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’It’s all about the oxygen.’
Unknown
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Abstract

Oxide heterostructures attract a lot of attention as they display a vast range of physical phe-
nomena like conductivity, magnetism, or even superconductivity. In most cases, these e↵ects
are caused by electron correlations and are therefore interesting for studying fundamental
physics, but also in view of future applications. This thesis deals with the growth and charac-
terization of several prototypical oxide heterostructures.

Fe3O4 is highly ranked as a possible spin electrode in the field of spintronics. A suitable
semiconductor for spin injection in combination with Fe3O4 is ZnO due to its oxide character
and a su�ciently long spin coherence length. Fe3O4 has been grown successfully on ZnO using
pulsed laser deposition and molecular beam epitaxy by choosing the oxygen partial pressure
adequately. Here, a pressure variation during growth reduces an FeO-like interface layer. Fe3O4

films grow in an island-like growth mode and are structurally nearly fully relaxed, exhibiting
the same lattice constants as the bulk materials. Despite the presence of a slight oxygen o↵-
stoichiometry, indications of the Verwey transition hint at high-quality film properties. The
overall magnetization of the films is reduced compared to bulk Fe3O4 and a slow magnetization
behavior is observed, most probably due to defects like anti-phase boundaries originating from
the initial island growth.

LaAlO3/SrTiO3 heterostructures exhibit a conducting interface above a critical film thick-
ness, which is most likely explained by an electronic reconstruction. In the corresponding
model, the potential built-up owing to the polar LaAlO3 overlayer is compensated by a charge
transfer from the film surface to the interface. The properties of these heterostructures strongly
depend on the growth parameters. It is shown for the first time, that it is mainly the total pres-
sure which determines the macroscopic sample properties, while it is the oxygen partial pressure
which controls the amount of charge carriers near the interface. Oxygen-vacancy-mediated con-
ductivity is found for too low oxygen pressures. A too high total pressure, however, destroys
interface conductivity, most probably due to a change of the growth kinetics. Post-oxidation
leads to a metastable state removing the arbitrariness in controlling the electronic interface
properties by the oxygen pressure during growth.

LaVO3/SrTiO3 heterostructures exhibit similar behavior compared to LaAlO3/SrTiO3 when
it comes to a thickness-dependent metal-insulator transition. But in contrast to LaAlO3,
LaVO3 is a Mott insulator exhibiting strong electron correlations. Films have been grown by
pulsed laser deposition. Layer-by-layer growth and a phase-pure pervoskite lattice structure
is observed, indicating good structural quality of the film and the interface. An electron-rich
layer is found near the interface on the LaVO3 side for conducting LaVO3/SrTiO3. This could
be explained by an electronic reconstruction within the film. The electrostatic doping results in
a band-filling-controlled metal-insulator transition without su↵ering from chemical impurities,
which is unavoidable in conventional doping experiments.
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Zusammenfassung

Oxidische Heterostrukturen besitzen verschiedenste physikalische Eigenschaften wie Leitfähig-
keit, Magnetisums oder sogar Supraleitung. Diese E↵ekte, die meist von elektronischen Kor-
relationen verursacht werden, zu verstehen und ihren fundamentalen Ursprung zu erklären,
machen diese Materialsysteme ebenso interessant wie ihr zukünftiges Anwendungspotential.
Diese Arbeit beschäftigt sich mit verschiedenen prototypischen Schichtsystemen.

Fe3O4 könnte zukünftig als Spinelektrode im Bereich der Spintronik dienen. ZnO ist ein
Halbleiter, der durch seinen oxidischen Charakter und einer hinreichenden Spinkohärenzlänge
gut zur Spininjektion geeignet ist. Das Wachstum von Fe3O4 auf ZnO wurde erfolgreich
mittels gepulster Laserdeposition und Molekularstrahlepitaxie durchgeführt. Dabei ist der
Sauersto↵partialdruck entscheidend und eine Variation des Drucks während des Wachstums
wirkt der Bildung einer FeO-artigen Grenzschicht entgegen. Die Filme wachsen inselartig und
ihre Gitterstruktur ist fast vollständig relaxiert. Trotz einer Sauersto↵fehlstöchiometrie wird
die hohe Qualität der Filme durch einen Verwey-Phasenübergang bestätigt. Im Vergleich zu
Einkristallen ist die Magnetisierung der Filme reduziert. Durch das Inselwachstum verursachte
Antiphasengrenzen könnten zu dieser Reduzierung führen.

