47]. An induced ferroelectric (FE) phase is found in the high-field and low-temperature
regime while above 35 K only the para-electric (PE) state seems to exist. Below 35 K and at low
electric field strength, a coherent paraelectric state is detected which can be turned into the FE
phase by increasing the electric field strength. The shaded grey area marks the range of field
effect experiments which will be discussed later in section 5.2. After reference [47].

2.2.2 Transport properties of SrTiO3

The large static dielectric constant ε̃1 of SrTiO3 which exceeds values of 20000 at 4 K and below
[51] and exhibits a value of 300 at room temperature [58] leads to a very effective screening of ionic
defects in STO and thus leads to an effective reduction of the scattering for free charge carriers at
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such defects. As a consequence, the mobility of the mobile charge carriers in SrTiO3 is rather high.
The mobility can be approximated after reference [59] by

µ ∼ nε̃2
m∗2Z 2Nf (ε̃, n) . (2.2)

Here, n is the electron (charge carrier) concentration, m∗ their effective mass, Z the charge of the
electron donor, and N the donor centre concentration. f (ε̃, n) is a function which includes further
dependencies on ε̃ and n. The observed high charge carrier mobility in STO [59], which is also
observed in the conducting LaAlO3/SrTiO3 heterostructure samples [60], is mainly ascribed to this
property. For a detailed discussion of the LaAlO3 on SrTiO3 heterostructures and their transport
properties, see section 2.5.

Undoped and stoichiometric bulk SrTiO3 samples and thin films are insulating. Doping of SrTiO3
is usually achieved by one (or a combination) of the following possibilities:
• chemical doping by the introduction of impurities with a different valency (including oxygen

vacancies)
• illumination with UV light – usually referred as photodoping

The first possibility inevitably leads to some disorder in the sample. Chemical substitution of Ti by
another element with a different valency creates additional free charge carriers. It has recently been
shown that the doping of SrTiO3 with La creates electron mobilities of more than 30000 cm2V−1s−1
at 4 K [61]. The photo-doping enables to reversibly change the charge carrier concentration in
a sample without introducing a structural disorder of any kind. Another possibility to alter the
electron concentration in SrTiO3 that has for example been introduced by one of the aforementioned
possibilities, is given by the application of an external electric field as it will be discussed later
and in section 5.

Polaronic effects in SrTiO3

A common way to dope STO with electrons is the partial substitution of Ti by Nb. Niobium
doped strontium titanate SrTi1-xNbxO3 exhibits both a Drude component at low energies and a
strong MIR band [62] that has been ascribed to the formation of polarons (see below). Nb:STO is
superconducting with a critical temperature Tc ≈ 0.5 K [63] at a critical electron concentration of
1020 cm−3. The effective mass m∗ of the charge carriers is enhanced by approximately a factor of
two with respect to the free electron mass at 7 K [62].

The effective-mass approximation for electrons allows to distinguish two types of polaronic states
in solids [64]. These are the so-called large and small polarons, respectively. If an electron is
placed in a polarisable environment, it causes a distortion of the latter. Large polarons distort the
lattice over a large area which extends over several unit cells. For small carrier velocities, the ion
polarisation of the host material can still follow the movement of the polaron and thus, the polaron
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can move through the crystal at low energies but with an enhanced effective mass m∗. In this
case, the coupling between electron and phonon is weak. Another situation arises if the electron
bandwidth becomes less than half of the polaron binding energy [64]. Now, the finite electron
bandwidth becomes important and the charge carriers have to be described as small polarons. These
small polarons extend only over roughly one unit cell and thus are localised. Small polarons can
move through the crystal only by hopping from one lattice site to another one which makes them
fairly immobile.

Oxygen defects in SrTiO3

Oxide materials are usually sensitive to changes in the oxygen stoichiometry. This is also true
for SrTiO3 and the introduction of oxygen vacancies turns the colour of reduced crystals from
transparent/opaque to grey or even black. The colour change depends on the number of the oxygen
defects. Such crystals show a metallic conductivity due to the free electrons and are sometimes
referred to as semiconducting STO [65]. Oxygen vacancies can be created by annealing STO samples
in (ultra) high vacuum. The charge carriers have a large influence on mechanical properties of STO,
too: an electron density of n ≈ 15 · 1019 cm−3 decreases the temperature of the cubic-to-tetragonal
AFD transition by about 15 K [66]. This large decrease cannot be solely attributed to a simple
change of the lattice constant. The maximum shift of the critical temperature induced by a variation
of the lattice constant has been estimated to be on the order of 5 K [65, 66].

Photo-doping

The electrical conductivity of semiconducting samples changes after the illumination with light
which has an energy E > Egap [67]. In case of SrTiO3 crystals, charge carriers (electron-hole pairs)
are created by the excitation of electrons from the filled valence band into the empty conduction
band [68] which results to an increase of the conductivity. The charge carriers likely originate from
oxygen 2p bands and are inserted into the empty titanium 3d bands. Due to the limited penetration
depth of the UV light, which strongly depends on the photon energy but is of the order of several
hundred Nanometres above the band gap, charge carriers are created close to the sample surface.
This is not an equilibrium state because these excited charge carriers have only a limited lifetime:
they are created as electron-hole pairs by the impinging light and they decay by recombination
after a characteristic time. In SrTiO3, the life time of the photo-induced charge carriers is very long
and it can exceed several hours at low temperatures.

Electric field effect

In applied semiconductor physics, a common possibility to reliably and reversibly change the charge
carrier concentration in a sample is given by application of an external electric field [69]. By the
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application of moderate electric fields below the electric breakdown voltage of the sample material,
the stoichiometry of the sample is not affected and thus, the field effect offers a possibility to widely
tune the electronic sample properties. The electric field effect is utilised in electronic applications,
for example in field effect transistors (FET) or the related metal oxide semiconductor (MOS)-FET
for the amplification or the switching of electronic signals. A short review of electric field effect
structures is given below in the context of the simple metal-insulator-semiconductor (MIS) device
[69, 70]. MIS devices are similarly built as the LAO/STO heterostructures which will be discussed
and investigated in further detail in this thesis. MIS structures consist of a metallic top electrode
which covers an insulating layer. The following layer is the semiconducting material whose electron
concentration is modified by the electric field. On the back of the bulk semiconductor, the so-called
gate electrode is applied, see the sketch in figure 2.9 a. The voltage is applied between the two
electrodes: the top electrode is for example connected to ground and the back electrode has positive
or negative polarity, respectively. In analogy to transistor technology, the applied voltage is called
gate voltage Ug. The layers in a MIS assemble a capacitor in a simple picture where the insulator
and the semiconductor form a dielectric material between charged capacitor plates. Consider now
the case that the top electrode is grounded and a positive voltage is applied at the back of the
sample. The following simple picture assumes an n-type doped semiconductor. Across the positively
biased device, an electric field is created as shown in figure 2.9 b. As a consequence, electrons are
pulled away from the interface between dielectric and insulator and a depletion zone is created.
For the negatively biased structure, which is shown in figure 2.9 c, electrons are pushed towards
the interface and an accumulation layer is formed. Under normal operation conditions, no charge
carriers tunnel through the insulating layer and thus only charge carriers which are already present
in the semiconductor are involved in this process. The formation of a depletion or accumulation
region is accompanied by a bending of electronic bands at the interface between insulator and
semiconductor due to electrostatic forces between charge carriers and the charged interface. The
depth of the depletion/charge zone and the magnitude of bending of bands depends on the electric
field strength E and the charge carrier concentration n.

2.2.3 SrTiO3 thin films and sensitivity to strain

Many physical properties depend on the strain state of the sample. A large amount of strain is for
example introduced in a system consisting of an epitaxially grown layer on a substrate with a slight
mismatch of the respective lattice constants. The intrinsic strain εs within a film on a substrate is
estimated as

εs = asubstrate − afilm
afilm

(2.3)
with the in-plane lattice constants afilm of the film material and the corresponding value asubstrate
for the substrate. Depending on the sign of εs, the strain in the layer is either compressive (+) or
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Figure 2.9: Electric field effect in metal-insulator-semiconductor (MIS) devices. The unbiased structure is
shown in a. The application of a voltage on the backside of a structure which consists of a metallic
top electrode, an insulating layer and a semiconducting substrate results in a change of the
charge carrier density inside the sample: for positively biased samples (top electrode is always
grounded and the voltage is applied to the back of the semiconductor), electrons are pulled away
from the interface and a depletion zone is formed as shown in b. c, In a negatively biased sample,
the electrons are pushed towards the interface and the electron concentration is increased at the
interface.

tensile (−). For a given lattice mismatch, a critical thickness exists above which the film does no
longer grow epitaxially because the film starts to relax via the creation of dislocations or cracks in
order to release the strain energy. The maximum strain which can be accommodated, is given by
the Griffith criterion for crack formation under plane strain conditions [71]:

εs = (1− ν)
√ 2γ
πY c , (2.4)

where γ is the surface energy per unit area of the crack surface, Y is the Young’s modulus of the
material, ν the Poisson ratio, and c the length of the crack. A comparison of the lattice constant
of SrTiO3 to some other (substrate) materials is given in figure 2.10. It has been experimentally
shown that up to a thickness of 50 nm, STO films grow coherently strained on substrates whose
lattice constants do not differ by more than ±1.2%. This value is indicated in figure 2.10 by the
shaded area. The dislocation density in such films can be less than 1011 cm2 [57]. The resulting
homogeneity of the strain distribution is important for inducing long-range order properties like
ferroelectricity in thin films. Figure 2.11 shows as an example a thermodynamical calculation of the
Curie temperature of a thin STO film as a function of strain. The predicted transition temperature
is shown to be consistent with the experiment: molecular beam epitaxy grown 50 nm thick SrTiO3
films on the (1 1 0) surface of DyScO3 are ferroelectric at 293 K with the polarisation axis lying
in-plane [57]. Pulsed laser deposition grown films start to already relax by the introduction of misfit
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Figure 2.10: Pseudo-cubic lattice constants of various substrate materials. The highlighted area corresponds
to a lattice mismatch of ±1.2% in comparison to SrTiO3 [57, 72, 73]. This corresponds to a lattice
strain which is suitable to introduce ferroelectricity in SrTiO3 with a Curie temperature of TCurie
which is close to room temperature.

dislocations around a layer thickness of 30 nm [74]. Ferroelectricity has so far not been observed in
samples which are compressively strained; the polarisation axis in this case is believed to point
out-of-plane because the tetragonal distortion of the unit cell expands the lattice along the surface
normal which coincides with the polarisation direction.

2.3 Ferroelectricity

2.3.1 Introduction to ferroelectricity

Dielectrics can be polarised by an external electric field Eext. Samples which exhibit a spontaneous
electric polarisation are the so-called pyroelectrics. Generally, the polarisation varies strongly
with temperature (hence ”pyro”) but also a variation with the electric field strength or strain state
is possible. A ferroelectric material exhibits a spontaneous polarisation without an external field
and the direction of the polarisation can be reversed by an external electric field and exhibits
the hysteretic behaviour shown in figure 2.12. Ferroelectricity usually requires a change of the
electronic charge distribution within the unit cell which is usually accompanied by a (slight)
structural phase transition. From all 122 crystallographic point groups, only 31 groups allow a
spontaneous polarisation, P, [75, 76]: during the transition into the polarised state, the spatial
inversion symmetry of the crystal has to vanish. Thus, a phenomenological description of the phase
transition can be given with help of the Landau theory of phase transitions. An order parameter is
introduced which describes the advance of the phase transition as shown in section 2.3.2.

Ferroelectric materials are differentiated by the underlying mechanisms which induce ferroelec-
tricity: BaTiO3 for example belongs to the group of materials which become ferroelectric due to an
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Figure 2.11: Thermodynamical calculation of the ferroelectric transition temperatures of 50 nm thick SrTiO3
films under different strain conditions. The light grey area corresponds to the paraelectric (PE)
phase of STO while the light blue areas mark the temperature – strain regime where STO films
are in a ferroelectric (FE) phase. The remaining white area is the temperature regime where the
phase transition is expected to take place. Films under tensile strain should exhibit a higher
transition temperature and a polarisation lying in-plane, as indicated by the orange arrow on the
lower right half of the phase diagram. This is observed for example in STO films on DyScO3 with
TCurie close to room temperature. On the other hand, compressively strained films are expected
to show a transition temperature at lower temperatures and exhibit an out-of-plane polarisation,
as indicated by the orange vertical arrow on the left part of the image. The dashed lines show
the strain in a STO thin film which is induced by a LSAT or a DSO substrate, respectively. After
reference [57].

off-centre shift of the central Ti4+ ion. This is usually referred as displacement-type ferroelectricity
where the polarisation of the sample originates directly from the displacement of the central cation.
In such materials, the soft mode concept is applicable [77] as indicated in section 2.2. In organic
Bechgaard salts of type (TMTTF)2X, X being for example SCN– or PF–6, bonds within the molecule
can get polarised and due to a long-range order of structurally inequivalent bonds, a site-centred
ferroelectric order is the realised [78]. This is often referred as order – disorder type of ferroelectric
transitions because the sample polarisation results from the ordering of already present dipoles in
the sample. The so-called lone pairs or dangling bonds (electrons which do not participate in a
chemical bond) can also easily get polarised and favour the ferroelectric order in certain materials
[78]. In some materials, the long-range order is not distinct and small polar ordered clusters are
present. At a critical volume fraction of these precursors or a change of the interaction between
these clusters, a macroscopic long-range (macroscopic) ferroelectric order is formed. These effects
can appear together which makes it sometimes difficult to identify the dominating contribution.
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The analogy to ferromagnetism is clearly visible during the polarisation process of a ferroelectric
material. As observed in ferromagnetic materials, during cooling through the phase transition
temperature, domains are formed while the external field is below the saturation value. The
formation of the domains reduces the total energy which is increased by stray fields. Domains are
areas where the magnetisation/polarisation is uniform but the direction of magnetisation/polarisation
vector differs from domain to domain. Neighbouring domains are separated from each other by
domain walls. The arrangement of the domains depends on the crystallographic orientation of the
crystal and the energy cost of the domain wall formation. In case of a ferroelectric material, the
application of a sufficiently strong external electric field E changes the average magnitude of the
sample polarisation. This results in the maximum value of the polarisation, the so-called saturation
value Ps. To reduce or even reverse the polarisation of the sample, an electric field which points in
the opposite direction has to be applied. During the change of the external field, the domain walls
inside the material start to move and the direction of the polarisation vector starts to rotate which
results in a hysteretic behaviour as can be seen in the schematic polarisation curve in figure 2.12.
After the removal of the external field, a remnant polarisation Pr persists. To completely remove
any remaining polarisation, the coercive field strength Ec has to be applied to finally reach the
value P = 0.

E

P

Ps

Ec

Pr

Figure 2.12: Schematic hysteresis loop of a ferroelec-
tric material. Analogous to ferromag-
netism, the domain formation influences
the polarisation P as function of the ap-
plied field E . The saturation value of
the polarisation of the sample is Ps, the
coercive field is marked as Ec, and the
remnant polarisation as Pr.

2.3.2 Landau theory of phase transitions

Various ordering phenomena in solid state physics can be described by a quantity which is the
so-called order parameter η. The order parameter describes phenomenologically how the magnitude
of the order changes as a function of temperature T , pressure p, or another physical quantity
close to the transition temperature Tc . Examples for order parameters are the magnetisation M
for ferromagnetism, the polarisation P in case of ferroelectricity, and the distortion u for structural
phase transitions [79]. By definition, the order parameter vanishes at Tc . For temperatures below
the critical temperature η > 0 and the system is in its ordered state. This is consistent with the
third law of thermodynamics which forces zero entropy at T = 0 and therefore favours the ordered
state at low temperatures. Consequently, at temperatures above the critical temperature, the system
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is somehow disordered and η = 0. Depending on the temperature behaviour of the order parameter,
two different kinds of phase transitions are distinguished: first-order phase transitions, where the
order parameter vanishes abruptly at the transition temperature (see figure 2.13 a), and second-order
phase transitions where the order parameter decreases continuously to zero and reaches zero at Tc
(figure 2.13 b). Within the framework of the Landau theory of phase transitions, the Helmholtz free

η

TTCurie
(a) first order

η

TTc
(b) second order

Figure 2.13: Temperature dependence of the order parameter η for a first- and a second-order phase transition.
a, For first-order transitions, η abruptly goes to zero at the critical temperature Tc . b, For
second-order transitions η decreases continuously and reaches zero at TCurie.

energy F or the Gibbs free enthalpy G is expanded in a Taylor series for small values of η around
the critical temperature Tc:

F (η) = F0 + Aη2 + Bη4 + Cη6 + · · · . (2.5)
Here, A, B, C are coefficients which determine the minimum of the free energy as a function of the
order parameter [7, 79]. These coefficients are functions of external variables, for example T or p,
and determine the type of the phase transition. They ensure η > 0 below the transition temperature
and η = 0 above. It is usually sufficient to consider only even powers of η. Odd power terms
mostly favour first-order transitions and are sometimes required to take symmetry restrictions of the
considered system into account [79]. F0 is the free energy of the system at T > Tc which does not
change during the phase transition [80].

First-order phase transitions

For a phase transition to take place, the free energy F has to develop minima at non-zero values of
the order parameter, η, below the transition temperature. The required change of the sign of the
coefficient A in equation (2.5) leads to the temperature dependence A(T ) of the form

A(T ) = a(T − Tc) (2.6)
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Figure 2.14: Free energy F as function of the order parameter η for a a first- and b a second-order phase
transition. In case of first-order transitions, the free energy exhibits three minima above the
critical temperature, Tc: a global one at η = 0 and two local ones at ±η 6= 0. At the critical
temperature all three minima coexist and below Tc the two side minima get deeper. A second-
order phase transition on the other hand is characterised by one global minimum at η = 0 at
temperatures T > Tc which transforms right at Tc into two minima at ±η.

which allows the formation of these minima at low temperature. In case of a first-order transition, the
critical temperature Tc is not necessarily identical with the phase transition temperature. Assuming
that the coefficient B becomes negative, for example because of an applied stress above Tc , the
minimum at Fmin(0) coexists with the two new minima at Fmin(±η) already above Tc [7, 52]. The
modified equation (2.5) for first-order phase transitions close to Tc reads therefore

F (η) = F0 + a(T − Tc)η2 − bη4 + Cη6 (2.7)
where a, b, and C are positive constants. The shape of F (η) is shown in figure 2.14 a. A η6 term
is necessary to stabilise the system for large values of η [79]. Approaching Tc from above, at the
temperature where B changes sign, the first-order transition occurs and three minima coexist. Below
this temperature, the two side minima at ±η get deeper and the minimum at η = 0 smears out.

Second-order phase transitions

At the transition temperature Tc of a second-order phase transition, the minimum of the free energy
at η = 0 is transformed into a maximum and two new minima develop away from η = 0 [7]. The
order parameter close to the transition temperature is small, hence the expansion introduced in
equation (2.5) can still be used. The symmetry of the free energy potential F (η) requires in case of
a second-order phase transition a change of the sign of coefficient A at Tc . For simplicity, the same
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temperature dependence of the form A(T ) = a(T − Tc) as previously defined in equation (2.6) is
used. The positive 4th order term in the order parameter ensures the existence of global minima of
the free energy and a positive curvature of the free energy for larger values of η. For second-order
phase transitions, the modified equation (2.5) is of the form

F (η) = F0 + a(T − Tc)η2 + bη4 . (2.8)
The behaviour of the free energy for this case is shown in figure 2.14 b for temperatures above
Tc , at Tc , and below Tc: the free energy has one minimum at η = 0 for temperatures above the
critical temperature which turns into a maximum below Tc . Additionally, two minima develop at
temperatures below the transition temperature at values of ±η 6= 0 and get sharper with decreasing
temperature.