Die leitfähige Grenzschicht, die in LaAlO3/SrTiO3 Heterostrukturen ab einer bestimmten
LaAlO3 Filmdicke auftritt, kann höchstwahrscheinlich durch eine elektronische Rekonstruktion
erklärt werden. Im entsprechenden Modell wird der Aufbau eines elektrischen Potentials auf
Grund der Polarität des LaAlO3 Films durch eine Ladungsumordnung kompensiert. Die Eigen-
schaften dieser Heterostruktur sind jedoch von den Wachstumsparametern abhängig. Diese
Studie zeigt erstmals, dass die makroskopischen Eigenschaften maßgeblich vom Gesamtdruck,
die Anzahl der Ladungsträger dagegen stark vom Sauersto↵partialdruck während des Wachs-
tums abhängen. Leitfähigkeit auf Grund von Sauersto↵fehlstellen wurde für sehr kleine Sauer-
sto↵partialdrücke beobachtet. Ein zu hoher Gesamtdruck hingegen verhindert die Leitfähigkeit
der Grenzschicht. Dies ist vermutlich durch eine Änderung der Wachstumskinematik erklärbar.
Ein Nachoxidieren der Proben führt überdies zu einem metastabilen Zustand, der die Vergleich-
barkeit von Proben verschiedener Arbeitsgruppen gewährleistet.

LaVO3/SrTiO3 zeigt ähnliches Verhalten wie LaAlO3/SrTiO3 und Leitfähigkeit tritt ab einer
gewissen LaVO3 Schichtdicke auf. Im Gegensatz zu LaAlO3 ist LaVO3 ein Mottisolator, dass
heißt, Korrelationse↵ekte spielen eine Rolle. LaVO3/SrTiO3 wurde mittels gepulster Laserde-
position hergestellt, Phasenreinheit und die strukturellen Eigenschaften mit verschiedenen
Methoden überprüft. Zusätzliche Elektronen wurden für leitfähige Proben auf der LaVO3-Seite
der Grenzfläche nachgewiesen. Eine Erklärung hierfür wäre eine elektronische Rekonstruk-
tion im Film selbst. Dieses elektrostatische Dotieren führt zu einem bandfüllungsinduzierten
Mott-Phasenübergang, der nicht durch chemische Verunreinigungen, die in konventionellen
Dotierexperimenten unvermeidbar sind, beeinflusst ist.

xi





1 Introduction

Today’s scientific work often proves to be a balancing act between technologically rel-
evant research and fundamental research. Conceiving and developing new concepts for
future applications and devices is for instance often seen as a basic prerequisite for grant-
ing a proposal. In contrast, research to explore and understand a physical e↵ect may at
first hand appear less attractive, nevertheless is undoubtedly essential and fundamental
for technological progress. One great example of this is the discovery of the tunnel mag-
netoresistance e↵ect. In less than a decade after its discovery it revolutionized the way
of data reading and writing on a hard drive [2, 3].
Oxide heterostructures are a class of material systems that minimize this balancing