Strain dependence of the ferroelectric phase transition

The occurrence of ferroelectricity does not only depend on the temperature but also on the mechanical
strain state of the system. This becomes important in case of strained SrTiO3 thin films on substrates
as will be shown in section 2.2.3. The thermodynamical expansion of the Helmholtz free enthalpy
F as a function of temperature T , entropy S, the stress tensor S and the strain tensor E may for
example be given by [52]

F (T ,S,E) = U − TS − S · E − E · P (2.9)
with E being the external electric field, P the resulting polarisation, and U the internal energy
of the system. Applying a mechanical stress to a dielectric material therefore influences or even
induces a ferroelectric phase transition: the nature of the transition can change from first order to
second order, the transition temperature of a ferroelectric film may significantly shift away from the
value of the bulk sample, or even the transition into the ferroelectric state can be induced in an
incipient ferroelectric (paraelectric) material like SrTiO3 [81].

2.4 LaAlO3

Lanthanum aluminate LaAlO3 (LAO) is a band insulator with a large direct band gap energy of
5.6 eV [82]. At high temperatures, LaAlO3 exhibits the ideal perovskite crystal structure. Upon
cooling from high temperatures, at 813 K LaAlO3 undergoes a cubic-to-rhombohedral Pm3̄m↔ R 3̄c
phase transition [83], which is of second-order. According to Landau’s theory (see section 2.3.2), the
phase transition can be described with the rotation angle φ2 of the AlO6 octahedra as the order
parameter. At temperatures below 200 K, the order parameter saturates [84]. During cooling from
high temperatures, the octahedra do not only rotate but also get slightly deformed. In addition,
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below 730 K twin domains are formed and freeze out as well as oxygen vacancies do [83]. This
leads to a ionic conductivity via the oxygen vacancies at high temperatures. Upon further cooling,
no more phase transitions are observed. The deviation from the ideal cubic symmetry is very small
and the pseudo-cubic lattice parameters can be used in a good approximation. At room temperature,
bulk LAO samples are heavily twinned and have a cubic lattice constant of a = 0.382 nm [85].

LaAlO3 is chemically very stable. One can imagine the structure of LAO built up of a regular
stack of charged LaO+ and AlO–2 planes. The oxidation state of both cations lanthanum and
aluminium is 3+ which is in this case a very (and the only) stable combination. In addition, Al
has empty d-orbitals which favour a octahedral coordination of Al3+ [86]. Therefore, electronic
reconstructions are very difficult in LAO crystals; the possibilities to compensate for doping is to
either develop a reconstructed surface layer [87] or to form oxygen vacancies. The latter is difficult at
low temperatures due to their low mobility and the high ionicity of LAO. These properties contrasts
the behaviour of the titanates and becomes important in case of LAO/STO heterostructures which
will be discussed in section 2.5.

2.5 The LaAlO3/SrTiO3 heterostructures and the polar catastrophe

In 2004, Ohtomo and Hwang have discovered that samples of LAO thin films grown on TiO2
terminated STO substrates are conducting and exhibit an unusually high electron mobility [88].
This has been a surprise because SrTiO3 and LaAlO3 are both band insulators with a large energy
gap. As a possible origin of the conductivity, the so-called polar catastrophe scenario has been
proposed which will be explained in the following.

The crystallographic structure of SrTiO3 allows two different surface terminations for a (0 0 1)
surface: the surface of a single-crystalline sample can be terminated by either by a TiO2 layer or
alternatively by a SrO layer [89]. The perovskite structure ABO3 can be formally thought of as an
alternating stacking of AO and BO2 planes. The resulting structure has to remain charge-neutral,
which means that with the usual valence charge of oxygen, 2−, only certain combinations of A and B
valence charges are possible. For a II-IV combination of A and B atoms this leads to charge neutral
planes of AO and BO2 and consequently in case of Sr2+Ti4+O2–3 to the formation of SrO and TiO2
layers. For III-III structures like La3+Al3+O2–3 , one obtains charged planes (LaO)+ and (AlO2)–
[90]. At the interface between LaAlO3 and SrTiO3, one hence distinguishes two different interface
structures: for a TiO2 termination of STO, the stacking sequence of the planes is AlO–2/LaO+/TiO2.
For a SrO termination of STO, the interface structure is LaO+/AlO–2/SrO.

Imagine now the structure of an interface of TiO2 terminated STO and LAO as it is shown in
figure 2.15 on the left hand side. The first LaO+ layer at the interface is positively charged and
the next AlO–2 layer is negatively charged. Between these two layers, the electric field develops
like in a plate capacitor. This is repeated in the following layer pairs (the whole structure has
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Figure 2.15: In order to explain the occurrence of the formation of an electron liquid at the interface
between two insulating materials, the following scenario is proposed: the left panel shows the
unreconstructed state whereas in the right panel the reconstructed state between LaAlO3 and
SrTiO3 is displayed. In the case of the unreconstructed interface, all atomic layers in SrTiO3
are charge neutral and the LaAlO3 layers are alternately charged which is indicated by the
arrows of the charge density ρ. At the interface between LaO+ and AlO–2 a positive electric
field E is created which results in an electric potential V . This potential increases with the
increasing LaAlO3 thickness. The polar compensation can be achieved by the transfer of half of
an electronic charge per unit cell from the surface towards the TiO2 layer at the interface. The
electric field in this case oscillates around 0 and the potential remains finite for any larger LAO
layer thickness. The accumulated electrons form a conducting layer which is confined at the
interface. After [90, 91].

to remain charge neutral). Thus, the electric potential V which corresponds to the electric field
E and relates to the electrostatic energy, increases with every additional layer. At a very large
layer thickness, this leads to a large electrical potential, the so-called polar catastrophe. In order
to remove this large potential, the sample surface has to reconstruct in order to reduce the total
energy. In classical semiconductor superlattices, the reconstruction is accomplished by a change of
the crystallographic structure, for example by roughening of the interfaces. Transition metal oxides
offer another possibility: unlike semiconductors, they can change the valency of their constituting
ions to a certain extent. The total electrostatic potential is for example minimised by the transfer of
half of an electronic charge from the surface of the structure to the interface. As a consequence, the
electric field oscillates around zero, as depicted in figure 2.15 on the right hand side. Therefore, the
formal valence charges of the Ti4+ and Al3+ cations at the interface and surface change formally
to Ti3·5+ and Al3·5+, respectively, and thus create an electron doped interface and hole doped
surface. Up to now, no indications for the hole doped surface have been found, likely because of
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the stable oxidation number of Al3+ which forces a surface reconstruction rather than supporting
the hole doping. The charge carrier density corresponding to the transfer of half an electronic
charge per unit cell is 3 · 1014 cm−2. Below the critical LAO layer thickness of n = 4 unit cells, the
electronic reconstruction does not occur and the samples with thinner LAO layers are found to be
insulating [60]. Disregarding the metal-insulator transition, the conducting electrons themselves
exhibit remarkable properties: the charge carriers are confined in two dimensions, are highly mobile,
the concentration of the charge carriers can be influenced by an electric field, and a superconducting
and a coexisting ferromagnetic phase have recently been discovered. In the following, a short
summary of these properties will be given.

The number of the electrons and their mobility at the interface is influenced by an external
electric field, see section 2.2.2 and [60, 92]. The application of an electric field to a metal-
insulator-semiconductor structure leads to a depletion or enrichment of charge carriers at the
insulator-semiconductor interface as shown in section 2.2.2. Samples with a thicknesses close to
the critical value of n = 4 unit cells can be switched between an insulating and a conducting
state by the application of a moderate gate voltage. Recently, it has been found that a gate
voltage of ≈ −60 V is required at T = 4 K to switch a conducting four unit cell thick LAO on
STO heterostructure into the insulating state [93]. At the same time, the distribution of the charge
carriers within the sample substrate is influenced by the electric field which leads to a modified
bending of the electronic bands close to the interface and thus to a variation of the charge carrier
mobility [92]. The large dielectric constant of the substrate material STO reduces the strength
of the ionic scattering centres close to the interface by screening, see equation (2.2). Reyren
et al. have shown that the 2D charge carriers become superconducting at temperatures below
200 mK [94]. Superconductivity can be suppressed by the application of a critical magnetic field
on the order of 180 mT and transport measurements suggest that the interface electrons undergo
a Berezinskii-Kosterlitz-Thouless phase transition due to the restricted dimensionality which
suggests an upper limit of the thickness of the superconducting layer of about 10 nm. Electrostatic
tuning of the electron liquid allows switching between superconducting and normal conducting
states and the resulting phase diagram shows a quantum-critical point [95]. High-mobility samples
(µ > 1000 cm2V−1s−1) show Shubnikov-de Haas oscillations at 1.5 K in a magnetic field [96]. The
electrons at the interface exhibit a strong Rashba-like spin-orbit interaction which can be influenced
by an external field [97]. Evidence for a Wigner crystallisation of the charge carriers is found in
the field effect experiments [93]. Recently, the coexistence of magnetism and superconductivity in
LAO/STO heterostructures has been shown [98–101]. Structural changes due to the built-in field
across the LAO layer have been manifested in a change of the c-axis lattice parameter in the LAO
layer by 1.7% [102] for samples with thicknesses n ≤ 4 unit cells. At the same time, the lattice
parameter of STO close to the interface is also expanded for samples with a thickness of n ≥ 4
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[103]. The field in the LAO layer is estimated to be in the order of 2.4 · 106 Vmm−1 for samples
with n < 4 and is supposed to be the origin of the strong electrostriction effect observed in the thin
LAO layers [102]. Samples with n > 4 exhibit a built-in field on the SrTiO3 side which originates
from the bending of the conduction band in the STO substrate towards the interface and is pointing
away from the interface [103].
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3 FIR and UV/VIS response of bulk SrTi16O3,

SrTi18O3, and strained SrTiO3 thin films

In this chapter, ellipsometry measurements of bulk strontium titanate crystals as well as of strained
SrTiO3 thin films are presented. For the bulk samples, the spectra of the bulk incipient ferroelectric
SrTi16O3 (STO16) are directly compared to the ones of ferroelectric SrTi18O3 (STO18) in the
far-infrared range in section 3.1 and in the UV/VIS spectral region in section 3.2. The dielectric
function of the bulk samples is fitted in the FIR range using a so-called coupled oscillator model
which is introduced in section 3.1.1. The obtained fit parameters for both samples are shown
and discussed in section 3.1.2. In SrTi18O3, the so-called rotational phonon exhibits a surprising
temperature behaviour: it softens down to very low temperatures and splits into two modes at
the ferroelectric phase transition. A phenomenological explanation for this observation is given
in section 3.1.3. In the visible range, the lowest direct interband transition exhibits a different
low-temperature behaviour for the incipient ferroelectric and the ferroelectric sample: in STO18, a
minimum of the energy of this transition occurs at the Curie temperature TCurie which is somehow
reminiscent of the behaviour of the soft mode.

The thin films of SrTiO3 are grown on different substrates which exhibit either a slightly larger or a
slightly smaller lattice constant in-plane than the equilibrium value of (bulk) STO. The corresponding
out-of-plane lattice constants are determined by the Poisson ratio of STO and in the former case are
expected to contract while in the latter case this will lead to an elongation. The lattice parameters
of the substrates are chosen such that a strain of εs ≈ ±1% of the film results. Ellipsometry
measurements are performed in the FIR and the UV/VIS spectral range and the response is shown
in section 3.3. The samples on (LaAlO3)0.3−(Sr2AlTaO6)0.7 substrates are discussed in section 3.3.2
where no indication of a ferroelectric phase is found. For the SrTiO3 films on the DyScO3 substrate
under tensile strain, the analysis of the FIR response turns out to be complicated by the anisotropy
of the substrate. Nevertheless, evidence for a ferroelectric phase transition is obtained from the
UV/VIS ellipsometry data in section 3.3.3 where the direct interband transition exhibits a similar
anomaly of the temperature dependence as in bulk, ferroelectric SrTi18O3.
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3.1 FIR spectra of bulk SrTi16O3 and SrTi18O3 samples

Far-infrared spectra of commercially available crystals of SrTi16O3 and oxygen isotope exchanged
SrTi18O3, which is supplied by Dr. Christof Schneider from the Paul-Scherrer-Institut, Villigen,
Switzerland, have been measured in an extended temperature range. The sample dimensions are
10×10×0.5 mm3 and they are either mounted in the cryostat for the low temperature measurements
or the high-temperature chamber (see section 1.5.3) for measurements above 350 K, respectively.

Figure 3.1 shows some representative far-infrared spectra of SrTi16O3 between 10 K and
700 K. The corresponding spectra of ferroelectric SrTi18O3 are shown in figure 3.2. Both fig-
ures show the real part of the dielectric function, ε1(ω), and the real part of the optical conductivity,
σ1(ω)[Ω−1cm−1] = ε2(ω)ω [cm−1]

60 . Vertical lines are guides to the eye and mark the phonon energies
at room temperature which are determined by a model fit of the dielectric function. The model is
introduced in section 3.1.2.
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Figure 3.1: Far-infrared spectra of SrTi16O3 measured at several temperatures between 10 K and 700 K: a,
real part ε1(ω) of the dielectric function and b, the optical conductivity σ1(ω). Solid vertical lines
mark the phonon frequencies of the three strong IR-active phonons of STO, as determined at room
temperature from a model fit. The obtained frequencies are 94, 175, and 544 cm−1, respectively.
In addition, a dashed vertical line marks the energy of the fourth phonon mode at 438 cm−1 which
becomes infrared-active below the cubic-to-tetragonal phase transition at 105 K.

The three infrared active phonon modes expected for the cubic phase of SrTi16O3 are clearly
visible in the spectra. These are the soft mode at 94 cm−1, the external mode at 175 cm−1, and the
stretching mode above 500 cm−1 for which the ionic displacement vectors are shown in figure 2.4.
The latter mainly involves the movement of the oxygen anions and its resonance energy is very
sensitive to the oxygen isotope effect. For STO16, a phonon energy of the stretching mode of
544 cm−1 is found whereas for STO18 the phonon is red-shifted to 521 cm−1. Figure 3.3 shows a
direct comparison of the phonon in both samples at room temperature. Due to the heavier mass
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Figure 3.2: FIR spectra of SrTi18O3 at several selected temperatures. The left panel a shows the real part of
the dielectric function, ε1(ω), and the right panel b displays the real part of the optical conductivity,
σ1(ω). Vertical lines indicate the phonon frequencies of STO18 as determined from fitting of
the room temperature data. The phonons are centred at 94, 175, and 521 cm−1, respectively. A
dashed line marks the 438 cm−1 phonon which is observed below 105 K.

of the oxygen 18O isotope, the resonance frequency of the mode is shifted towards lower energies
and the amount of the shift allows an estimate of the oxygen exchange of the sample [54]. For the
investigated sample, at room temperature a large shift of 23 cm−1 is found which indicates a very
high exchange ratio of the oxygen isotopes [54]. It is difficult to qualitatively determine the amount
of 18O in the sample but the gas purity amounts to almost 94% which is likely very close to the
actual exchange ratio of the isotopes.
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Figure 3.3: Room temperature optical conductivity
spectra σ1(ω) around the stretching mode
of SrTi16O3 and SrTi18O3, respectively.
Due to the heavier isotope mass of 18O,
the resonance energy of the phonon
is shifted towards lower energies by
23 cm−1.

At temperatures below 105 K, a fourth phonon becomes IR-active around 438 cm−1 due to the
tetragonal lattice distortion. This so-called rotational phonon or R-mode is marked by dashed
vertical lines in figure 3.1 and 3.2, respectively. On the scale used in the graphs, the phonon is
hardly visible because of its low oscillator strength. A magnification of the rotational phonon is
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shown in figure 3.4 which reveals a surprising difference in the temperature evolution for STO16
and STO18. An explanation in terms of the different ferroelectric properties of these samples is
given in section 3.1.3.
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Figure 3.4: Magnified view of the conductivity spectra of SrTiO3 (left panel) and SrTi18O3 (right panel) in
the vicinity of the so-called rotational phonon mode at 438 cm−1 which becomes infrared active
below the structural phase transition at 105 K. Note the different scale of the ordinates in the
graphs. Solid vertical lines mark the phonon energy of 438 cm−1 (in both samples, SrTi16O3 and
SrTi18O3, respectively) and a dashed vertical line is drawn at 431 cm−1 indicating the additional
mode which develops in the ferroelectric phase of STO18 below TCurie = 23 K.

3.1.1 Model dielectric function in the far-infrared region for interacting phonon modes:

coupled oscillators

Already in the 1960s, Barker et. al have realised that the use of the harmonic Lorentz oscillator
model does not facilitate a satisfying fit of the far-infrared reflectivity spectra of samples like
SrTiO3, KTaO3, and BaTiO3 [104]: the line shape of the phonons is asymmetric due to some kind
of “interaction” between the different phonon modes which introduce anharmonic contributions. The
harmonic Lorentz oscillator model cannot account for such asymmetric line shapes because it does
not allow one to attribute different damping constants to the TO and LO modes.

To enable the description of such asymmetric phonon lineshapes, a parametrisation of the Lorentz
oscillators that is described in equation (3.1) has been used. As compared to the Lorentz oscillator
model in equation (1.20), the numerator is expanded by a term −iωσl which mixes real and imaginary
parts of the dielectric function close to the resonance [105]. The modified Lorentz oscillator is given
by

ε̃(ω) = ε∞ +∑
l
Sl ω20,l − iωσl
ω20,l − ω2 − iωγl , (3.1)

52



3.1 FIR spectra of bulk SrTi16O3 and SrTi18O3 samples

where ω0,l is the resonance frequency of the lth mode. The asymmetry parameter σl accounts for
the strength of the mixing of the real and imaginary parts, Sl is the oscillator strength of the lth
mode, and ε∞ accounts for contributions to the dielectric function from the oscillators at higher
frequencies outside of the measurement range. The constraint

∑
l
Slσl = 0 (3.2)

has to be fulfilled in order to ensure that ε2(ω) > 0 at energies away from the resonance energy.
For every phonon mode the value of the parameter σl has been determined. Its magnitude is a
direct measure of the asymmetry of the phonon lineshape. It has a positive sign if the peak in σ1(ω)
rises more rapidly on the low energy side and falls more slowly toward the high energy side [105].
For a negative value of σ , the opposite effect on the line shape is found.

To check whether the model dielectric function introduced by equation (3.1) fits the measured
ellipsometric angles, Ψ(ω) and ∆(ω), sufficiently well, the experimental data and the obtained fit
are compared in figure 3.5 for a measurement performed at 10 K. Both ellipsometric angles are
fitted simultaneously and the errors which are deduced from the ellipsometry measurement are
considered during the fit. As one can see, a very good agreement between measurement and fit is
obtained. In the following section, the determined fit parameters for STO16 and STO18 are shown
and discussed.