act as they o↵er great potential for applications and at the same time are most interest-
ing for studying fundamental physics. The palette of available oxides provides various
possibilities to design and fabricate interfaces and heterostructures with functional prop-
erties. The vast zoo of physical properties that are found in transition metal oxides, for
example, conductivity changing over several orders of magnitude, various forms of mag-
netism, or superconductivity, are caused by the interaction of the electrons in the d-shell.
These electronic interactions distinguish the transition metal oxides from conventional
semiconductors, where the electrons can be treated as free and barely interacting par-
ticles. Furthermore, the interfaces of these heterostructures exhibit physical properties
that are not present in their bulk constituents. From a technological point of view this
o↵ers new prospects of engineering electronic devices that are faster, smaller and at the
same time less power-consuming and might be capable of replacing conventional silicon-
based electronics. The headlines of articles in relevant journals, like ‘The interface is still
the device’, which is a reformulation of H. Kroemers statement in his Nobel laureate,
‘Interface takes charge over Si’, ‘Oxide Electronics Emerge’, and ‘Oxide Interfaces - An
opportunity for Electronics’ point to that direction [4–7]. Although the understanding
of these material systems is still in its infancy and the focus is to understand the un-
derlying physical principles, first attempts to develop devices based on these interface
e↵ects are currently made [8].
The artificial fabrication of these heterostructures and the engineering of their inter-

face is a basic prerequisite to analyze and afterwards also utilize these systems. The
development of advanced growth techniques like molecular beam epitaxy (MBE) and
pulsed laser deposition (PLD) makes it possible to grow complicated material compo-
sitions stoichiometrically. Precise interfaces and film growth with the precision of one
atomic layer are achieved, as growth can be live-monitored using reflection high energy
electron di↵raction (RHEED). The capability of these growth methods is evidenced by
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1 Introduction

headlines like ‘Oxide Electronics on Demand’ or ‘Build your own superlattices’ [9, 10].
On the interplay of studying basic physical concepts and fabricating heterostructures
suited for building devices, this thesis deals with three material systems:
The first one is the heterostructure formed by Fe3O4 and ZnO. This structure is highly

ranked as a possible material system suitable for spin injection. While in conventional
electronics the charge of the electron is exploited as a degree of freedom for manipulation,
in so-called spintronics the spin degree of freedom is additionally used. This would, for
instance, enable devices like a spin transistor proposed by Data and Das [11]. Both
materials match the required properties for spin injection, namely a high degree of
spin polarization in Fe3O4 as an injection electrode and well-defined semiconducting
properties of ZnO [12–14]. Furthermore, the oxide character of ZnO makes it perfectly
suitable for the combination with Fe3O4. Nevertheless, reports of successful growth of
heterostructures are rare. The aim of this thesis is growing these heterostructures by
means of MBE and PLD. A comparative study of structural, chemical, electronic and
magnetic properties of these structures is presented. These findings can be seen as a
first step towards device fabrication.
The second structure under investigation is composed of the two band insulators

LaAlO3 (LAO) and SrTiO3 (STO). Finding conductivity in these perovskite structures
above a critical LAO overlayer thickness by Ohtomo et al. attracted a lot of interest
[15]. A detailed study of this system revealed the coexistence of both superconductivity
and magnetism in the ground state, which is exceedingly interesting from a physical
point of view [16]. Furthermore, the system did also prove its future device applicability
as the interface conductivity could be controlled by a gate field [17]. Nevertheless, a
conclusive explanation for the thickness-dependent conductivity is still missing. Among
other considerations, there are strong indications for an electronic reconstruction owing
to the polar character of LAO to avoid the so-called polar catastrophe to be the driving
mechanism for the conductivity [18]. In this thesis, the influence of the growth conditions
on the structural and electronic properties of these heterostructures is studied, especially
addressing the influence of the growth kinetics, the oxidation potential during growth and
a post-growth treatment. From this detailed analysis, a recipe to fabricate high-quality
structures for a further study of the physical properties but also for device reproducibility
is given.
The third structure might o↵er the most innovational, but also the most specula-

tive perspectives for future applications, but provides already today a playground for
studying the physics of correlated electron systems: LaVO3/SrTiO3 (LVO/STO). This
structure is closely related to the LAO/STO system. However, in contrast to LAO, LVO
is a Mott insulator. As in the case of LAO/STO, a thickness-dependent metal-insulator
transition is observed, which may also be explained by an electronic reconstruction [19].
Additionally, correlation e↵ects in the Mott insulating LVO may lead to new and striking
physics. An example would be a band-filling-induced Mott transition without any im-
purity doping by pure electrostatics. Going further into the future, so-called ‘Mottronic’
devices may enable switching between two electronic states without the motion of charge