0 100 300 500 7000

15

30

45

Wavenumber (cm−1)

Ψ(
ω)

(◦ )

0 100 300 500 7000

15

30

45

0 100 300 500 700 −180

−90

0

Wavenumber (cm−1)

∆(ω)( ◦)

0 100 300 500 700 −180

−90

0

Figure 3.5: Ellipsometric angles, Ψ(ω) and
∆(ω), of STO16 (open symbols)
measured at 10 K with the an-
gle of incidence set to 80◦. The
fit (red solid lines) has been per-
formed with the model dielectric
function given by equation (3.1).

3.1.2 Fitting of FIR spectra of SrTi16O3 and SrTi18O3 using the coupled oscillator model

The ellipsometry spectra of SrTi16O3 and SrTi18O3 in figures 3.1 and 3.2 have been fitted with
the coupled oscillator model as defined in equation (3.1): it consists of a sum of three (four below
105 K) oscillators and additionally a fit parameter for ε∞. The fitting procedure started with the
spectra at 10 K where appropriate start values have been chosen until a good fit has been obtained.
These fit results have been used as start values for the subsequent spectra at increasingly higher
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temperatures. Both ellipsometric angles, Ψ(ω) and ∆(ω), have been fitted simultaneously and the
errors from the ellipsometry measurements have been properly taken into account.

The obtained temperature-dependence of the fit parameters for STO16 are shown in figure 3.6 and
the corresponding results for STO18 in figure 3.7. Both graphs are structured as follows: every row
contains the four fit parameters which are necessary to describe a particular phonon by the model.
The parameters are the mode strength S, the phonon energy ω, the line shape asymmetry σ , and
the mode broadening γ. The three latter parameters are given in units of inverse centimetres (also
known as wavenumbers). Starting from the top, the lines represent the soft mode, the external mode
at 175 cm−1, and the stretching mode at 540 cm−1. The weakly infrared-active rotational mode is
included in the fit at temperatures below 80 K. Due to the low oscillator strength of this phonon, the
obtained parameters are rather prone to errors. The trends of this mode are discussed individually
in section 3.1.3. In every graph, three vertical lines mark the phase transition temperatures of STO
which are 37 K, 65 K, and 105 K [28, 49], respectively. Small discontinuities around 300 K arise
because different experimental setups were used at temperatures below and above. Both data sets
have therefore been checked for consistency at 300 K and the resulting fit parameters have been
slightly adjusted if necessary.
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Figure 3.6: Temperature dependence of the fit parameters of the infrared active phonons in the FIR response
of SrTi16O3. Every row displays the four fit parameters which characterise the particular phonon
mode.
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Figure 3.7: Temperature dependence of the fit parameters of the infrared active phonon modes of SrTi18O3.
As in figure 3.6, every row shows the fit parameter which describe the particular phonon. The
parameters are amplitude, energy, asymmetry, and broadening, all given in wavenumbers. Dis-
continuities around 300 K arise because the data sets obtained with different setups have been
merged.

In comparing the obtained fit parameters of both samples, it immediately becomes obvious that
the similarities in the phonon response prevail the discrepancies. Let us therefore start with the
differences: the most obvious distinction is the energy shift of the stretching mode from 544 cm−1
in STO16 to 521 cm−1 in STO18 as already discussed. Another big effect is anticipated in the
temperature dependence of the soft mode. As the temperature decreases, it is expected to soften
in the paraelectric state but should harden again in the ferroelectric phase [106]. Unfortunately,
the low frequency limit where the present ellipsometry experiments yield reliable data is about
60 cm−1. This results in a significant uncertainty in the determination of the parameters of the soft
mode, in particular, of its eigenfrequency. The determination of the amplitude and the shape is
rather accurately determined by its imprint on the “higher-energy” part of the dielectric function.
Here the possibility of a splitting of the soft mode has not been considered which may arise due to
a twinning of these samples in the low temperature phase. Other techniques like THz ellipsometry,
Raman scattering [107], or neutron scattering can provide further insight in this energy regime. Not
all phonons and even not all of the fit parameters of the same phonon show the same signatures of
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the phase transitions. Last but not least, from the experimental data already shown in figure 3.4, a
big difference is found in the temperature dependence of the rotational phonon mode at 438 cm−1.

Let us now discuss the obtained fit parameters. The fit yields for both samples a temperature-
independent value of εfit∞ = 4.4. This value is slightly reduced as compared to the literature, for
example Kamarás et al. have obtained εexp∞ = 5.1 from FIR and MIR measurements [108]. The
discrepancy may arise because the “extrapolation” of ε∞ from the FIR data range. However, it
may also reflect the uncertainty of the Kramers-Kronig transformation of the reflectivity data in
reference [108].

The temperature dependent parameters of the soft mode do not reveal any unexpected features.
The amplitude increases drastically below 200 K and settles below 30 K at a high value of the
squared plasma frequency of 2.12 · 106 cm−2 (STO16) and an even higher value of 2.45 · 106 cm−2
for STO18. At the same time, the eigenfrequency shifts to lower energies and it settles below
30 K around 24 cm−1 in case of SrTi16O3. In SrTi18O3 it reaches 30 cm−1 already below 60 K.
Hence, no direct observation of a hardening behaviour is observed in the ferroelectric phase. The
broadening of the soft mode reduces in both samples at low temperatures. It is slightly smaller for
STO16 with 2 cm−1 than for STO18 with 7 cm−1. At present it is not possible to tell whether this is
due to a difference in the domain structure or rather represents an intrinsic difference in the phonon
dynamics. At the same time, for both samples the asymmetry of the mode practically vanishes; the
asymmetry value at higher temperatures is always negative and does not show any discontinuities.

The external mode at 175 cm−1 exhibits for both samples a smooth evolution of the amplitude
and the eigenfrequency. No clear signature of any phase transition is observed here. Interesting is
that the mode softens only by 8 cm−1 between 750 and 10 K in clear contrast with the soft mode
which softens by almost 120 cm−1. Already in the raw spectra shown for example in figure 3.1 one
observes the strong asymmetry of the phonon which is reflected in the high and always positive
values of the asymmetry σ . At low temperatures, the line shape becomes more and more symmetric
because of the increasing separation between the soft mode and stretching mode. However, the
asymmetry does never reach zero and this mode still ”feels” the influence of the tail of the soft
mode which extends up to almost 400 cm−1. The asymmetry and broadening of the external mode
seem to saturate below 105 K.

The stretching mode at 540 cm−1 shows again in both samples a pronounced effect at the AFD
phase transition temperature at 105 K. Its amplitude suddenly drops by 2% at 105 K and settles
again at lower temperatures. The eigenfrequency and the broadening show a corresponding kink at
105 K. The asymmetry is positive at all temperatures and decreases towards lower temperatures
but – like for the stretching mode – does not fall to zero. This mode is slightly asymmetric as can
be seen in the raw data but the effect is much weaker than in the 170 cm−1 phonon, likely because
of the larger separation from the soft mode.
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3.1.3 The 438 cm−1 phonon in SrTi16O3 and SrTi18O3 below 105 K

In the following, a simple model for the dielectric function in the vicinity of the R-mode is described.
The copious model from the previous section 3.1.2 is difficult to apply to this mode because the
phonon is very weak. To simplify the description of the temperature dependence of the mode energy,
strength, and broadening, the standard Lorentz oscillator model given by equation (1.20) is used
in the restricted energy range between 410 cm−1 and 460 cm−1. The background is modelled using
two oscillators which account for the tails of the soft mode at low energies and the stretching mode
at higher energies.

This “background” is determined at the lowest temperature, that means at 10 K for STO16 and
at 8 K in case of STO18. For simplicity, at higher temperatures only the strength of the two
oscillators is varied to adjust the background slightly while the other parameters remain fixed. A
third Lorentz oscillator is then used to model the rotational phonon at 438 cm−1. In STO18, an
additional oscillator is used at temperatures below 28 K to describe the splitting of the phonon
mode in the ferroelectric phase.
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Figure 3.8 shows a contour plot of the optical conductivity, σ1, of SrTi16O3 in the vicinity of the
rotational phonon. A similar graph for SrTi18O3 is displayed in figure 3.9. In both figures, the
fitted eigenfrequencies of the rotational phonon are overlaid and filled symbols indicate the “main”
phonon peak close to 438 cm−1 while open symbols represent the additional mode observed in
STO18, respectively. As in figure 3.4, it is apparent that the phonon modes evolve differently at
low temperatures in STO16 and STO18. In STO16, the position of the phonon does not show a
pronounced change as function of temperature and its strength increases continuously towards low
temperatures. This behaviour resembles the temperature dependence of the order parameter of
the AFD phase transition which is not a big surprise as the rotational phonon involves a rotation
of the TiO6 octahedra. The rotation of the octahedra increases at lower temperatures due to the
tetragonal distortion of the unit cell [28, 109]. In STO18 on the other hand, the rotational mode
softens over the whole temperature range and the mode strength increases only down to 42 K. At
lower temperatures, the mode starts to broaden and finally splits up into two modes right at the
ferroelectric phase transition temperature at TCurie = 23 K. The new mode appears at slightly lower
energies and gets more and more pronounced as the temperatures is reduced below TCurie.

P
Figure 3.10: Simple picture of the Ti–O bonds in the ferroelectric

phase of STO18 which are illustrated as springs. The
off-centre movement of the Ti cation leads to a sample
polarisation P as indicated by the orange vector as a
consequence of the changes in the bond lengths and
strengths. The electric field of the electromagnetic wave
preferably probes the bonds which are drawn with thicker
lines.

Even though the precise mechanism of the ferroelectric phase transition in STO18 to date is
unknown, one can still understand the softening and the splitting of the phonon mode on a qualitative
level. Assuming a purely displacement-type ferroelectric transition, the ferroelectric transition gives
rise to an off-centre shift of the central Ti4+ cation as indicated by the orange arrow in figure 3.10.
This displacement gives rise to changes of the length and the strength of the Ti – O bonds. As shown
in figure 3.10, these can be visualised by springs with a certain spring constant. If the titanium
ion is moving closer to one of the surrounding oxygen anions, this shortened bond is strengthened
and the other elongated bonds are weakened. This is schematically shown in figure 3.10 where
the green Ti ion in the oxygen octahedron is displaced upwards which consequently leads to an
electric polarisation P of the unit cell. At the same time, the bond between Ti and the upper apical
oxygen anion is getting stronger. The increase of the bond strength is indicated by the increase
(decrease) of the spring winding density for the shorter (longer) bond. Different bond strengths lead
to a change of the energy eigenvalue of the vibration: for example, one expects an increase of the
resonance energy for a stronger bond (blue-shift) and a decrease for a weakened bond (red-shift).
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The ratio between strong bonds and weak bonds is reflected in the spectral weight ratio of the
phonons: at 8 K in STO18, one finds experimentally a ratio of the spectral weight of the new mode
and the original mode of 1:3 while from this simple picture one would expect a ratio of 1:2. One has
to remember that the observed ratio depends on the relative alignment of the sample polarisation
and the orientation of the electric field vector of the incident electromagnetic wave. In figure 3.10,
this is indicated by the bonds which are drawn with thicker lines. The measurement signal contains
more contribution from the bonds which are oriented parallel to the electric field vector of the
probing electromagnetic wave. In reality, the sample is likely in a multidomain ferroelectric state
without any preferred orientation of the individual domain polarisation directions which leads to a
decrease of the overall (macroscopic) sample polarisation and reduces the splitting of the phonon
which is experimentally observed. The FFIR reflectivity measurements in section A.4 suggest the
observation of a multidomain state of the sample.

3.2 UV/VIS spectra of bulk SrTi16O3 and SrTi18O3

In the following part, the UV/VIS ellipsometry spectra of SrTi16O3 and SrTi18O3 bulk single crystals
are discussed. The measurements were originally done in order to be able to correct spectra of thin
film and/or multilayer samples for the substrate contribution in the visible spectral range. During
the measurement, however, it turned out that the interband transition region of both materials yields
an unexpected behaviour of the lowest interband transition.

The UV/VIS spectra are dominated by the interband transitions where the electrons are excited
from occupied valence band states into empty states in the conduction band above the Fermi level.
In STO, the valence band is preferably formed by the oxygen 2p states and the conduction band
consists of titanium 3d states; strontium 4d states are found at energies in the deep UV above
10 eV [110]. Temperature-dependent ellipsometry spectra of SrTi16O3 and SrTi18O3 are shown
in figures 3.11 and 3.12, respectively. All presented spectra are corrected for surface roughness
contributions which are found at room temperature for STO16 to be in the order of 1.5 nm and for
STO18 about 3.3 nm, respectively.

The surface roughness, ζ , turns out to be strongly temperature-dependent. In figure 3.13, the
determined surface roughness is shown in an Arrhenius graph for the STO16 sample: the surface
roughness increases while slowly cooling from 700 K down to 10 K. To determine the average
surface roughness, a model surface layer is used which uses an effective medium approximation with
a Bruggeman mixing formula assuming 50% of the vacuum dielectric function being responsible for
the rough part and 50% contribution of the sample dielectric function [111]. At temperatures below
105 K, the increase of the surface roughness seems to slow down. It has to be noted here that
the surface roughness depends on the sample “history”, that is, at temperatures above 450 K an
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Figure 3.11: Temperature dependence of the UV/VIS spectra of the complex dielectric function of bulk SrTi16O3.
a, real part of the dielectric function, ε1(ω) and b, real part of the optical conductivity, σ1(ω). The
spectra have been corrected for temperature-dependent surface roughness as shown in figure 3.13.
Vertical lines in the right hand side mark the interband transitions at room temperature as
determined by an effective oscillator fit and listed in table 3.2.
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Figure 3.12: Selected spectra of the dielectric function of SrTi18O3 in the UV/VIS range at different tempera-
tures. a ε1(ω) and b σ1(ω). The spectra are corrected for a surface roughness of approximately
3.3 nm. Vertical lines mark the oscillator positions at room temperature taken from table 3.2.

annealing or reconstruction process of the surface takes place which results in a reduced surface
roughness.

To describe the interband transition region of the samples, the measured spectra have been fitted
with an effective oscillator model which describes the form of the imaginary part of the dielectric
function in the interband transition region. The imaginary part of the model consists of a sum of
Lorentz and/or Gauss oscillators that are parametrised in a Kramers-Kronig-consistent way to
account for the real part of the dielectric function [111]. For the presented samples, only Gauss
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Figure 3.13: Arrhenius plot of the surface roughness ζ
of bulk SrTi16O3. As a function of decreas-
ing temperature, the roughness increases
steeply until the structural phase transition
at 105 K below which it saturates.

oscillators are used because of their fast fall-off to zero which reduces the number of required
oscillators for the model function. The individual contributions of the oscillators to the model
dielectric function and the comparison of the model with the data are shown in figure 3.14.
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Figure 3.14: Fit of the optical conductivity in the
interband transition region of STO16 at
room temperature. The single oscillators
and their sum are shown as grey and
red lines, respectively. The fit function
can be seen to describe the experimental
data (open circles) rather well.

In the following, the nature of the band gaps of STO16 and STO18 is discussed. Usually,
transmission measurements are used to determine the band gaps. In this work, the ellipsometry
measurements are obtained in the reflection geometry. This limits the sensitivity for absorption
effects because of the low penetration depth of the EM wave in the sample which is several
hundred nm in the absorbing region and reduces to several nm in the interband transition region.
Nevertheless, the absorption coefficient α(ω) can be calculated from the experimentally obtained
dielectric function using the relationship

α(ω) = 4πκ(ω)
λ . (3.3)

Here, κ(ω) is the extinction coefficient and λ the wavelength of the electromagnetic wave. From
the result, α(ω)2 and √α(ω) are calculated and plotted versus the photon energy as shown in
figure 3.15 a for STO16 at 300 K and in figure 3.15 b for STO18, also at 300 K. For a direct
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transition, the squared absorption coefficient is expected to scale linearly with energy, that is
α(ω)2 ∝ E . Indirect transitions on the other hand scale with √α(ω) ∝ E [112]. The intersection
of the extrapolated function (shown by the grey lines in figure 3.15) with the abscissa determines
the gap value(s). Graphically, three different gaps can be distinguished, the two lowest ones being
indirect and the highest one direct. Table 3.1 summarises the results and compares them with
literature values, which are obtained by different experimental techniques, and the values obtained
by fitting the data with the effective oscillator model.
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Figure 3.15: The absorption coefficients α(ω)2 and √α(ω) versus the photon energy at room temperature for
a, SrTi16O3 and b, SrTi18O3. The grey lines are linear fits to the data which allow to distinguish
between direct and indirect band gap energies, respectively.

Table 3.1: Energies of the low-energy interband transitions of SrTiO3 at room temperature. Literature values
are given in the first two columns. These values are compared to the results obtained from the
oscillator model (the mode energy of the oscillator is given in the column “model”) or obtained by
the extrapolation of the calculated absorption coefficient α(ω) in figure 3.15 (“graphical”).

SrTi16O3 SrTi16O3 SrTi18O3
Transition / energy (eV) [110] [113] model graphical model graphical

indirect 3.25 3.3 ? 2.95± 0.05 ? 3.15± 0.10
indirect - 3.5 3.53± 0.06 3.48± 0.02 3.57± 0.02 3.55± 0.02
direct 3.75 3.8 3.89± 0.01 3.76± 0.01 3.90± 0.01 3.78± 0.02

Finally, table 3.2 summarises the extracted oscillator energies of the interband transitions for
STO16 and STO18 over the whole energy range as obtained at 300 K and compares them with
values found in the literature.

As the next point, the temperature dependence of the lowest direct interband transition is
discussed in detail. For both samples, the energy of the lowest oscillator is extracted from the
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Table 3.2: Assignment of the interband transition energies of SrTi16O3 at room temperature, determined by
ellipsometry. Literature values taken from reference [110] which are directly compared to the
results determined by the effective oscillator model of the UV/VIS spectra shown in figure 3.11 for
SrTi16O3 and figure 3.12 for SrTi18O3. All values are given in eV.

Assignment Type STO [110] SrTi16O3 SrTi18O3
R → Γ indirect 3.25 3.53± 0.06 3.57± 0.02
Γ→ Γ direct 3.75 3.89± 0.01 3.90± 0.01

O 2p→ Ti 3d t2g 4.2 4.17± 0.02 4.20± 0.01
O 2p→ Ti 3d t2g 4.9 4.74± 0.02 4.75± 0.01
O 2p→ Ti 3d t2g 5.4 5.11± 0.03 5.22± 0.01
O 2p→ Ti 3d t2g 6.3 6.33± 0.03 6.45± 0.02

model of the dielectric function and is plotted against temperature. The result for STO16 is shown
in figure 3.16 and for STO18 in figure 3.17 a. Both samples show a very similar behaviour as
function of temperature with two different regimes that can be distinguished. In the first one below
300 K, the gap size changes linearly as function of temperature. In the second one, above 300 K for
STO16 and above 400 K for STO18, the value of the gap saturates or even decreases slightly. The
temperature behaviour of the gap value, Eg(T ), is fitted with a linear equation of the form

Eg(T ) = Eg,0 + β · T (3.4)
where β accounts for the change of the energy gap with temperature and Eg,0 is the extrapolated
gap value at T = 0 K. For STO16, the fit in the temperature range between 10 and 300 K
yields β = 2.82 · 10−4 eVK and Eg,0 = 3.74 eV. A similar temperature coefficient is obtained for
the absorption edge determined by absorption measurements of Goldschmidt et al. [114]. In
these experiments, a similar saturation of the direct gap value above 400 K was observed [114].
A very similar value of β = 2.31 · 10−4 eVK is obtained for the other incipient ferroelectric sample
KTaO3 as shown in the appendix in figure A.4. Recent ellipsometry experiments by Trepakov et al.
report a lower value of β′ = −1.7 · 10−4 eVK for the indirect transition of SrTi16O3 at 3.2 eV and
Eg(T ) = 3.73 eV + 1.9 · 10−4 eVK · T between 110 and 325 K for the direct band gap [115].

If one looks more carefully at the temperature dependence of the direct gap in SrTi18O3 which
is shown in figure 3.17 b, one observes the following surprising behaviour: down to 30 K, the
temperature dependence of both samples is practically identical. It has to be noted here that the
two measurements shown in figure 3.17 are done on the same sample with the same experimental
setup although on different days. For STO18, the linear fit results in β = 2.44 · 10−4 eVK and
Eg,0 = 3.83 eV. Below 30 K however, the temperature dependence of the gap starts to deviate clearly
from the observed linear behaviour at higher temperatures: the size of the gap starts to increase
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Figure 3.16: Temperature dependence of the direct
band gap of SrTi16O3 as determined from
the spectra in figure 3.11. A linear fit ac-
cording to equation (3.4) yields Eg(T ) =
3.74 eV + 2.82 · 10−4 eVK · T .

in the ferroelectric phase below the Curie temperature. Such a temperature behaviour closely
resembles the characteristic behaviour of the soft mode which begins to harden in the ferroelectric
phase [106]: the direct gap increases by 1.5 meV (12 cm−1) between 10 K and TCurie = 23 K and the
deviation from the extrapolated value at 10 K adds up to almost 7 meV (62 cm−1) where the former
value closely resembles the observed amount of hardening of the soft mode in the ferroelectric phase
of STO18 [106].
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Figure 3.17: The temperature dependence of the direct interband transition of SrTi18O3. a, for the high
temperature region and b, for the low-temperature region. The offset arises because the
measurements above and below 75 K have been performed on different days after a complete
warming and cooling cycle (and a recalibration of the instrument). A vertical line marks
the ferroelectric transition of STO18 at 23 K. The red lines are linear fits to the data with
Eg(T ) = 3.83 eV + 2.44 · 10−4 eVK · T .

Which are the factors that can lead to such an anomalous temperature dependence of the band
gap? At constant pressure, p, there are two main contributions. Firstly, there are the temperature
dependent changes of the lattice constant and/or the lattice structure which have a direct influence
on the bandstructure and thus on the value of the band gap. Secondly, the interaction between
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electrons and phonons can be temperature dependent and thus can affect the value of the band gap
as follows [116]:

(∂Eg
∂T
)
p

= 3Yα
(∂Eg
∂T
)
α

+
(∂Eg
∂T
)
V

. (3.5)

The first term represents the lattice induced changes of the unit cell, that is the thermal expansion.
Here, α is the length expansion coefficient and Y is the Young’s modulus of the material. The
second term accounts for the electron-phonon interaction and the accompanied renormalisation of
the electronic bands as a function of temperature at constant volume, V , [114, 116, 117]. In most
materials, the first term dominates at all temperatures and is responsible for the change of the gap
energy with temperature. Nevertheless, in materials with a strong electron-phonon coupling like
in SrTiO3 (see section 2.2.2), the contribution of the second term in equation (3.5) may become
important.

A more complicated situation arises if the material is close to a ferroelectric instability. In that
case, the band gap does not only depend on temperature, T , but additionally on the strain state
of the sample, εs (which to some extent contains the contribution of the lattice expansion), the
polarisation of the sample, P , and the concentration of impurity dopants or charge carriers, nd,
[118]. The challenge is to separate the contributions of all of these different factors. For example, in
its ferroelectric phase, the material is polarised but the polarisation is caused by the off-centre
displacement of the central cation which usually is accompanied by a lattice distortion.

Why does the polarisation influence the optical properties? One may consider the reversed
situation where an electric field, E , induces the polarisation of the sample. Changes of the optical
constants are in this case described by the electro-optic effect: the electric field alters either the
absorption coefficient of the material, an effect which is known as Franz-Keldysh effect, or it changes
the index of refraction, usually referred as Pockels and/or Kerr effect [112]. Experiments by Kern
and Harbeke in the beginning of the 1960s have shown that there is indeed a connection between
the ferroelectric phase transition and an anomalous temperature dependence of the fundamental
absorption edge in ferroelectric SbSI [119, 120]: an electric field triggers the ferroelectric phase
transition which at the same time leads to electrostriction that is reflected in an increase of the
sample length parallel to the field direction [119]. On the other hand, at a constant electric field,
the gap energy changes maximally at the Curie temperature [120] which suggests the presence of
an additional electro-optical contribution. For the specific case of SrTiO3, Zook and Casselman
have claimed that the electro-optic effect is mainly determined by the sample polarisation [121]
and Brews has shown that the lattice structure changes from cubic to tetragonal in conjunction
with a displacement of the Ti4+ ion which reduces the band gap for certain interband transitions
close to the Brillouin zone centre [122]. Zook and Casselman even have given a relation between
the sample polarisation and the change of the index of refraction: using their approximation and
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inserting the experimentally observed change of the refractive index, ∆n, one expects a sample
polarisation of

P ≈
√ ∆n
−1.2

C
m2 =

√−3.5 · 10−3
−1.2

C
m2 ≈ 5.4 µC

cm2 . (3.6)
Here, the factor of −1.2 accounts for the lattice-induced changes of the dielectric dispersion in the
visible spectral range far below the interband transition region. Compared to the experimental value
of Itoh which is P = 0.5 µC

cm2 [29], the estimated value by equation (3.6) is too large. One has to
keep in mind that Zook has used the room temperature values to deduce the parameters in the
tetragonal phase at low temperatures. It is not excluded that there are additional effects playing
an important role which have been neglected here. Nevertheless, this simple approximation gives
already the right order of magnitude of the observed effects and therefore supports the assumption
that a change of the sample polarisation is accompanied by a change of the refractive index which
in the end may arise from a small shift of the interband transition energies and thus from the band
gap energy. Berger et al. explain the role of the ferroelectric contribution with the change of
the band structure: ferroelectric and antiferrodistortive effects increase the band gap relative to
the undistorted phase [123]. The present data in figure 3.17 suggest that the effect of the AFD
contribution is small as compared to the effect of the ferroelectric transition. In the ferroelectric
phase, the increase of the band gap results from the reduced symmetry which allows mixing and
repelling of Ti 3d states at the conduction band maximum at the Γ point with the O 2p states at
the R point where the valence band minimum is located [123]. It remains unclear why this effect
does not already become important at the AFD transition around 105 K where the symmetry of
the crystal structure changes – likely, the deviation from the perovskite structure is still too small.
The influence of mechanical strain does likely not play an important role in the case of SrTi18O3
because the sample is not clamped or otherwise constrained during the measurement. For thin films,
strain effects can become important as discussed in section 3.3.3.
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3.3 Optical response of strained SrTiO3 thin films

In this section, the FIR and UV/VIS optical response of SrTiO3 thin films is discussed. Recent
experiments by Haeni et al. [57] have shown that thin SrTiO3 films can become ferroelectric at room
temperature if the films are coherently strained. The strain within the film is caused by a substrate
whose lattice constant differs by ±1%, see also section 2.2.3. Two substrates which lead to tensile
and compressive strain, respectively, are selected which allows to investigate how strain influences
the optical response of SrTiO3. For this study, (LaAlO3)0.3−(Sr2AlTaO6)0.7 (LSAT) and DyScO3
(DSO) are chosen as substrate materials for the film growth. The former leads to compressively
strained films and the latter induces tensile strain in the layer. In section 3.3.1, the substrates are
shortly introduced followed by the FIR and UV/VIS response of the films on LSAT in section 3.3.2
and the discussion of the films grown on DSO in section 3.3.3. An overview of the investigated
samples and their thicknesses is given in table 3.3.
Table 3.3: Strain state of thin STO films on LSAT and DSO substrates at room temperature calculated with

equation (2.3). Negative values relate to tensile strain and positive values to compressive strain in
the film. Here it is assumed that the layers are homogeneously strained. Values given in brackets
are estimates based on literature values in conjunction with equation (2.3).

Sample STO thickness (nm) Substrate Strain εs (%)
STO340 18 LSAT (+1)
STO654 46 LSAT (+1)
STO372 16 DSO (-1)
STO714 49 DSO (-1)

3.3.1 Properties of the (LaAlO3)0.3−(Sr2AlTaO6)0.7 and DyScO3 substrates

The solid solution (LaAlO3)0.3−(Sr2AlTaO6)0.7 (LSAT) crystallises in the cubic ABO3 perovskite
structure where the Sr and La atoms randomly occupy the A-sites and Al and Ta the B-site [124].
The lattice constant is a = b = c = 0.387 nm at room temperature [125] which is comparable to
SrTiO3 (0.3905 nm) and differs by −1% according to the definition in equation (2.3). Because LSAT
crystals are a solid solution made of LaAlO3 and Sr2AlTaO6, the twin formation known from pure
LaAlO3 single crystals is suppressed. On the other hand, sometimes a face centred cubic (fcc) phase
is embedded within the LSAT matrix which has a different lattice constant of a′ = 0.773 nm and
forms ordered, up to 30 nm big precipitates [125].

The other substrate material DyScO3 (DSO) has an orthorhombic crystal structure and exhibits
at room temperature lattice constants of a = 0.544 nm, b = 0.571 nm, and c = 0.789 nm. It
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3 FIR and UV/VIS response of bulk SrTi16O3, SrTi18O3, and strained SrTiO3 thin films

is therefore possible to grow STO on DSO substrates which are (1 1 0) oriented; on this facet,
the pseudo-cubic lattice constant a′ = 2 · 0.394 nm is found and two unit cells of STO can be
grown on one (1 1 0) oriented unit cell of DSO. The resulting lattice mismatch amounts to roughly
+1%. Unfortunately, due to the orthorhombic crystal structure, the material is strongly anisotropic
and exhibits 25 infrared-active phonon modes [126]. Strong anisotropy features are observed in
all far-infrared ellipsometry spectra, and the substrate correction turns out to be a challenging
task, even after careful alignment of the sample along its symmetry directions. In figure 3.18, the
crystallographic axes of the substrate are shown. It is worth mentioning that the optical anisotropy
is very distinct in the FIR phonon range whereas it is hardly noticeable in the UV/VIS range. In the
FIR range unpolarised reflectivity measurements have been performed which allow one to minimise
the occurrence of anisotropy features in the spectra.

Figure 3.18: Crystallographic orientation of the axes of the DyScO3 substrates
with (1 1 0) orientation of the surface. The notches mark the [0 0 1]
axis of the substrate and the other axes are derived accordingly.

3.3.2 Compressively strained SrTiO3 thin films on LSAT

Two thin STO films were grown by pulsed laser deposition (PLD) (see section A.1) on unterminated
(that is untreated) LSAT substrates. The thicker sample was annealed in oxygen at 950 ◦C over
night. The ellipsometry spectra in the visible range at several angles of incidence allowed the
determination of the optical thickness of the STO thin films which was found to be 17 nm (STO340)
and 46 nm (STO654), respectively.

FIR spectra of SrTiO3 thin films under compressive strain

Far-infrared ellipsometry spectra of the samples and reference substrates were obtained subsequently
without changing the ellipsometer alignment: sample and substrate were aligned using a “reference”
laser and the samples were adjusted accordingly. Care was taken to avoid UV light exposure of
the samples which leads to Berreman mode features in the FIR and MIR range that arise from the
photo-induced charge carriers.

The data analysis turns out to be challenging because the response of the thin films in the
far-infrared is weak compared to the substrate contribution. Therefore, a direct inversion of the
ellipsometric data in the low-energy range has not been possible without any compromises. To get
a first impression of the thin film STO phonons, the ratio r(ω) = Rsample(ω)

Rsubstrate(ω) of the sample reflectivity,
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3.3 Optical response of strained SrTiO3 thin films

Rsample, and the substrate reflectivity, Rsubstrate, was calculated from the ellipsometry data following
the procedure of Yamada et al. [127]. The reflectivity R (ω) is calculated from the complex dielectric
function according to

R (ω) =
∣∣∣∣ ñ(ω)− 1
ñ(ω) + 1

∣∣∣∣
2
, (3.7)

where ñ(ω) is the complex refractive index, as defined in equation (1.14). Figure 3.19 shows for
both samples the calculated ratio r(ω) at temperatures between 10 and 350 K.
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Figure 3.19: Reflectivity ratio r(ω) of the sample and the substrate for a, the thinner film STO340 and b, the
thicker film STO654. The reflectivities were calculated from the optical constants as obtained by
ellipsometry.

For both samples, the reflectivity ratio exhibits clear contributions from the STO film: at room
temperature, three phonon modes are discernible observed at 125 cm−1 (soft mode), 185 cm−1
(external mode), and 550 cm−1 (stretching mode). Compared to bulk STO (see section 3.1.2), all
modes are shifted towards higher energies. This hardening of the phonon modes confirms that
the films is under compressive strain. The fourth phonon at 477 cm−1 presumably corresponds
to the rotational phonon. In bulk STO this mode occurs at 438 cm−1 and it becomes infrared
active in the tetragonal phase below 105 K. In the thin films the rotational mode is observed at all
temperatures up to 350 K. This suggests that in this compressively strained thin films the cubic
to tetragonal transition occurs well above room temperature. The origin of the broad peak feature
around 350 cm−1 is unknown. It may correspond to a silent phonon of STO that becomes weakly
infrared active. It may also arise from the LSAT substrate, for example due to a slight difference
between the substrates on which the STO thin film was grown and the one that was used for the
reference measurements. Such a difference may also be caused by the strain which the thin STO
film exerts on the near surface region of the LSAT substrate.
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3 FIR and UV/VIS response of bulk SrTi16O3, SrTi18O3, and strained SrTiO3 thin films

It is possible to model the dielectric function of the strontium titanate films with a simple Lorentz
oscillator model which consists of four oscillators. The resulting film response is shown in figure 3.20
at several temperatures. Energies below 100 cm−1 are most likely affected by diffraction effects
[128] and are therefore not considered in the fit.
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Figure 3.20: Fit of the FIR conductivity spectra of STO thin films grown on LSAT at several temperatures.
The model dielectric function consists of four Lorentz oscillators. a, Response of the thinner
sample STO340, and b, the modelled response of the thicker film STO654.

In both samples the soft mode shows a pronounced softening behaviour over the whole temperature
range which renders the appearance of a ferroelectric phase unlikely. This is in agreement with
the conclusions of the work by Haeni et al. who also find no indication of a ferroelectric order in
the compressively strained STO thin films [57]. Still, the ferroelectric polarisation axis is expected
to point in the out-of-plane direction where the sensitivity of the measurement is lowest [129], so
it is possible that the contribution of this axis is too weak to be detected. It is worth mentioning
that the soft mode in the thin sample is sharper and its amplitude is stronger than in the thick
STO film which indicates that the thicker film already started to relax. The differences between
the other modes are more subtle: the external mode shows in both samples only a weak softening
and preserves its strong asymmetry. The energy of the rotational phonon is shifted towards higher
energies by 30 cm−1 compared to the bulk value in SrTiO3. This is observed at all temperatures,
and no indication of a phase transition into another crystallographic phase is found in the considered
temperature interval.

UV/VIS spectra of SrTiO3 thin films under compressive strain

The optical conductivity spectra in the visible range of both samples are shown in figure 3.21 a.
The spectra were corrected for a surface roughness of approximately 2 nm which has been derived
from the determined surface roughness of a reference substrate. The dielectric function has been
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Figure 3.21: a, Temperature dependence of the UV/VIS conductivity spectra of the 17 nm and b, the 46 nm
thick SrTiO3 thin films grown on LSAT substrates. The spectra are corrected for a surface
roughness of 2 nm and the substrate contributions.

simulated with a model similar to the one that was used for the STO16 and STO18 bulk samples
in section 3.2: vertical lines indicate the room temperature positions of the single oscillators.
The optical response of the thinner film looks rather atypical for STO, especially the pronounced
transition around 4 eV is not observed in any other STO sample; the origin of this feature is not yet
clear. A possible explanation might be based on a change of the O 2p and Ti 3d overlap which
enhances the transition probability. On the contrary, the thicker sample STO654 exhibits the “usual”
shape for the interband region of STO which might arise because of the beginning relaxation of the
film. The small feature in the spectra of STO654 around 3.4 eV (which also appears weaker and at
higher energies in STO714 on DSO, shown in figure 3.24 b) might be related to the formation of
oxygen defects in the SrTiO3 layer [130].
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Figure 3.22: Temperature dependence of the mode energy of the direct interband transition of compressively
strained STO thin films with a thickness of a 17 nm, and b 46 nm.
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3 FIR and UV/VIS response of bulk SrTi16O3, SrTi18O3, and strained SrTiO3 thin films

The UV/VIS spectra of both samples are modelled as described in section 3.2: essentially the
same model has been used to describe the dielectric function and the energy of the lowest – here
most likely direct – interband transition which has been tracked as a function of temperature. The
result is shown in figure 3.22 for both samples where the value of the mode energy is seen to
decrease monotonically with decreasing temperature.

3.3.3 Tensile strained SrTiO3 thin films on DyScO3

Two samples with a strontium titanate layer thickness of 16 nm (STO372) and 49 nm (STO714)
were grown by PLD on DyScO3 substrates. Again, the thicker sample was ex-situ annealed in an
oxygen flow at 950 ◦C. The optical thickness was determined at room temperature from ellipsometry
measurements at several angles of incidence in the UV/VIS range. At the same time, the surface
roughness was estimated to be on the order of 4 nm which is again mainly caused by the roughness
of the substrate.

FIR spectra of SrTiO3 thin films under tensile strain

The far-infrared ellipsometry spectra are strongly affected by the strong optical anisotropy of
the DyScO3 substrate. Unfortunately, it has not been possible to convincingly account for these
anisotropy features. Building an optical model for DSO failed due to the occurrence of noise which
originates from the [1 1 0]-axis measurement which has a rather small area of only 0.5× 10 mm2.
Therefore, for the thicker sample STO714 and a reference substrate, unpolarised reflectivity spectra
have been obtained. As in section 3.3.2, the reflectivity ratio Rsample/Rsubstrate of the 49 nm thick
sample is calculated and shown in figure 3.23 a. Regrettably, there are still features visible which
are caused by the substrate phonons. The strongest ones are marked by asterisks. Most of them do
not show any temperature-dependent shifts so the phonons which move strongly with temperature
are supposed to originate from the STO film. If this assumption is right, the soft mode is centred
at 60 cm−1 at 330 K which is marked by the red arrow. At low temperatures, it hardens and its
energy increases to 95 cm−1 (blue arrow). The tracking of the maximum of the soft mode as function
of temperature is shown in the right panel of figure 3.23 b: an anomaly around 200 K is found
which likely corresponds to the ferroelectric phase transition in the STO layer similar as reported
by Haeni et al. The remaining phonons of STO are marked with black arrows in the graph: the
external mode is observed at 200 cm−1 while the stretching mode is centred at 533 cm−1. In this
sample, the nature of the strong feature at 340 cm−1, which is indicated with a grey arrow, is
likewise unclear as in figure 3.19. This feature shows a weak softening behaviour with decreasing
temperature. No clear signature of the rotational phonon is found – whether the sample orientation
(the tetragonal axis is supposed to lie in the sample plane although may be oriented away from the
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3.3 Optical response of strained SrTiO3 thin films

light polarisation used to probe the sample) makes its observation difficult or whether the film is
not sufficiently strained remains unclear.
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Figure 3.23: a, Reflectivity ratio r(ω) of the sample and the bare substrate as measured by unpolarised FIR
reflection. Strong temperature-independent are due to the substrate phonons. The observed
STO phonons, which show a temperature evolution, are marked by arrows. b energy of the soft
mode as extracted from panel a.