2



carriers on significant length scales [20, 21]. Leaving the latter point for dreams of the
future, the physical properties of LVO/STO structures are analyzed within this thesis.
Firstly, a thorough phase characterization and structural characterization is presented.
Secondly, spectroscopic studies give insights into the electronic structure and correlation
e↵ects at play in these heterostructures.
This work is arranged as follows: The second chapter gives an introduction to PLD

and MBE including the live-monitoring by RHEED. Furthermore, the basic principles
of x-ray di↵raction and photoelectron spectroscopy are discussed. The third chapter
is concerned with a comparative study of Fe3O4/ZnO heterostructures grown by PLD
and MBE. In chapter four, the influence of the growth conditions on the properties of
LaAlO3/SrTiO3 heterostructures is presented, whereas the fifth chapter deals with the
LaVO3/SrTiO3 hybrid system.
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2 Growth and characterization of
heterostructures

The growth of semiconductor heterostructures demands highest cleanliness, purity and
epitaxial standards with a growth precision in the atomic monolayer (ML) regime. This
led to the development of a deposition technique which can be carried out in ultra-
high vacuum (UHV) and can be real-time monitored. Using molecular beam epitaxy
(MBE), thin film growth can be achieved in highest epitaxial and stoichiometric quality.
The invention of reflection high energy electron di↵raction (RHEED) enables the direct
monitoring of the film surface and thus the film growth. Examples of the success of
MBE are the growth of GaAs heterostructures as well as AlGaAs quantum dots [22, 23].
More recently, MBE has been used for the fabrication of HgTe topological insulators
[24].
The high-Tc days of superconductor research in the late 1980s led to the spread

of a growth technique called pulsed laser deposition (PLD). This technique allowed
the deposition of high-Tc materials like YBa2Cu3O7 and Bi2Sr2Ca2Cu3O10 in oxygen
atmosphere [25, 26]. Using this method, it is possible to achieve the stoichiometric
deposition of various compounds by the ablation from a single target only. Especially
suited for oxide films, the deposition in a high oxygen background pressure counteracts
the often-reported occurrence of oxygen deficiency in other growth methods. Naturally,
both techniques have advantages and disadvantages, making them valuable in their
particular application fields, which of course exhibit some overlap.
In the course of this thesis both methods were used for film deposition. In Chapt. 3, a

comparative study of MBE and PLD grown Fe3O4/ZnO films is presented, while Chapt. 4
and 5 deal with films grown by PLD.

2.1 Molecular beam epitaxy and pulsed laser
deposition

A sketch of an MBE growth setup is displayed in Fig. 2.1 (a). The UHV chamber, which
allows a base pressure as low as 10�11mbar, is equipped with individual evaporation
sources and a heater which also serves as a substrate holder. Using radiative heating,
substrate temperatures up to 1000 �C can be reached. The evaporation sources provide
molecular beams of the desired elements. For this work, an electron beam evaporator is
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2 Growth and characterization of heterostructures

Figure 2.1: (a) MBE growth setup with two individual evaporation sources for the respective materials.
(b) PLD growth setup. A laser is used to ablate the material from a single target. Both setups are
equipped with a RHEED system for growth monitoring.

used to heat a high purity iron rod, whereas molecular oxygen is supplied in gaseous form
via a needle valve. The heated substrate is placed directly in front of the evaporation
sources. Growth is started by opening the shutters of the various individual sources,
which enables for instance multilayer growth. During the simultaneous evaporation
of the constituents, the flux of each evaporation source can be controlled separately.
Thus, film composition can be tuned and stoichiometric film growth can be achieved.
Furthermore, a RHEED setup is attached to study the growth mechanism and monitor
the film thickness, which will be further explained in Sec. 2.3. Typical deposition rates
are about 0.2-5 nm/min. These time scales are long enough to manually manipulate the
shutters of the evaporators and in this way control the film growth in the sub-monolayer
regime.