UV/VIS spectra of SrTiO3 thin films under tensile strain

As shown in the section before, the FIR spectra of SrTiO3 thin films on DyScO3 are difficult to
interpret: they are dominated by the substrate anisotropy which makes it hard to spot the weak
indications of the ferroelectric phase transition. Luckily, the visible ellipsometry spectra contain
additional information. The spectra of both thin film samples are shown in figure 3.24. The interband
transition region of the films is fitted with a similar model as for the compressed films in section 3.3.2.
The extracted temperature behaviour of the lowest direct transition energy is shown in figure 3.25.
It becomes apparent that the value of the gap increases in both samples in comparison to bulk
SrTiO3 by roughly 6% at room temperature and even more at higher temperatures. Finally, there
is an interesting analogy with the temperature evolution of the bulk STO18 which shows a clear
anomaly at the ferroelectric transition as shown in figure 3.17. A corresponding minimum of the
band gap is found right at the ferroelectric phase transition, TCurie, of the tensile strained STO thin
films.

For the thinner sample STO372, the minimum is found to occur close to 300 K and the thicker film
STO714 shows a minimum around 200 K, respectively. The latter corresponds to the temperature
where the soft mode energy changes abruptly as shown in figure 3.23 b. Altogether, the observation
of the minima of the band gap strongly suggests the occurrence of the ferroelectric phase transition
in the tensile strained STO thin film samples. The reduced lower transition temperature of the
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Figure 3.24: a, Optical conductivity in the UV/VIS range of the 16 nm SrTiO3 film and b, the 49 nm film on
(1 1 0) oriented DyScO3. The spectra are corrected for surface roughness and substrate effects.
The measurement was done parallel to the [001] axis of the substrate. Vertical lines indicate
the mode energies which are determined by a Lorentz-oscillator fit of the interband transition
region of both films.
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Figure 3.25: a, Temperature dependence of the lowest direct transition energy of a 16 nm thick SrTiO3 film
grown on DyScO3 and b, of the 49 nm thick film, respectively. Both curves show pronounced
minima of the gap energy at the ferroelectric transition temperature, which is 300 K for the
thinner film and 200 K for the thicker one.

thicker sample supports this hypothesis because the increase of the layer thickness should lead
to a relaxation of the stress and consequently to a reduction of the transition temperature. The
strain and the ferroelectric distortions are expected to increase the band gap relative to the bulk
paraelectric STO16 at temperatures below the Curie temperature but the ferroelectric contribution
should dominate [123]. The presented data establish that the temperature dependence of the VIS/UV
optical spectra allows one to identify the ferroelectric phase transition of very thin STO films.
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This technique may be very useful for other systems, since it does not require electrodes and the
application of electric fields which may also influence the properties of such thin films samples.
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4 LaAlO3

4.1 Bulk LaAlO3 FIR response

Far-infrared spectra of a twinned lanthanum aluminate crystal have been measured at several
temperatures and are shown in figure 4.1. LaAlO3 is a member of the perovskite crystal structure
family and thus exhibits three strong IR-active phonons in the FIR range. Additionally, a weak
phonon around 500 cm−1 is visible which might be due to a slight deviation from the ideal perovskite
crystal structure which originates from the antiferrodistortive phase transition of LAO at high
temperatures as discussed in section 2.4.
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Figure 4.1: FIR spectra of a LaAlO3 substrate at various temperatures. a, Real part of the dielectric function
ε1 and b, the optical conductivity σ1.

The phonons of LaAlO3 are very sharp and in contrast to SrTiO3, they are found to be highly
symmetric. Hence, the dielectric function can be fitted using four Lorentz oscillators. The extracted
parameters are shown as a function of temperature in figure 4.2 where every row summarises
the three fit parameters of each phonon including the oscillator strength, energy eigenvalue, and
broadening. The latter two values are given in units of inverse centimetres. The fit in addition yields
a value of ε∞ ≈ 3.3 at all temperatures. As in the case of SrTi16O3 (see section 3.1.2), this value is
lower than the literature values [131] which has been determined using IR reflectivity measurements
followed by a Kramers-Kronig transformation. At room temperature, the phonon modes are centred
at 180, 425, 495, and 650 cm−1, respectively. During cooling, the phonon energies slightly harden
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and the damping of the modes decreases. All four phonon modes show a monotonic behaviour
as function of temperature which is expected because of the absence of phase transitions in the
measured temperature range.
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Figure 4.2: Temperature dependence of the model fit parameters for a LaAlO3 substrate in the FIR range
obtained with a standard Lorentz oscillator model.
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4.2 LaAlO3 thin films

Because of the large lattice mismatch between SrTiO3 and LaAlO3 of approximately 2%, LAO grows
under tensile strain on SrTiO3 substrates (see section 2.5). All phonon modes of LAO are heavily
broadened and because the layer is thin and the phonon response of the LAO film is weak. This
makes the attribution of features to the LAO layer difficult. To properly take this into account in
simulations and fits of the LAO/STO heterostructure samples, the response of the film is deduced
from a four unit cell sample at 10 K. The results of a Lorentzian fit and obtained values are
compared with the bulk values at 15 K in table 4.1. The phonon at 500 cm−1 is too weak to be
observed in the thin layer and therefore neglected in the following.
Table 4.1: Comparison of the fit parameters of the three strong phonons of bulk LaAlO3 and a thin film of four

unit cells LAO grown on TiO2 terminated STO at 10 K. The phonons are broadened due to the
small layer thickness and the large lattice mismatch between LAO and STO of approximately 2%.

Oscillator strength Energy (cm−1) Broadening (cm−1)
bulk film bulk film bulk film

phonon 1 2290 12.4 185 185 0.39 10
phonon 2 1559 4 429 370 0.67 40
phonon 3 210 0.3 654 654 11.17 40
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5 Pyroelectric transition and charge localisation in

LaAlO3/SrTiO3 heterostructures

This chapter is concerned with ellipsometry measurements in the far-infrared and mid-infrared
range of LaAlO3/SrTiO3 heterostructures whose LaAlO3 layer thickness is varied between n = 3
and 5.5 unit cells (uc). The n = 5.5 uc sample has also been investigated by field-dependent
THz ellipsometry, high-resolution X-ray diffraction, and electric transport measurements. These
experiments have been done with an applied gate voltage in the range of −250 V ≤ Ug < +250 V
at low temperatures. Depending on the thickness of the LaAlO3 layer, the application of a gate
voltage to the heterostructure samples allows the tuning of the transition from a metallic state into
an insulating state or from an insulating state into a metallic state, depending on the thickness of
the LAO layer. An electric field-effect is observed in these samples because their layer stacking
is similar to the one of the metal-insulator-semiconductor devices which have been introduced in
section 2.2.2. In these devices, the charge carrier concentration and distribution in the semiconductor
can be altered by an applied gate voltage.

In the succeeding section 5.1 the principal structure of the LAO/STO field-effect samples and the
application of a gate voltage to these samples is outlined. The presentation of the field-dependent
FIR ellipsometry measurements of the metallic n = 5.5 uc LAO/STO heterostructure follows in
section 5.2.1. A model for the observed phonon anomaly of the rotational phonon (R-mode) in the
STO substrate is given in section 5.2.2 which provides evidence for the formation of a pyroelectric
transition of the near LAO/STO interface region. This interpretation is based on the observed
gate voltage-dependent anomaly of the R-mode of the STO substrate which is reminiscent of the
behaviour of the same phonon in SrTi18O3 in the ferroelectric phase. A two-layer model fit as
discussed in section 5.2.3 yields a thickness of the polarised interface layer of about 1 µm.

Two LAO/STO heterostructures with n = 3 uc of LAO have been studied with an applied gate
voltage in order to investigate the influence of the LAO layer thickness on the polar transition of
the near interface region. The results are presented in section 5.2.4 and compared to a control
sample which is a “bare” STO substrate as discussed in section 5.2.5. Field-dependent MIR spectra
of the n = 5.5 uc sample are presented in section 5.3.1 and corresponding field-dependent THz
ellipsometry data in section 5.3.2. These experimental results are consistent with the development
of an anisotropic polar transition in the vicinity of the LAO/STO interface. High-resolution X-ray

81



5 Pyroelectric transition in LaAlO3/SrTiO3 heterostructures

scattering experiments with an applied gate voltage as shown in section 5.4 together with the
electric-field dependent resistance measurements in section 5.5 give further indications that a
coupled electronic and structural phase transition appears as function of the gate voltage. The
combined experiments show that the localisation of the charge carriers at negative gate voltage is
triggered or at least strongly influenced by the pyroelectric transition of the STO interface layer in
the LAO/STO heterostructures.

5.1 Sample structure and the application of the gate voltage

The LaAlO3/SrTiO3 heterostructures for this study have been supplied by the group of Professor
Jochen Mannhart at the University of Augsburg in Germany. They have been grown by pulsed
laser deposition (PLD) as described in section A.1 and in [60]; sample “R116” with 3 unit cells of
LAO, “R84” and “R119” with a LAO layer thickness of 5.5 unit cells. Because of the large sample
area of 10 × 10 mm2, the LAO layer thickness of the “metallic” samples has been increased by
an additional “half” unit cell in order to compensate for a small decrease of the layer thickness
towards the sample edges that occurs due to the limited size of the PLD plume. This ensures a
minimum LAO layer thickness of n = 5 unit cells at the sample edges and thus guarantees the
homogeneous formation of the electron liquid over the entire sample area.

All field-effect samples have been specially prepared for the application of a gate voltage: the
electron liquid at the LAO/STO interface is used as the top electrode and the sample backside
serves as the counter electrode for the creation of the electric field across the STO substrate. A
previously prepared 3 unit cell sample (TL3) grown in similar growth conditions as the field-effect
samples has been covered with an evaporated titanium top electrode in order to elucidate the role
of the LAO layer thickness in the field-effect experiments. A commercially available STO substrate
has also been covered with an evaporated Ti layer which allows to study the field-induced effects
in bulk STO without the influence of a LaAlO3 layer.

±Ug

LaAlO3
electron liquid

SrTiO3

Figure 5.1: Schematic structure of the LaAlO3/SrTiO3
field-effect samples which have been pre-
pared for the application of a gate voltage
Ug. The top contacts are grounded and
the gate voltage is applied to the backside
of the substrate.
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5.1 Sample structure and the application of the gate voltage

A sketch of the structure of the field-effect samples is shown in figure 5.1: six contacts have
been prepared on opposite sides of the samples by the ion milling of holes through the LAO layer
with Ar+ ions. These holes have subsequently been filled with sputtered titanium which enables to
contact the electron liquid at the LAO/STO interface directly from the sample surface [93]. For the
field-dependent experiments, the top contacts have been grounded with copper leads which have
been glued with silver paint on top of the contact pads. Silver that has diffused into the back of the
SrTiO3 substrate during the sample growth allows to apply the gate voltage with a copper wire
that has been glued with silver paint to the sample backside. In the following, the polarity of the
applied gate voltage is always given with respect to the sample back gate.

In order to electrically insulate the samples during the field-effect experiments from the exper-
imental chamber but still maintain the thermal contact to the cold finger, all samples have been
mounted on 1.5 mm thick Shapal carrier plates. Shapal is an AlN ceramic that is electrically
insulating and thermally conducting even at low temperatures [132]. A photograph of the prepared
sample R84 is shown in figure 5.2. Prior to the measurements, all samples have been protected
against UV light for 12 h at room temperature to ensure that light-induced charge carriers will
drain off.

cold head

sample

voltage connections

Ug

Figure 5.2: Photograph of the sample R84 mounted in
the ellipsometry cryostat and connected for
the measurements with an applied gate volt-
age. As indicated in the photograph, the top
contacts of the sample are grounded and the
back electrode is connected to Ug.

A Tennelec TC952 voltage source has been used for the application of the gate voltage of
±250 V for the ellipsometry experiments and the resistance measurements. The leakage current
perpendicular to the samples has been monitored with a Keithley 2001 Multimeter [133] and the
measured leakage current has never exceeded 25 nA. For the X-ray experiments presented in
section 5.4, a Keithley 2410 SourceMeter with the current limit set to 1 µA has been used [133].
During the X-ray experiments, a higher leakage current has been observed likely because the hard
X-ray radiation creates additional charge carriers due to the photo effect.
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5.2 Polarisation of the LaAlO3/SrTiO3 interface

5.2.1 Field-dependent FIR spectra of a LaAlO3 (n = 5.5 uc)/SrTiO3 heterostructure

Field-dependent far-infrared ellipsometry spectra of the LAO (n = 5.5 uc)/STO heterostructure
R84 have been measured at a temperature of 10 K with different applied gate voltages between
+250 V ≥ Ug > −250 V. Selected spectra in the range of 410 and 460 cm−1 in the vicinity of the
so-called R-mode of STO are shown in figure 5.3 a and the contour plot which has been obtained
using all measured spectra is presented in figure 5.3 b. In the following, the applied gate voltage
is quoted to quantify the strength of the applied electric field, E . Because the substrates of the
LAO/STO heterostructures are 1 mm thick, the electric field strength is directly given by the applied
voltage.
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Figure 5.3: a, Field-dependent FIR optical conductivity spectra of the n = 5.5 uc LAO/STO heterostructure
R84 in the vicinity of the rotational phonon mode. The spectra are obtained at T = 10 K and
are vertically shifted as indicated by the horizontal bars. b, Corresponding contour plot of the
optical conductivity σ1 at 10 K obtained from all measured FIR spectra. Full circles mark the
eigenfrequency of the rotational phonon which is attributed to paraelectric STO and open circles
indicate the energies of the peaks which arise from the polarised interface layer.

The first conductivity spectrum (shown as the dark blue line in figure 5.3 a) has been measured at
Ug = 0 V after the sample has been cooled in zero-field to 10 K. Afterwards, the gate voltage has
been increased to Ug = +250 V. This spectrum shows only a small decrease of the spectral weight
of the 438 cm−1 phonon compared to the initial zero-field measurement. Then the gate voltage
is subsequently swept towards the negative gate voltage of Ug = −250 V. As one can infer from
figure 5.3, the spectral weight of the rotational phonon at 438 cm−1 starts to decrease continuously
as the gate voltage approaches the negative polarity. At Ug ≈ +25 V, a second peak develops which
shifts towards lower energies as the gate voltage is further approaching Ug = −250 V. A third peak
appears between the 438 cm−1 phonon and the first peak at an applied voltage of Ug ≈ −75 V
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and also exhibits a red-shift as the voltage is further swept towards Ug = −250 V. The phonon
at 438 cm−1 is visible at all applied gate voltages between Ug = +250 V and Ug = −250 V
and its eigenfrequency remains constant as indicated by the filled symbols in figure 5.3 b. The
eigenfrequencies of the additional peaks have been obtained from the fit as discussed in section 5.2.3.

It is well-known that the soft mode of SrTiO3 exhibits a blue-shift in an external electric field
[30] and that even a ferroelectric phase transition can be induced in bulk STO samples. However,
the required electric field is in excess of 400 Vmm−1 and the effect occurs for both polarities [47].
Raman scattering studies of 1 µm thick STO thin films with an electric field of 22 kVmm−1, which is
much larger than the field which has been applied in this study to the LAO/STO heterostructures,
have provided evidence for a hardening of the soft mode eigenfrequency and an increase of the
strength of the corresponding LO mode at T = 5 K [31]. For the phonon modes neither a noticeable
change of their eigenfrequency nor a change of their oscillator strength as function of the applied
electric field has been observed.

In figure 5.4 a, the splitting between the rotational phonon at 438 cm−1 and the peak which
exhibits the strongest softening is plotted as function of the applied gate voltage Ug. This splitting
exhibits a pronounced unipolar and hysteretic behaviour as the voltage is swept from positive to
negative gate voltages and back as indicated by the arrows in the graph. The “hysteresis loop” is
not symmetric with respect to Ug = 0 V but appears to be shifted towards positive gate voltages.
Figure 5.4 b displays the temperature dependence of the phonon splitting at an applied gate voltage
of Ug = −150 V which shows that the phonon splitting is only observed at temperatures below
50 K. It is well established that in this temperature range the dielectric constant of SrTi16O3 starts
to deviate from the classical Curie-Weiss law as it reaches the quantum paraelectric state where a
ferroelectric phase transition is suppressed by the quantum lattice fluctuations [51, 134].

5.2.2 Pyroelectric transition of the near interface region of LaAlO3/SrTiO3 heterostructures

Figure 5.3 shows that the R-mode of STO at 438 cm−1 is observed at all applied gate voltages
between ±250 V and its eigenfrequency is independent of the applied gate voltage. This behaviour of
the R-mode has already been observed in paraelectric SrTi16O3 as shown in figure 3.8. This implies
that the substrate in the LAO/STO heterostructures behaves in part like paraelectric SrTi16O3. On
the contrary, the appearance of the two additional peaks at negative gate voltage suggests that
this phonon mode undergoes some remarkable changes in another part of the substrate. Since a
splitting and a red-shift of the R-mode has already been observed in SrTi18O3 in its polarised (that
is ferroelectric) state as shown in figure 3.9, these two field-dependent features are attributed to
the formation of a polar layer within the SrTiO3 substrate. The observed splitting of the R-mode
can be explained by the off-centre displacement of the central Ti cation which leads to a softening
and hardening of the bonds in the TiO6 octahedron as discussed in section 3.1.3.
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Figure 5.4: a, Splitting of the R-mode as function of the applied gate voltage at T = 10 K. The arrows

indicate the direction of the voltage sweep. b, Temperature dependence of the splitting of the
R-mode at an applied gate voltage of Ug = −150 V showing that it appears at temperatures
below 50 K.