In comparison, a schematic drawing of a PLD growth setup is shown in Fig. 2.1 (b).
The evaporation sources are replaced by one target which contains all constituents of the
desired films in the right stoichiometry. A high density, homogeneity and purity of the
target are essential for a uniform and stoichiometric ablation. Thus, single crystalline
or ceramic targets are used preferably. For the ablation, a short high-energy laser pulse
in the UV regime (�=248 nm) is used. This pulse causes a sudden evaporation of the
topmost layer of the target. Furthermore, the absorption causes the partial ionization of
the vapor and the generation of the so-called plasma plume, which is composed of neu-
tral atoms, positive and negative ions, and electrons. The adiabatic expansion results in
a high anisotropy, which in turn results in the plume being strongly forward directed to-
wards the substrate [27]. The plume particles exhibiting high kinetic energies are slowed
down by collisions with the process gas. This causes a thermalization of the particles,
and sputtering e↵ects on the substrate are avoided at high enough background/process
gas pressures. This means that plume kinetics can be influenced by changing the back-

6



2.2 Thin film deposition and epitaxial growth

ground gas pressure. Typically, the process pressure can be varied over a wide range
between 0.5 and 10�6mbar. The influence of the background gas pressure on the growth
kinetics is described by several models [27, 28].⇤ Besides the pressure, the background
gas itself also has an e↵ect on the plume constituents and the stoichiometry of the film.
Argon and nitrogen, for instance, are inert gases and thus only a↵ect the growth kinet-
ics. On the contrary, oxygen changes the chemistry of the plume, as the particles in
the plume are oxidized at su�ciently high background pressures. Moreover, the oxygen
background gas provides a reservoir to refill oxygen vacancies in the grown film resulting
from the non-stoichiometric oxygen ablation from the target. The average growth speed
lies in the range of 1-10 nm/min. Thereby, the average growth rate is determined by the
pulse repetition rate (mainly the time between the pulses), whereas the instantaneous
deposition rate is determined by the laser energy per pulse. As the laser energy is not
spatially constant over the laser spot profile, a mask is used to filter out the parts with
the highest inhomogeneity. Furthermore, a lens system is used to image the mask on
the target. This ensures a uniform ablation from the target and avoids splashing e↵ects.
These e↵ects would be predominant, if the target was placed in the focal point of the
lens. Additionally, the laser beam is scanned over the target for uniform ablation. The
laser energy which determines the amount of ablated material is controlled by an atten-
uator consisting of a mirror-absorber system. The duration of the laser pulse is about
25 ns, while the laser pulse repetition rate lies between 0.5 - 2Hz. This means that, the
ablated material is provided on a comparably short time scale, whereas nucleation and
growth mainly take place on longer time scales (1µs) between the laser pulses. In the
PLD setup as well, RHEED is used to monitor the growth, although special care must
be taken to account for the high process gas pressure.

2.2 Thin film deposition and epitaxial growth

Thin film deposition in general can be described in a three step model, starting with the
particle creation, the transport of these particles towards the substrate and finally the
nucleation on the substrates. The film growth is called ‘epitaxial’, when film structure
and film orientation are determined by the substrate. The particles are created by
thermal heating in the case of MBE and laser-induced plasma formation in the case of
PLD. In MBE the transport of the particles is determined by their thermal velocity, while
in PLD, the fast particles of the plume undergo collisions with the process gas, which lead
to a thermalization. Comparing the typical substrate-to-source distance with the mean
free path of the particles, collisions play a dominant role only for growth pressures higher
than 10�3mbar [29]. For the growth of Fe3O4/ZnO by PLD and MBE (see Chapt. 3),