A lattice polarisation in the vicinity of the LAO/STO interface has been predicted by theoretical
calculations. These are showing that the first unit cells of SrTiO3 at the interface become polarised
in order to reduce the electric field that arises in the LAO layer from the polar discontinuity for
n < 4 and from the electric potential in STO that confines the mobile electrons for samples with
n > 4 for which the polar discontinuity is balanced by the electron transfer from the surface to the
interface [135, 136]. Surface X-ray diffraction [103] and ultrahigh-resolution transmission electron
microscopy measurements [137], which have been performed at room temperature, identified the ionic
displacements that are expected from these built-in electric fields [103, 137]. For samples with n < 4
they show a sizeable displacement of the La ions in the LAO which arise from the uncompensated
polar discontinuity at the LAO/STO interface. For samples with n > 4 where the discontinuity
is compensated by the electron transfer from the surface of LAO to the LAO/STO interface, these
distortions within the LAO layer are strongly reduced. At the same time, a corresponding ionic
displacement appears on the STO side of the interface that is governed by the electric field which
arises from the potential gradient that confines the electrons to the interface. In the near interface
region, the Sr and Ti cations are now displaced relative to the oxygen anions away from the
LAO/STO interface [103]. The shift of the cations is indicated by orange arrows in the lower half
of figure 5.5 and results in a buckling of the STO lattice planes [103]. Jia et al. have observed
a similar effect which is related to the rotation of the oxygen octahedra in the LAO layer. These
rotations have to adapt to the orientation of the octahedra in the STO layer at the interface which
results also in a shift of the cationic positions at the near interface region and gives rise to a
dipole formation at the interface [137]. The observed and calculated structural shift of the cations
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5.2 Polarisation of the LaAlO3/SrTiO3 interface

is reminiscent of a polar order that is accompanied by a lattice expansion, for example along the
c-axis perpendicular to the interface [103, 137].

LaO
+

AlO
− 2

n [STO]

E

conduction bandEF

LaAlO3 SrTiO3

Eint

Figure 5.5: Sketch of a LAO (n = 5.5 uc)/STO heterostructure with an applied negative gate voltage −Ug on
the backside of STO. The interface between LAO and STO is indicated by the dotted line. In the
upper half of this sketch, the band bending of the conduction band is schematically shown which
leads to a confinement potential at the interface and a subsequent internal electric field Eint on
the STO side that is pointing away from the interface. In the lower half of the figure, the schematic
crystallographic structure of the sample is shown. In the vicinity of the interface, the cations
are displaced away from the interface as indicated by the orange arrows. This displacement is
triggered by the internal field which is parallel to the external field Eext in case of a negative
gate voltage applied to the back of the STO and thus enhances the effective field strength in the
sample.

Figure 5.5 shows a sketch of the confining potential and the internal electric field Eint together
with the resulting ionic displacements in STO. At negative gate polarity, this built-in field and the
external electric field Eext which is created by the applied gate voltage are pointing into the same
direction such that the effective field strength in the sample is enhanced. In the case of a positive
gate voltage, the effective field strength in the samples is reduced and in addition, the high mobile
charge carrier concentration at the interface screens the formation of the polar order.

From the FIR spectra in the vicinity of the R-mode, it is possible to estimate the thickness of the
polar ordered interfacial layer from the reduction of the strength of the R-mode of the paraelectric
phase at 438 cm−1 and the increase of the strength of the corresponding split modes that originate
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from the polar interface layer. An upper limit of the layer thickness is given by the penetration
depth of the IR radiation which is of the order of 2 µm in the vicinity of the R-mode.

The combination of these observations strongly suggests that the LAO/STO near interface region
exhibits a transition towards a polar order of the LAO/STO near interface region at negative gate
voltages. Further evidence for the formation of a polar order at negative gate voltages will be given
by the field-dependent THz ellipsometry study in section 5.3.2 and the X-ray scattering experiments
in section 5.4.

It remains unclear what kind of polar order is induced by the external gate voltage. The observed
splitting of the R-mode in figure 5.4 a however cannot be assigned to a ferroelectric polarisation
of the SrTiO3 since the latter requires that the polarisation can be reversed by the external field
(see section 2.3.1 and reference [138]). The characteristic behaviour of the rotational phonon mode
is rather consistent with a pyroelectric transition of the SrTiO3 substrate in the vicinity of the
interface. This pyroelectric transition and accompanying lattice distortion at negative gate voltages
leads to a reduction of the effective dielectric constant of the STO in the vicinity of the LAO/STO
interface and thus to a diminished lattice polarisability at the interface. This decrease of the lattice
polarisability reduces the electronic screening of the confined charge carriers and thus leads to a
localisation of the confined charge carriers as will be shown by the voltage-dependent transport
measurements in section 5.5.

5.2.3 Modelling of the FIR spectra of LaAlO3/SrTiO3 heterostructures at negative gate

voltage

The modelling of the optical response of the heterostructure has been started with the spectrum at
Ug = +250 V. The spectra at positive gate voltage are attributed to the paraelectric phase of STO
because the splitting and softening of the rotational phonon is absent. This is the observed behaviour
of paraelectric SrTi16O3 single crystals which are known to remain in a quantum paraelectric state
even at the lowest temperatures. The model dielectric function of the STO substrate is parametrised
using three Lorentz oscillators where the first one describes the R-mode at 438 cm−1 and the other
two Lorentz oscillators are located outside the frequency range of the fitted data and account for
the soft mode around 18 cm−1 and the stretching mode at 544 cm−1. The parameters obtained from
the fit at positive gate voltage are used to describe the paraelectric phase of STO and form the
basis for the subsequent fitting of the spectrum at Ug = −250 V. The polarised interfacial layer of
STO which has been observed in the spectra at negative gate voltage has been accounted for by an
additional layer of thickness dpol which has been located at the STO side of the LAO/STO interface.
The dielectric function of the polarised layer is based on the parametrisation of the paraelectric
material except for the splitting and softening of the R-mode which is reproduced by using two
Lorentz oscillators. All of the fit parameters of the external and stretching mode have been kept
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5.2 Polarisation of the LaAlO3/SrTiO3 interface

constant during the fit and only the spectral weight and energy of the softened R-modes are fitted
together with the layer thickness. This fit yields a layer thickness of the order of dpol ≈ 1 µm.
In figure 5.3 a, the open grey symbols show the result of the fit and allow the comparison with
the experimental data. It is important to remember that the penetration depth of the IR light in
this energy range is about 2 µm and thus somewhat larger than the determined thickness of the
pyroelectric layer. It also turned out that in the relevant energy range between 410 and 460 cm−1
the contribution of the LaAlO3 top layer to the pseudo-dielectric function is negligible and can
therefore be neglected during the modelling.

5.2.4 Interface polarisation in LaAlO3 (n = 3 uc)/SrTiO3 heterostructures

Next, the corresponding optical spectra of two LAO/STO structures (R116 and TL3) with a LaAlO3
layer thickness of only 3 unit cells are presented. Because of the smaller LAO layer thickness,
these samples do not exhibit the electron liquid at the LAO/STO interface and the internal field
Eint on the STO side is significantly reduced or even completely suppressed.

The first sample that has been investigated is the sample R116 which has six electric contacts
sharing the same arrangement as the sample R84 with n = 5.5. These contacts reach to the
LAO/STO interface but because of the absence of an electron liquid which can act as homogeneous
top electrode, this likely leads to an inhomogeneous electric field distribution in the STO substrate
between the back electrode and the point-like contact pads. Figure 5.6 shows the field-dependent
conductivity spectra of this sample which have been obtained at T = 10 K in the vicinity of the
rotational phonon. The spectra show a very weak onset of a second mode at lower energies for gate
voltages of more than −150 V as indicated by the arrows in figure 5.6. This feature softens and
broadens as the applied gate voltage is increased further. It is worth mentioning that as soon as
the additional feature develops, the spectral weight of the rotational phonon of the paraelectric
substrate decreases and the interface region gets non-uniformly and thus only weakly polarised.
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) Figure 5.6: Electric field response of the 438 cm−1
phonon of the LAO/STO heterostructure
R116 with n = 3 uc, measured at 10 K. At
negative voltages of more than −150 V, a
weak splitting of the R-mode appears which
is indicated by the arrows and suggests the
formation of an interface polarisation within
the sample that is possibly very inhomoge-
neous.
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In order to elaborate further on this issue, the other 3 unit cell thick sample TL3 has been
covered with an approximately 4 nm thick metallic titanium layer which serves as a homogeneous
top electrode. It has been ensured that the titanium layer is transparent to the IR radiation in the
region around the rotational phonon although the spectra will exhibit a conductivity background due
to the metallic top electrode. Figure 5.7 a shows the measured field-dependent conductivity spectra
at T = 10 K of the Ti coated sample TL3. The conductivity background which originates from the
titanium layer has been approximated by a Drude term as given by equation (1.25) and is shown
by the dashed line in the graph. As in the case of the metallic sample R84, a clear feature develops
at negative gate voltages below 438 cm−1. At an applied gate voltage of Ug = −100 V, a new peak
appears which softens as the negative gate voltage is increased. This shows that the pyroelectric
transition of the interfacial layer can be introduced in a sample with a LAO layer thickness with
n ≤ 4 unit cells. The softening of the R-mode is accompanied by the reduction of the spectral
weight of the 438 cm−1 phonon of the paraelectric STO. In this 3 unit cell sample, the maximum
softening is reduced to 9 cm−1 at Ug = −250 V as it is shown in figure 5.7 b where the phonon
splitting between the “paraelectric” R-mode at 438 cm−1 and the softened R-mode from the polar
ordered interface region is plotted against the applied gate voltage.
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Figure 5.7: a, FIR conductivity spectra σ1(ω) of a three unit cell thick LAO/STO heterostructure with an
evaporated Ti top electrode (TL3) at 10 K showing the splitting of the rotational phonon mode at
negative gate voltages. The spectra are vertically shifted for clarity and the black dashed line
represents the modelled contribution of the metallic Ti top electrode. b, Gate voltage dependence
of the phonon splitting at 10 K.

Using the same procedure as described in section 5.2.3 but adding the Drude term which accounts
for the Ti top electrode, the fit of the experimental spectrum at Ug = −250 V yields a thickness
of the polarised interfacial layer of the order of 1 µm as seen in the LAO (n = 5.5 uc)/STO
heterostructure R84. In figure 5.7 a, the result of the fit for the spectrum at Ug = −250 V is shown
by the open grey symbols for the spectrum measured at Ug = −250 V. The phonon splitting in

90



5.2 Polarisation of the LaAlO3/SrTiO3 interface

figure 5.7 b exhibits a very similar uni-polar and hysteretic behaviour as a function of the gate
voltage as the sample R84 shown in figure 5.4 a. However, in the 3 unit sample, the hysteresis is
centred at Ug ≈ −10 V which implies that the built-in field Eint is weaker than in the n = 5.5 unit
cell sample where the hysteresis curve is centred at Ug ≈ +75 V. This observation is consistent
with the theoretical calculations by Arras et al. which show that a Ti adlayers leads to a reduction
of the electric field in the LAO layer in heterostructures with n < 4. At the same time, the buckling
of the STO layer at the LAO/STO interface gets enhanced which in turn leads to the formation of a
dipole in the near interface region [139].

5.2.5 Polarisation of a titanium coated SrTiO3 substrate

A commercially available SrTiO3 substrate has been used as a reference sample for the investigation
of the voltage-induced polarisation in STO substrates. This sample has been coated with an
evaporated titanium layer of roughly 4 nm thickness in order to be able to apply an electric field,
similar as for the LAO/STO heterostructures discussed before. The field-dependent FIR response
of this sample is shown in figure 5.8. Because the sample thickness is 0.5 mm and not 1 mm as
in the previous cases, the applied gate voltage creates an electric field strength which is twice as
large as in the previous cases. To maintain the consistency with the previous nomenclature, the
applied gate voltages are rescaled for a sample thickness of 1 mm. The higher conductivity offset in
figure 5.7 implies that the Ti layer of this sample is more conducting than the one which has been
evaporated on the heterostructure sample TL3. This difference might be due to an increase of the
Ti layer thickness and/or a better layer quality.
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Figure 5.8: Field-dependent conductivity spectra in
the vicinity of the rotational phonon of a Ti
coated STO substrate, measured at 10 K.
A splitting of the R-mode is observed only
at very high negative gate voltages. The
dashed line represents the conductivity
background due to the Ti top electrode.

The dashed line in figure 5.8 represents the approximation of the conducting background due to
the titanium layer using a Drude term. At an effective applied gate voltage of Ueffg = −200 V, a
faint feature around 431 cm−1 is observed that gains spectral weight at the higher gate voltage of
Ueffg = −400 V and is red-shifted to an energy of 428 cm−1. This shows that in a bare substrate
a polarised phase can be introduced by applying a back gate voltage. The required electric field
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strength is however much higher than in the (metallic) LAO/STO samples and approaches almost
the values which have been determined by Hemberger et al. in reference [47] which induces a
ferroelectric phase in bulk STO. It is thus not clear whether the observed softening of the 438 cm−1
phonon corresponds to an induced ferroelectric phase in the whole SrTi16O3 sample or whether
only a part, that is for example the near surface region of the sample gets polarised. The remaining
visibility of the R-mode at 438 cm−1 of the paraelectric phase seems to argue for the latter scenario
but as already mentioned before, an electric field of the order of 400 Vmm−1 should already suffice
to induce a ferroelectric displacement in STO which comprises the entire sample.

It is not yet clear whether the titanium layer plays an important role for the observed effect
– measurements with different top electrodes might be able to elaborate on this issue. Arras et
al. have shown that the choice of the metal electrodes has a strong influence on the behaviour of
the interfacial electron gas in LaAlO3/SrTiO3 heterostructures [139]. Hence, the field-dependent
properties of a ”bare” SrTiO3 substrate might be influenced by the top electrode.

5.3 Field-induced anisotropy of the soft mode in LaAlO3/SrTiO3

heterostructures

5.3.1 Gate-voltage dependence of the MIR response of the LaAlO3 (n = 5.5 uc)/SrTiO3

heterostructure

Field-dependent mid-infrared ellipsometry measurements of the sample R84 with n = 5.5 have been
performed in order to investigate the response of the interfacial charge carriers to an applied gate
voltage. The so-called Berreman mode around 870 cm−1, which is located in close vicinity to the
LO energy of the STO soft mode, contains information about the concentration and the dynamical
properties of the confined charge carriers at the LAO/STO interface (see sections 1.5.2, A.3, and
reference [12] for details). Up to date it is not clear whether the application of an electric field only
alters the charge carrier concentration [95] or whether it also affects the charge carrier mobility [92,
140]. Because of these open questions, field-dependent mid-infrared spectra have been measured
which are shown in figure 5.9.

The spectra in figure 5.9 are shown in terms of the ellipsometric angle Ψ in the region of the LO
edge of STO. The presented data have been obtained at an angle of incidence of 75◦ at T = 10 K.
As previously shown for the rotational phonon in the FIR range, the spectra do hardly change as
the gate voltage is increased from Ug = 0 V to Ug = +250 V. Sweeping the gate voltage from
the positive towards negative polarity, a deviation from the first zero-field measurement becomes
evident for the second Ug = 0 V measurement. This implies that also the voltage-dependence of
the longitudinal optic edge and thus the LO mode energy of the soft mode exhibits a uni-polar and
hysteretic behaviour, similar to the R-mode in the FIR range. In SrTiO3 a close connection between
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Figure 5.9: Field-dependent spectra of the sample R84,
measured at T = 10 K and an angle of inci-
dence of 75◦. The spectra are shown in terms of
the ellipsometric angle Ψ for different applied
gate voltages.

the soft mode and the R-mode of STO is well established because both phonons are related to
the antiferrodistortive instability of STO but the phonons are located at different points in the
Brillouin zone [123, 141–143]. The LO mode shifts to higher energies as the voltage is approaching
Ug = −250 V and in addition the shape of the LO edge sharpens. Finally, a “horn”-like structure
forms at the LO edge at the applied voltage of Ug = −250 V. This observation is particularly
interesting because the LO phonon eigenfrequency of the STO soft mode is known to be practically
temperature-independent in bulk STO samples over a wide temperature range [144, 145]. The
observed hardening of the LO energy is thus unexpected and is likely related to a hardening of the
soft transverse mode in the polarised region of the STO substrate, as implied before in section 5.2.2.
Furthermore, the “horn” at negative polarity suggests the appearance of an anisotropy of the STO
soft mode eigenfrequency in the LAO/STO heterostructure that arises from the polar order and the
accompanying distortion of near interface region.

Modelling of the anisotropy in the MIR region

For the modelling of the MIR spectra, a similar procedure has been followed as for the fitting of the
FIR spectra. It is assumed that the STO substrate of the heterostructure is in the paraelectric phase
at the positive gate voltage of Ug = +250 V. This spectrum has been fitted first using a model
dielectric function that consists of three oscillators which account for the soft mode, the external
mode, and the stretching mode, respectively. The external and the stretching mode are parametrised
using values that have been obtained from the analysis of the spectra of bulk SrTi16O3 samples
in section 3.1.2. In order to obtain a good description of the LO edge of STO, the value for ε∞
and the parameters which characterise the soft mode, that is the spectral weight and the phonon
eigenfrequency, are fitted to the experimental data. The comparison with the experimental data is
shown in figure 5.10 by the blue line.
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At the negative gate voltage of Ug = −250 V, an additional layer has been introduced on the
STO side of the interface which allows to describe the anisotropy of the soft mode eigenfrequency
in-plane and out-of-plane. The thickness of this layer has been fixed to the value of dpol = 1 µm that
has been obtained from the fitting of the FIR spectra in the vicinity of the R-mode in section 5.2.1.
For the modelling of the MIR spectrum at Ug = −250 V, the in-plane dielectric function of the
polarised interfacial layer is assumed to be determined by the paraelectric substrate. For the
determination of the out-of-plane component of the dielectric function, the value of ε∞,c , the position
ωc , and the spectral weight of the soft mode are fitted. This fit yields an anisotropy of the soft mode
eigenfrequencies in the near interface region of the STO substrate corresponding to ωa,b = 19 cm−1
and ωc = 19.8 cm−1. The c-axis is here assumed to be parallel to the direction of the electric field
Eext. The result of the fit for negative gate voltage is shown in figure 5.10 by the red line and
compared with the experimental data points. The hardening of the soft mode eigenfrequency along
the c-axis as obtained from the MIR response is in agreement with a polar order at the interface
which appears preferably along the c-axis as already discussed in section 5.2.2.
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Figure 5.10: Comparison of the voltage-dependent exper-
imental data (open symbols) and the model
fit (solid lines) of the MIR spectra for Ug =
+250 V and Ug = −250 V, respectively. For
the fit of the spectrum at negative gate volt-
age, an anisotropy of the soft mode eigen-
frequency of the in-plane and out-of-plane
directions has been taken into account.

In previous hyper-Raman scattering experiments of bulk SrTi16O3 crystals, however, a much larger
anisotropy of the soft mode energies has been observed. In the bulk paraelectric samples, an
anisotropy of ωa,b = 7.8 cm−1 and ωc = 16.5 cm−1 has been found at T = 7 K [146]. It is important
to note that the latter anisotropy has been determined for single crystals which remain in their
paraelectric phase. The values extracted from the analysis of the MIR spectra include the effects of
an applied gate voltage and of the anisotropic polar order.

It is also important to note that the determined soft mode eigenfrequencies in the field-effect
experiments are significantly higher than the eigenfrequencies which have been observed in the
zero-field measurements of the bulk SrTi16O3 crystals. The electric field causes a blue-shift of
the soft mode energy to around 20 cm−1 as an electric field is applied [30]. This increase of the
eigenfrequency is independent of the polarity of the applied field [30]. In the LAO/STO sample

94



5.3 Field-induced anisotropy of the soft mode in LaAlO3/SrTiO3 heterostructures

R119, a blue-shift of the experimentally observed soft mode energy to about 19 cm−1 is observed
by the THz ellipsometry measurements in section 5.3.2 at the applied voltages of Ug = ±250 V
which is in good agreement with the values obtained by the fit of the MIR spectra. In SrTi18O3
infrared reflection measurements in section A.4 and Raman scattering experiments [106] show that
the soft mode eigenfrequency hardens in the ferroelectric phase as the polarisation increases.