⇤Within the ‘drag force’ and the ‘shockwave model’, the attenuation of the kinetic energy of the
plume particles is described for low and high background pressures, respectively [28]. The ‘thermal-
ization model’ derives the so-called ‘plasma range’ as a characteristic length scale for a PLD setup
[27].
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2 Growth and characterization of heterostructures

molecular oxygen is supplied in both cases in the gaseous form and the oxygen partial
pressure was chosen between 10�5 and 10�6mbar. Although the oxidation states of
the iron oxide films vary tremendously in this pressure regime, the oxidation of the
particles on their way to the substrate can be neglected and the oxidation is essentially
restricted to the nucleation and growth step. In contrast, the PLD growth of LAO/STO
heterostructures (see Chapt. 4) was conducted at oxygen partial pressures between 10�1

and 10�5mbar, where the oxidation of the particles on the way to the substrate cannot
be neglected for all pressures and changes in the growth can be suspected. A high
process pressure in PLD growth also influences the particle angular distribution and
stoichiometry of the plume.

Figure 2.2: Schematics of surface processes taking place during growth (adapted from [30]).

The process of sub-monolayer particle nucleation and growth on a substrate can be
viewed as an interplay between di↵erent physical and chemical surface processes as illus-
trated in Fig. 2.2 [30]. After the particles have arrived on the substrate, they are adsorbed
by van der Waals forces. The bonds in this so-called physisorbed state are compara-
bly weak, as no electrons are transferred between adsorbate and substrate. Thus, the
surface di↵usion length and the desorption rate are high. The kinetic energy for these
processes is provided by the substrate. In the case of PLD the particles, too, have a
certain kinetic energy due to the ablation process, which makes di↵usion and desorption
even easier. Chemisorption leads to the formation of chemical bonds and particles are
preferably incorporated at step edges, island boundaries or they start to form clusters
which are stable above a critical size. The ratio between the particles adhering to the
substrate surface and the total number of arriving particles is called sticking coe�cient.
It strongly depends on the substrate temperature, the surface coverage and the kinetic
energy of the adsorbed particles.
In homoepitaxy, where the film material and the substrate material are identical,

three di↵erent growth modes, as displayed in Fig. 2.3 (a)-(c), can be defined. Assuming
thermodynamic equilibrium, the relation of the free energies of the substrate surface
(�s), the film surface (�f ) and the free energy of the interface (�i) determine the growth
mode [30]. According to this, two-dimensional (2D) layer-by-layer growth or Frank-van-
der-Merwe growth occurs when the surface energy of the substrate is higher than the
surface energy of the growing film plus the interface energy of the film and the substrate
(�s > �i+�f ). Inversely, three-dimensional (3D) island growth, also called Volmer-Weber
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2.2 Thin film deposition and epitaxial growth

Figure 2.3: Possible growth modes derived from thermodynamic and kinematic considerations. De-
pending on the free energies of the substrate surface �s, the film surface �f and the free energy of the
interface �i as well as the interlayer Einter and intralayer Eintra di↵usion rates four di↵erent growth
modes can be defined. For details see text.

growth, can be found when the surface energy of the substrate is less than the surface
energy of the film and the interface energy (�s < �i+�f ). Finally, another mixed form is
observed where initially a closed wetting layer is formed, on which 3D islands then start
to grow. Here, the energy balance of the free energies depends on the film thickness.
This is called layer-plus-island or Stranski-Krastanov growth.

However, also kinetic aspects have to be considered during epitaxial growth. Sur-
face di↵usion rates, for example, can be di↵erent on flat terraces (Eintra) compared to
those across step edges (Einter). For the 2D layer-by-layer growth mode, this leads to
a distinction between a nucleation-coalescence mode (Fig. 2.3 (a)) and a step-flow mode
(Fig. 2.3 (d)), whereas in the former mode, islands of the thickness of one ML are formed
in the first place. The number of islands changes periodically during the formation of
every ML, as nucleation takes place on the island edges. When islands coalesce, the
number of edges changes as well and with this the step density. In the step-flow mode,
nucleation only takes place at step edges already present on the substrate. Here, the
step density is constant during growth as no new islands (and with this no new step
edges) are formed. The time-dependent evolution of the step density is directly reflected
by the RHEED intensity oscillations, which will be further discussed in Sec. 2.3.