In summary, the general shape of the MIR spectra at the gate voltages of Ug = ±250 V is well
reproduced by the model. There are however discrepancies which are related to the additional
response of the free localised charge carriers at the interface between LAO and STO. The present
data quality is not sufficient to reliably fit the voltage-dependent changes of the Berreman mode
according to the procedure given in reference [12]. This problem is related to the transparency of
SrTiO3 in the MIR region at energies above 1200 cm−1 where the backside becomes visible in the
measurements. Even a mechanical roughening of the sample backside cannot completely suppress
the signal from the backside reflection which is in addition likely modulated by the field-induced
change of a two-phonon absorption feature which appears in a similar energy range as the Berreman
mode.

5.3.2 Gate voltage dependent THz response of the LaAlO3 (n = 5.5 uc)/SrTiO3

heterostructure

In section 5.3.1, the anomaly of the longitudinal optic mode energy of the STO soft mode in the
MIR region has been discussed. The corresponding field-dependent measurements of the transverse
optic mode energy of the STO soft mode in the LAO/STO heterostructures is of particular interest in
order to complete the IR measurements in the low energy region. Field-dependent THz ellipsometry
measurements of the n = 5.5 unit cell thick LAO/STO heterostructure R119 have been performed
in the energy range between 5 and 60 cm−1 with an applied gate voltage of ±250 V. The sample
R119 is similar to the previously discussed sample R84, that is both samples are grown in the
same PLD setup following similar procedures. Also both samples are structured and connected for
the field-effect experiments in the same way. The THz experiments have been performed with a
time-domain THz ellipsometry setup similar to the one that has been described in reference [147].
Figure 5.11 shows the obtained data which are displayed in terms of the difference spectra of the
ellipsometric angles, Ψ(−250 V) − Ψ(+250 V) and ∆(−250 V) − ∆(+250 V), respectively. The
measurements have been performed at an angle of incidence of 75◦ at T = 10 K.

The dip in the difference spectra of Ψ around 18 cm−1 and the corresponding s-shaped feature in
the difference spectra of ∆ are the signatures of two soft modes with different eigenfrequencies. In
this sample, this corresponds to a hardening of the eigenfrequency of one of the STO soft mode in
the polarised interface layer, similar to the soft mode hardening in SrTi18O3 in the ferroelectric
phase as shown in section A.4 in figure A.8. Considering the FIR and MIR measurements and the
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Figure 5.11: Difference spectra of the LAO/STO heterostructure R119 with n = 5.5 as measured by THz
ellipsometry. The data are shown as open circles in terms of a, the field-induced changes of
the ellipsometric angle Ψ, and b, ∆. The red lines represent a model fit where a layer of 1 µm
thickness with a hardened soft mode eigenfrequency has been added to the paraelectric part of
the STO substrate.

results from the subsequent fitting, the following model has been used for the description of the
experimental data in the THz range: the response of the STO substrate at the positive gate voltage
is assumed to be dominated by the paraelectric phase and properties of STO. At negative gate
voltages, an additional layer is added on the STO side of the interface in which the soft mode
eigenfrequency exhibits a blue-shift which involves a pyroelectric transition at the interface due to
the polar order along the out-of-plane direction. Using the values of the soft mode eigenfrequencies
which have been obtained from the fitting of the MIR spectra in section 5.3.1 and assuming a
thickness of the polarised region of dpol = 1 µm, the simulation of the difference spectra reproduces
the experimentally observed signatures of Ψ and ∆. The solid lines in figure 5.11 show the result
of a simulation where the spectral weights of the soft modes in the paraelectric and pyroelectric
phases are adjusted in order to improve the agreement between the data and the fit. The observed
discrepancy might arise from the fact that the samples R84 and R119 are nominally identical but
on a microscopic scale their properties are different. It is important to mention that the model in
the THz regime does not incorporate an anisotropy of the soft mode energies but only attributes
different eigenfrequencies to the bulk and to the near interface region. Accordingly, the anisotropy
of the soft mode in the pyroelectric region can be determined from the LO-edge in the MIR data
while the additional hardening of the in-plane component can be obtained from the THz (and the
MIR) data. This allows to determine the anisotropy from the MIR spectra but not from the THz and
FIR response.
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5.4 X-ray diffraction study of the LaAlO3 (n = 5.5 uc)/SrTiO3 heterostructure

5.4 Field-dependent X-ray diffraction study of the

LaAlO3 (n = 5.5 uc)/SrTiO3 heterostructure

Field-dependent high-resolution hard X-ray diffraction experiments have been performed at the
P09/PETRA III beamline at the Deutsches Elektronen-Synchrotron DESY in Hamburg, Germany.
Photons with an energy of 9.85 keV have been used to map the reciprocal space in the (H K 2) plane
in the vicinity of the fundamental (0 0 2) Bragg reflex of the SrTiO3 substrate with an avalanche
photo detector (APD). Figure 5.12 shows a photograph of the experimental setup at the beamline
and the mounted and electrically connected sample is shown in the inset. For the measurements
at low temperatures, the sample has been cooled with a closed cycle cryostat. A Keithley 2410
SourceMeter [133] with its current limit set to 1 µA has been used to apply the gate voltage to the
back of the sample while the electron liquid has been grounded as described in section 5.1.

closed-cycle cryostat

sampledetector

Figure 5.12: Photograph of the experiment at the P09/PETRA III beamline at DESY, Hamburg, with the
sample mounted on top of the cold finger of the cryostat as shown in the inset. During the
temperature-dependent experiment, the sample was covered with two beryllium domes (not
shown).

After mounting the sample in the cryostat, the sample has been aligned at room temperature
using the (0 0 2) and (1 0 3) Bragg reflexes of STO. After this preliminary alignment, the sample has
been cooled to T = 10 K and the sample position has been corrected for the thermal contraction
of the cryostat. A first H,K -mesh around the (0 0 2) Bragg reflex of the STO substrate has been
measured at Ug = 0 V prior to the application of an electric field. The corresponding contour plot
is shown in figure 5.13 a. Note that the intensity is plotted on a logarithmic scale and the H,K
values are given in reciprocal lattice units (rlu) of SrTiO3. Despite of the slight tetragonal [36] or
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orthorhombic [28] distortion of the STO unit cell at low temperatures, in the following the unit cell
is always described using cubic indices.

The (0 0 2) Bragg reflex actually consists of at least three overlapping peaks which likely
originate from different domains that vary concerning the orientation of the tetragonal axis. After the
first zero-field measurement, a gate voltage of Ug = +250 V has been applied for approximately 20
minutes before the gate voltage has been changed to Ug = −250 V. At Ug = −250 V, the reciprocal
space maps (RSM) have been measured at several temperatures between 10 and 80 K and the
obtained RSMs are shown in the figures 5.13 b-g.

The comparison of figures 5.13 a and b shows that the substructure of the (0 0 2) Bragg reflex
of STO is strongly affected by the application of the gate voltage which changes the intensity
distribution of the domains. This is likely related to an electric field induced rearrangement of the
orientation of the structural domains in the STO. Previous X-ray studies on STO substrates with
or without thin films grown on top have indeed shown that the strain effects due to the different
orientation of the domains give rise to a tilting and buckling of the near surface region of the STO
substrates which is very susceptible to external pressure [148, 149]. In addition, two weak satellite
peaks that are centred at (−0.004 − 0.005 2) and (0.004 0.005 2) appear at negative gate voltage
in the vicinity of the fundamental Bragg reflection and are aligned along the [1 1 0]c direction. Their
distance in k-space from the main (0 0 2) reflex of ∆Q = 0.0063 rlu corresponds to a periodicity in
real space of approximately 60 nm.

The position of the satellite reflexes in the (H K 2)-plane is practically temperature-independent
although their intensity diminishes as the temperature is increased. In figure 5.14 the intensity
of these satellite reflexes is shown as function of temperature and compared to the temperature-
dependence of the phonon splitting of the R-mode taken from figure 5.4 b. The similarity of the
temperature-evolution of both quantities implies that both experiments probe the same phenomenon.

Similar satellite reflexes have been observed in the ferroelectric state of thin films of PbTiO3
below TCurie [150, 151] and in ferroelectric/paraelectric BaTiO3/SrTiO3 superlattices [152]. These
features are attributed to the formation of long-range periodic, 180◦ stripe domains whose adjacent
domains exhibit anti-parallel polarisation directions. A polarisation-induced domain structure is
formed if the electronic depolarisation field is suppressed [150]. This is consistent with the fact
that the domain structure is only observed in the insulating state of the heterostructure at negative
gate voltage which does not allow mobile free charge carriers to compensate for the build-up of
the lattice polarisation. Long-range electric stray fields (which are energetically unfavourable) are
therefore reduced by the formation of these anti-phase domains.

In the present LAO/STO heterostructure it is unlikely that the orientation of polarisation of
adjacent domains is entirely anti-parallel. As has been discussed in section 5.2.2, the polarisation
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Figure 5.13: Reciprocal space maps (RSMs) in the vicinity of the (0 0 2) Bragg reflex of the SrTiO3 substrate.
a, RSM after zero-field cooling to T = 10 K and at Ug = 0 V. b-g, RSMs at different temperatures
at the constant voltage of Ug = −250 V showing the appearance of two satellite reflexes in b
and their temperature evolution during warming up. Note that the intensity is plotted using a
logarithmic scale.
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Figure 5.14: Temperature dependence of the in-
tensity of the X-ray satellite peak
(filled circles) compared to the
splitting of the infrared-active R-
mode of STO (open squares). The
satellite peak can be seen to de-
velop below 50 K similar to the
splitting of the infrared active R-
mode.

exhibits an unipolar behaviour which excludes the possibility of an anti-parallel orientation. In this
case it is more likely that the domain structure originates from an alternating in-plane component
which arises from a canting of the polarisation with respect to the c-axis. Alternatively, the
superlattice peaks could also arise from a modulation of the amplitude of the polarisation along the
c-axis.

While the detailed domain structure remains to be determined, the observation of a long-range
domain structure provides solid evidence for the presence of the polar order of the interface layer
in LAO/STO heterostructures. It is important to note that the length scale of the domain width
is consistent with the trend that has been extracted in reference [151] by the measurement of
ferroelectric films with varying thickness.

5.5 Transport measurements with an applied gate voltage

Using field-dependent transport measurements, the interplay between the pyroelectric polarisation
of the buried interface in the LAO/STO heterostructures and the corresponding electronic properties
of the electron liquid at the interface has been investigated. The measurements have been performed
on the n = 5.5 unit cell sample R84 at different temperatures and different applied gate voltages.
The sample has been mounted in a Quantum Design Physical Properties Measurement System
(PPMS) and prepared as shown in figure 5.15. The sample resistance has been measured in a
two-terminal configuration using two contacts on opposite sides of the sample. Two other contacts
have been used for the grounding of the gate voltage as indicated in figure 5.15. The gate voltage
has been applied using a Tennelec TC952 voltage source and the gate-voltage-dependent resistance
measurements have been performed using a Keithley 2602A SourceMeter with the probe current
set to 1 µA. In the localisation regime for gate voltages in the range of −250 ≤ Ug < −175 V, the
current has been reduced to 0.4 nA to maintain a voltage drop across the two contacts that is less
then the voltage limit of the SourceMeter of 6 V. At the lowest temperatures of 1.8 and 10 K the
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5.5 Transport measurements with an applied gate voltage

measured voltage reached the 6 V limit at Ug < −175 V. In this range the resistance is above the
upper limit of the resistance of R = 1.5 · 1010 Ω which marks the measurement limit of the setup.
At the extremal negative gate voltages, the measurements condition is unstable because the sample
is in a poorly conductive state where rather long times are required before the system reaches the
equilibrium state.

sample puck

R

back gate Shapal carrier plate

Figure 5.15: Image of the 5.5 unit cell LAO/STO sample R84 as it has been mounted on the sample holder for
the field-dependent transport measurements. Two out of the six contact pads which are located
on the opposite sides of the sample are used to measure the resistance R of the sample and two
other contact pads are grounded in order to create the electric field across the STO substrate
between the electron liquid and the back gate.

Figure 5.16 shows the measured sample resistance R at different temperatures as function of the
applied gate voltage. At temperatures above 50 K, the R −Ug curves exhibit a linear increase of the
resistance as the charge carrier concentration at the interface is more and more reduced towards
negative gate voltage. The R −Ug curves at 50 K and below exhibit an additional upturn in R that
develops towards negative Ug. These curves are shown in figure 5.16 b on a logarithmic scale. This
upturn becomes very steep at 10 and 1.8 K and the value of R reaches the limit of the sensitivity
of the setup as described above. The negative gate voltage thus leads to a strong localisation of
the interfacial charge carriers. Coincident with this localisation of the charge carriers the R − Ug
curves also develop a hysteretic behaviour. The deviation from the linear R − Ug behaviour sets
in between 0 ≤ Ug < +100 V and the hysteresis gets pronounced between −100 ≤ Ug < −50 V
at T < 30 K. The latter values agree with the observed phonon splitting of the rotational phonon
that also becomes pronounced below 50 K at negative gate voltages. These values also agree
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Figure 5.16: a and b, Temperature dependence of the R − Ug curves of sample R84 as function of the gate
voltage Ug. Below 50 K, there is a steep increase of R towards negative Ug which signals a
charge localisation. At the same time, the R − Ug curves start to exhibit a hysteretic behaviour.

with previous transport measurements on similar samples where the metal-to-insulator transition is
reported to occur in a similar voltage range [93].
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Figure 5.17: a, Comparison of the hysteretic gate voltage dependence of the resistance (filled circles) and
the splitting of the R-mode (open squares) as obtained from the ellipsometry measurements.
b, Temperature dependence of the sample resistance (R(−250 V) − R(+250 V))/R(+250 V)
(red symbols) as compared to the X-ray satellite peak intensity (open blue squares) and the
splitting of the R-mode (open blue circles) which shows that the pyroelectric order and the
charge localisation set in below 50 K and exhibit a similar temperature dependence.

In figure 5.17 a, the field-dependence of the sample resistance is compared to the previously
extracted splitting of the rotational phonon at T = 10 K. Both features exhibit a similar voltage-
dependence which suggests that both properties have a similar origin. The temperature dependence
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of the normalised sample resistance (R(−250 V) − R(+250 V))/R(+250 V) is plotted together
with the splitting of the R-mode and the X-ray satellite peak intensity in figure 5.17 b. All three
properties exhibit practically the same temperature dependence which makes it very likely that
the different experiments are probing the same phenomenon. Thus, the structural and electronic
properties of the LAO/STO interface are strongly coupled and the formation of the pyroelectric
interface polarisation is an additional aspect that has to be considered in the interpretation of the
experiments in the LAO/STO samples and similar systems.
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6 Summary and conclusions

The insulating perovskite-based material strontium titanate with the chemical formula SrTiO3
exhibits many interesting physical properties, for example an extraordinary large static dielectric
constant which plays an important role for the experimentally observed high charge carrier mobility
at SrTiO3 interfaces or surfaces. Furthermore, ferroelectricity can easily be induced in SrTiO3
samples by mechanical strain, external electric fields, or an isotope exchange of 16O by 18O. In
this work, a detailed investigation of the infrared response of the lattice and charge dynamics in
bulk paraelectric SrTi16O3 and ferroelectric SrTi18O3 crystals, thin SrTiO3 films under tensile or
compressive strain, and thin LaAlO3 films grown on SrTiO3 substrates has been performed in order
to identify signatures of a polar (ferroelectric) phase transition in the optical spectra and to study
the interplay between polar structure and charge carrier properties at the LaAlO3/SrTiO3 interface.

The investigation of the lattice dynamical properties of the bulk SrTiO3 samples in the far-
infrared (FIR) spectral region over a broad temperature range has revealed that is indeed possible
to attribute features in the ellipsometry spectra – not to mention the hardening of the soft mode in
the ferroelectric phase as shown in reference [106] and figure A.8 in the appendix – to a ferroelectric
phase transition in SrTi18O3. A splitting and softening of the so-called R-mode of SrTi18O3 at
438 cm−1 has been observed in the ferroelectric phase below TCurie = 23 K as shown in figures 3.4
and 3.9. An explanation for the splitting of this phonon mode has been given in section 3.1.3
that has been based on the assumption of an off-centre displacement of the central Ti4+ ion in
the ferroelectric phase. An off-centre displacement of the central cation is typically observed in
displacement-type ferroelectric materials and leads to an elongation or shortening of the Ti–O
bonds within the TiO6 octahedra in SrTiO3 as sketched in figure 3.10. The eigenfrequency of the
R-mode thus becomes anisotropic in the polar phase and a softening of the phonon eigenfrequency
is the consequence of the elongation of the Ti–O bonds perpendicular to the polarisation direction.
The softening is thus found to be proportional to the displacement of the Ti cation and hence to the
sample polarisation. Furthermore, the lowest direct interband transition of SrTi18O3 in figure 3.17
exhibits a minimum of its energy which occurs at TCurie. Both of these features have not been
observed in paraelectric SrTi16O3 samples which allows a clear attribution of these features in the
optical response to the ferroelectric phase of SrTi18O3.

Up to date, a theoretical investigation of the experimentally observed features is not well
established. For example, since the early works of Kern and Harbeke in the 1960s, the interplay
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between the band gap and ferroelectricity has not been followed up until recently by Berger et al.
in reference [123]. The R-mode has often been neglected in experimental infrared spectra and has
also not been studied in detail in theoretical calculations. Bandstructure calculations and lattice
dynamical calculations together with the use of the nowadays well-established modern theory
of polarisation that describes the polarisation as a Berry phase [153] might therefore lead to a
better understanding of the properties of SrTi16O3 and SrTi18O3, especially since both materials
exhibit a very similar structure but significantly different properties. It might also be interesting to
investigate whether the observed temperature evolution of the lowest direct interband transition is
characteristic only for displacement-type ferroelectric materials or whether this or similar features
can be observed in ferroelectric materials in general.

In the 1970s, for example Burke and Pressley [154] as well as Uwe and Sakudo [56] have
shown that under external stress SrTiO3 single crystals undergo a ferroelectric phase Transition.
Recent calculations [72] and experiments by Haeni et al. [57] have suggested that in thin SrTiO3
films also a ferroelectric phase can be induced if the films are grown under tensile strain. In
order to elaborate on this question, several SrTiO3 thin films with thicknesses between 15 and
50 nm have been grown by pulsed laser deposition on (1 1 0) oriented DyScO3 substrates which
have a larger lattice constant than SrTiO3 and LSAT substrates (which have a smaller lattice
constant compared to bulk SrTiO3), respectively. The thin film samples have been investigated
using ellipsometry in the FIR and UV/VIS range. It has turned out that the analysis of the FIR
spectra is difficult because the film response is fairly weak and the DyScO3 substrates exhibit a
strong optical anisotropy of the phonon response. However, the investigation in the UV/VIS range
and especially the temperature-dependence of the lowest direct interband transition has emerged
as an easier route to determine the Curie temperature TCurie of the SrTiO3 thin film samples. In the
UV/VIS range, the optical anisotropy of the substrates is found to be negligible and the analysis of
the temperature-dependence of the lowest direct interband transition of the SrTiO3 films enables an
easy determination of TCurie. For films under tensile strain on DyScO3, the transition temperature
has been increased up to room temperature for the 15 nm thick sample and for the 50 nm thick film to
200 K as shown in the comparison of the temperature-evolution of the lowest interband transition of
the two samples in figure 3.25. On the other hand, in the films under compressive strain no signature
of a phase transition has been observed – it is not yet resolved whether this observation is related
to the measurement because the polar axis is oriented perpendicular to the sample surface and the
ellipsometry measurements are not particularly sensitive to the out-of-plane component. Another
possibility is that this is an intrinsic property of the samples and an out-of-plane polarisation is
not realised. In order to clarify this open question, a proper characterisation of the strain state
of the films by means of X-ray diffraction is a very important first addition. A (re-)investigation of
the SrTiO3 films under compressive strain in the FIR range might help to identify signatures of a
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ferroelectric phase transition, especially by means of the analysis of the temperature dependence of
the soft mode. A more detailed infrared reflectivity study of the film samples under tensile strain
might also be worthwhile.

The investigation of the lattice and the charge carrier dynamics in heterostructures which consist
of a thin film of the insulator LaAlO3 grown on SrTiO3 has revealed that the SrTiO3 substrate in
the LaAlO3/SrTiO3 heterostructures is actually an important component which strongly influences
the charge carrier properties in the vicinity of the interface. It has previously been shown that the
charge carrier concentration, the charge carrier mobility, and even the depth profile of the charge
carrier concentration can be extracted from mid-infrared ellipsometry spectra by the analysis of the
so-called Berreman mode [12]. In the experiments in section 5, an electric field has been applied
between the electron liquid at the interface and the backside of the SrTiO3 substrate in order to
modulate the charge carrier concentration at the LaAlO3/SrTiO3 interface as it has been shown
in [60]. However, in these experiments the mid-infrared spectra have indicated that a structural
phase transition takes place on the SrTiO3 side of the interface which is induced by an applied
gate voltage. The structural transition results in a hardening of the whole longitudinal-optical edge
of the SrTiO3 substrate at negative gate polarity as shown in figure 5.9. This phase transition and
the contribution of the backside reflection to the measurement signal makes the analysis of the
Berreman mode complicated. The subsequent investigation of the gate-voltage induced changes
of the phonon response of the SrTiO3 substrate has shown that a splitting and softening of the
R-mode of the SrTiO3 substrate occurs (see figure 5.3) which is reminiscent of the splitting of
the R-mode in ferroelectric SrTi18O3 below TCurie. This observation implies that in part of the
SrTiO3 substrate a structural polar phase transition is induced preferably at negative gate voltages
where the charge carrier concentration is reduced. The transition appears in an approximately
1 µm thick layer and exhibits a unipolar and hysteretic behaviour as function of the applied gate
voltage as shown in figure 5.4. Further evidence of the polar transition has been obtained from
the observation of an anisotropic hardening of the soft mode in the substrate in the THz spectra
in figure 5.11 and the corresponding longitudinal-optical energy in the mid-infrared spectra as
shown in figure 5.10. Due to the Lyddane-Sachs-Teller relation (equation (1.29)), a hardening
of the soft mode eigenfrequency is accompanied by a reduction of the dielectric constant in the
near interface region. Thus, the screening of defects is reduced which leads finally to a charge
carrier localisation at negative gate voltages as observed by the strong increase of the resistance in
the gate voltage-dependent resistance measurements shown in figure 5.16. The sample resistance
exhibits a similar gate-voltage dependence as the phonon splitting as function of gate voltage as
compared in figure 5.17 a. In high-resolution X-ray diffraction experiments at low temperatures with
an applied negative gate voltage, satellite reflexes have been observed close to the fundamental
(0 0 2) Bragg reflex that are shown in figure 5.13. Such satellite reflexes are often an indication
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of the formation of a long-range stripe domain structure which is aligned in this case parallel to
the [1 1 0] direction of the sample and exhibits polar domains with a width of the order of 60 nm.
In figure 5.16 b, the temperature-dependencies of the phonon splitting, the X-ray satellite peak
intensity, and the increase of the sample resistance at negative gate voltages are compared. All
three experiments exhibit the same temperature-evolution which makes it likely that these performed
experiments probe the same physical phenomenon. It is important to note that the effect sets in
at temperatures below 50 K, a temperature regime where the static dielectric constant of SrTiO3
starts to deviate from the classical Curie-Weiss law [134].

The gate-voltage dependent ellipsometry experiments should be extended into the UV/VIS range.
It may be possible to identify a field-induced shift of the lowest interband transition in the SrTiO3
substrate, similarly to the minimum of the transition energy which has been observed in ferroelectric
SrTi18O3 and the SrTiO3 films under tensile strain in section 3.3. Further investigations in the near-
infrared and VIS spectral region might reveal information about defect states in these heterostructure
samples. The analysis of the Berreman mode in the MIR might become feasible using wedged
substrates and/or very rough substrate backsides which suppress the contribution of the backside
reflections in the optical response.

The performed X-ray diffraction experiments can neither unambiguously determine the structure
of the interface region nor determine whether the domains are due to a modulation of the magnitude
of the polarisation or due to a canting the polarisation vectors in adjacent domains. Therefore the
X-ray diffraction experiments should be extended by a study of more Bragg reflexes in order to
characterise the crystallographic structure of the interface region at different gate voltages. At the
same time, these measurements should also allow to obtain more information on the direction of the
polarisation vector in the interface region and the corresponding domain structure. It might also be
appealing to investigate the dependence of the domain structure formation on the LaAlO3 layer
thickness, that is, to investigate samples with a thickness of n < 4 unit cells.

108



Appendix

A.1 Sample growth by pulsed laser deposition (PLD)

All thin film samples used in this work have been grown by pulsed laser deposition (PLD). The
single-crystalline substrates and the targets have been bought from various commercial suppliers.
The substrates have been cleaned with acetone and ethanol and the SrTiO3 substrates used for
the growth of the LaAlO3/SrTiO3 heterostructures have been etched with buffered HF acid and
annealed at about 950◦ C in a continuous oxygen flow for 2-4 hours in order to obtain a uniform
TiO2 termination of the STO substrate surface which is essential for the formation of the electron
liquid at the LaAlO3/SrTiO3 interface. The growth parameters for the LaAlO3 layers have been
similar to the ones published in [60].

Pulsed laser deposition is a common technique for the epitaxial growth of oxide layers for
fundamental research. This technique allows the control of the growth rate on the atomic level scale.
A pulsed UV laser (wavelength on the order of 280 nm) is used to ablate material with the required
composition from a target. The energy of the laser pulses is absorbed by the target material below
its surface and hence the material gets ionised and is accelerated away from the target surface.
The ions form a so-called plasma plume which expands towards a substrate where the material is
deposited. A laser heater or a resistive heater is used to heat the substrate in order to control the
diffusion and the regrowth of the ablated material on the substrate. Due to the rapid expansion
of the plasma plume, the stoichiometry of the target can be preserved allowing for the growth of
homogeneous and stoichiometric layers. The substrate temperature during growth is usually in the
range of 500 and 1000◦ C, depending on the material which is deposited and the substrate material.
The growth rate is monitored on a unit cell level by observing the intensity of the reflections of
high-energy electrons which are diffracted from the surface under grazing incidence (RHEED).
Every completed “monolayer” of the ablated material leads to one oscillation of the intensity of
the reflected beam. Counting these minima allows the determination of the sample thickness in
terms of the number of unit cells. It is also possible to determine the growth mode of the material
on the substrate, mainly whether independent islands are formed or whether the films grow in a
layer-by-layer mode. The important parameters during the growth process are the laser fluence,
the pulse repetition rate, the temperature of the substrate, and the vacuum or gas (oxygen) partial
pressure during the growth, respectively. After the growth, the samples are in-situ annealed at
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elevated temperature and the oxygen partial pressure is usually increased for some time before the
samples are slowly cooled. If necessary, a post-annealing step can follow in a furnace in an oxygen
atmosphere.

A.2 UV/VIS ellipsometry spectra of ferroelectric and incipient ferroelectric

materials

UV/VIS ellipsometry measurements of a ferroelectric BaTiO3 and another incipient ferroelectric
sample KTaO3 have been performed in order to investigate whether the observed minimum of the
lowest direct interband transition energy (or its absence) is indeed characteristic for a ferroelectric
phase transition. It has been proposed in this work that the temperature dependence of the lowest
interband transition as it has been observed in SrTi16O3 and SrTi18O3 and also in strained SrTiO3
films is related to a ferroelectric phase transition. Therefore, the measurements of a multi-domain,
ferroelectric BaTiO3 single crystal is important in order to show that in ferroelectric BaTiO3 the
same behaviour is observed around TCurie. The spectra and the extracted temperature dependence
of the interband transition are shown in section A.2.1. Corresponding data have been obtained
for the incipient ferroelectric material KTaO3. The results are presented in section A.2.2. Both
measurements support the interpretation of the UV/VIS data which has been given in sections 3.2
and 3.3 for the behaviour of SrTiO3. Both measurements confirm the interpretation of the data for
SrTiO3.

A.2.1 UV/VIS spectra of a BaTiO3 single crystal

A ferroelectric BaTiO3 single crystal, purchased from SurfaceNet [26], has been measured at several
temperatures below and above of its Curie temperature of 395 K. Representative UV/VIS spectra,
which have been corrected for surface roughness artifacts, are shown in figure A.1.

The temperature dependence of the band gap is extracted using a similar model as for the STO
sample in section 3.2 and the obtained result is shown in figure A.1. A clear minimum of the gap
energy is observed at 410 K which is close to the Curie temperature of bulk samples. The transition
temperature is reported to be on the order of 395 K [155] but the discrepancy might arise from the
fact that the temperature is not directly measured at the sample but at the heater which is located
far from the sample position. Hence, these measurements confirm the results from the measurements
of SrTi18O3 in the UV/VIS region. A linear fit of the band gap energy in the paraelectric phase
using equation (3.4) yields Eg(T ) = 3.70 eV + 1.13 · 10−4 eVK · T and is shown by the red line in
figure A.2.
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Figure A.1: UV/VIS spectra of a BaTiO3 single crystal, corrected for a surface roughness of approximately
2 nm.
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Figure A.2: Temperature dependence of the lowest di-
rect interband transition of a BaTiO3 single
crystal. The minimum occurs at 410 K close
to the Curie temperature of TC ≈ 395 K
which is observed in similar crystals. A lin-
ear fit of the gap energy in the paraelectric
phase is indicated by the red line.

A.2.2 UV/VIS spectra of a KTaO3 single crystal

A commercially available KTaO3 (KTO) single crystal which is expected to exhibit a similar behaviour
as SrTi16O3, because it has a ground state which is close to a ferroelectric instability but does not
exhibit a ferroelectric phase, has been measured at several temperatures over a wide temperature
interval in the UV/VIS range. Selected spectra are presented in figure A.3.

Using a similar model as in section 3.2, the interband transition region of KTO has been
approximated. KTaO3 exhibits two direct interband transitions at the band edge, the so-called EΓ1
and the EX1 transitions [156]. For the former, a reliable fit has been possible up to 250 K. It is
not clear whether the transition vanishes at higher temperatures or whether it just gets very weak.
For the latter transition, a fit has been made over the entire measured temperature range. Both
results are shown in figure A.4. Fitting of the data with a linear function (see equation (3.4) in
section 3.2) yields EΓg (T ) = 4.36 eV + 3.99 · 10−4 eVK · T and EXg (T ) = 4.73 eV + 2.82 · 10−4 eVK · T ,
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Figure A.3: Temperature-dependent UV/VIS ellipsometry spectra of a KTaO3 single crystal, corrected a
surface roughness of approximately 1.5 nm.

respectively. The extracted values of EΓg,0 and EXg,0 are in good agreement with the published values
in reference [156] and the obtained values of β are comparable to the values observed for SrTiO3.
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Figure A.4: Temperature dependence of the two lowest direct interband transitions of KTaO3, as obtained
from the fits to the ellipsometry data in figure A.3. a, The lowest energetic transition EΓ1 and b,
the EX1 transition. The red lines show a linear fit to the respective data points and the obtained
parameters are given in the text.

A.3 Modelling of the MIR Berreman mode in LaAlO3/SrTiO3

heterostructures

The structure of the LaAlO3/SrTiO3 heterostructure samples is prone to the formation of (several)
Berreman modes which originate from the common interface of the confined electron liquid and the
insulating layer. As has been discussed in section 1.5.2, the Berreman effect occurs close to the
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longitudinal optical eigenfrequencies of the doped interfacial STO layer. For the STO substrates,
the LO eigenfrequencies are 175, 266, 474, and 795 cm−1 [157] whereas LaAlO3 exhibits LO modes
at 277, 596, and 743 cm−1 [158], respectively. The experimental spectra show distinct Berreman
modes around 480 cm−1 in the FIR range and around 880 cm−1 in the MIR region. The feature in
the FIR range is small and very sharp (less than 5 cm−1) which makes the fitting of this feature
difficult. On the other hand, the Berreman mode at higher energies in the MIR spectral region is
rather broad and therefore easier to analyse. In section 1.5.2, the modelling of the Berreman mode
allows the extraction of the charge carrier concentration n, the charge carrier mobility µ, and the
depth profile of the distribution of the 2D electrons. The charge carrier response is described with
the Drude model as given by equations (1.25) and (1.27). Because infrared-based techniques only
allow to determine the ratio nm∗ or µ ·m∗, the effective mass of the electrons has to be deduced from
the comparison of FIR and transport measurements. This combination enables the estimation of the
effective mass of the interfacial electrons to be on the order of m∗ = 3.2me at temperatures above
100 K [12] and to be around m∗ = 1.2me at low temperatures which is confirmed by the data in
reference [97].

In order to account for the substrate contribution, the data for the STO substrates has to be
obtained in an independent measurement. For these measurements, the heterostructure sample
and the reference substrate have been measured one after the other while the alignment of the
experimental setup has been kept the same. Both samples have been aligned using an alignment
laser which has been matched to the beam path of IR radiation in the ellipsometer chamber. It is
important to note that all samples have been protected against UV light illumination prior to and
during the measurement to avoid photo doping effects.

The optical spectra of the samples are modelled and analysed using the WVASE32 software
package from J. A. Woollam Co., Inc. [20]. A schematic representation of the model which has been
used for the data analysis is shown in figure A.5. It consists of three components: first, the 1 mm
thick STO substrate, second, the LAO layer on top with the corresponding LAO layer thickness,
and last but not least the electron-doped interface layer which extends into the STO substrate over
the distance d. The agreement between the modelled data and the measured data is significantly
improved at higher energies if one allows the charge carrier concentration to vary as function of
depth, n(d). This is indicated in figure A.5 by the small inset which shows how n usually varies
with d in the heterostructure samples and that the maximum concentration of the charge carriers is
indeed found at the LAO/STO interface.

An example of the signature of a Berreman mode in the LAO/STO system is shown in figure A.6
where in the left panel the difference spectra for an old 5 unit cell thick LAO/STO sample are
displayed at different temperatures [12]. The Berreman mode is strongly temperature-dependent
and is very weak already at temperatures above 50 K. The modelling of the Berreman mode with a
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Figure A.5: Model used for the Berreman mode analysis of
the LAO/STO heterostructures: the main build-
ing blocks are the LAO and STO layers, respec-
tively. In addition, a Drude layer is added at the
interface which extends into the substrate. The
charge carrier concentration is varied as function
of distance from the interface as indicated by
the inset.
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Figure A.6: a Difference spectra of a 5 unit cell LAO/STO heterostructure which have been obtained at
different temperatures. The data are shown as ∆Ψ(ω) = Ψ5 uc −ΨSTO. b, Comparison between
experimental data (open symbols) and a model fit of the Berreman mode at T = 10 K where
the concentration of the charge carriers is varied as function of the depth (full line) and a model
where a rectangular profile is assumed (dashed line).

graded profile where the concentration of the charge carriers is varied as function of depth, yields a
charge carrier concentration of n = 6.1 · 1019 cm−3, a carrier mobility of 139 cm2V−1s−1, and an
extent of the charge carriers over d = 10 nm. In this case, an effective mass of the charge carriers
of m∗ = 1.2 · me at low temperatures has been assumed. Figure A.6 b shows the result of the
modelling of the sample with the graded profile (solid red line) and also using a rectangular depth
profile of the charge carrier distribution which is shown as dashed line and falls off to zero much
faster towards higher energies.

Because of the similar thickness of the old 5 unit cell sample and the 5.5 unit cell thick sample
R84, the latter sample has also been measured without an applied electric field and its Berreman
mode response has been compared to the previous sample. Figure A.7 a presents the difference
spectra at different temperatures and figure A.7 b shows the comparison between experimental data
points and the model fit.
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Figure A.7: a, Difference spectra ∆Ψ(ω) at different temperatures for the first 5.5 unit cells sample, R84.
b, Comparison between experimental data and fit of the Berreman mode with the parameters
nmax = 8.71 · 1020 cm−3, µ = 14 cm2V−1s−1, and d = 5 nm.

It is obvious from figure A.7 that this sample does not exhibit such a sharp Berreman mode
feature but a broader feature which extends towards higher energies. This makes the model fit
prone to errors, especially for a small offset of the angles of incidence of the substrate and/or the
sample. Furthermore, either the substrate of the sample or the reference substrate measurement
differ significantly which is observed by the peak in the difference spectra at higher temperatures
which appears before the dip at 880 cm−1. An exemplary model fit suggests that the charge carrier
concentration of this sample is higher and that the mobility of the charge carriers is lower compared
to the first 5 unit cell sample – especially the latter value is affected by an offset of the angles
of incidence. For the presented fit, the parameters for the sample R84 of n = 4 · 1020 cm−3,
µ = 30 cm2V−1s−1, and d = 5 nm have been obtained.
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A.4 Soft mode hardening in bulk ferroelectric SrTi18O3

In section 5.3.2, the hardening of the soft mode in the THz spectra in the LaAlO3/SrTiO3 het-
erostructures is a key element which is indicative the pyroelectric transition of SrTiO3 in the
near interface region. In general, it is expected that the hardening of a soft mode appears in
the ferroelectric phase of a ferroelectric material. Infrared reflection measurements on the same
SrTi18O3 crystal at low energies show that the soft mode hardening in the ferroelectric phase is
indeed observed in SrTi18O3 below TCurie. The conductivity spectra which have been obtained
after a Kramers-Kronig transformation of the reflectivity spectra are shown in figure A.7. These
spectra confirm that the soft mode hardens by approximately 5 cm−1 between 30 and 5 K in the
ferroelectric phase. Similar values have been previously obtained from Raman measurements on
SrTi18O3 crystals in reference [106].
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Figure A.8: Optical conductivity spectra of the
SrTi18O3 crystal showing the soft mode
softening in the paraelectric phase
down to 30 K and the subsequent hard-
ening at temperatures below TCurie =
23 K.
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