In the case of heteroepitaxy, the growth mode also depends on the lattice parameters of
the di↵erent materials. A 3D island growth mode can be observed in materials exhibiting
a high lattice mismatch. Pseudomorphic growth, where the in-plane lattice constants
are preserved, can be achieved up to a certain critical layer thickness [31]. Thereby,
conserving the unit cell volume leads to the build-up of strain, which is compensated by
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2 Growth and characterization of heterostructures

dislocations and crystalline defects. This destroys a desired 2D layer-by-layer growth.
Comparing deposition and growth in MBE and PLD, growth is determined in both

methods by the kinetic energy of the particles, which is higher in the case of PLD. The
main di↵erence is that in MBE deposition and surface relaxation/organisation happens
simultaneously, because the flux is continuous. In PLD, by contrast, a certain amount
of material is deposited on a relative short time scale during the laser pulse and surface
organisation mainly takes place between the laser pulses on a longer time scale. This
can be seen as a recurring intermediate annealing step [32]. As concerns the growth
of oxide compounds, special care has to be taken of the oxygen stoichiometry and the
oxygen supply. For the MBE growth of Fe3O4/ZnO films this will be further discussed
in Chapt. 3. For PLD ablation it is well known that oxygen is not transferred stoi-
chiometrically from the target. Thus, a certain oxygen partial pressure background has
to be supplied during growth. However, certain compounds do not form at too high
oxygen growth pressures, e. g., LaTiO3 overoxidizes to La2Ti2O7. Nevertheless, stoi-
chiometric LaTiO3 can be achieved by post-annealing at a high oxygen partial pressure
and at moderate temperatures. The influence of such a procedure on the properties of
LaAlO3/SrTiO3 heterostructures will be discussed in Chapt. 4.

2.3 Reflection high energy electron di↵raction

For the real-time monitoring of the thin film deposition and the atomic structure analysis
of the substrate and the grown film, a RHEED system is used. This system consists of
an electron gun, which provides electrons with an energy of 10-50 keV, and a phosphor
screen to detect the di↵racted electrons. The magnitude of the wavevector |k0| for
high-energy electrons is given by

|k0| =
1

~

r
2m0E +

E2

c2
. (2.1)

This formula includes relativistic corrections, which amount to about 3% for 20 keV
electrons. The wavevector of these electrons is about 70 Å�1, which is approximately
60 times larger than the vector defining the reciprocal unit cell of the crystal [33].
The electron beam hits the sample surface with a low incidence angle of 0.2-3�. This
makes the technique very surface sensitive with electron di↵raction only occurring in
the first atomic layers as |k0?| corresponds to energies below 1000 eV [34]. The great
advantage of this method is that due to the geometric arrangement it can be used during
deposition. For application during a high-pressure PLD process, the phosphor screen
has to be mounted as close as possible to the sample, as the electron mean free path
decreases with increasing pressure [29]. Additionally, the electron gun has to be pumped
e�ciently to extend filament lifetime. From the pattern of the di↵racted electrons one
can determine film growth modes, in-plane lattice constants and terrace width of vicinal
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2.3 Reflection high energy electron di↵raction

substrates. Furthermore, the sensitivity to morphology and surface roughness allows a
determination of the growth speed in the case of layer-by-layer growth.

RHEED pattern

Figure 2.4: Ewald sphere construction for a 2D surface: (a) top view and (b) side view. A 2D surface
is represented by rods in reciprocal space. RHEED spots appear for every intersection of the Ewald
sphere, whose radius is defined by the modulus of the wavevector k0 of the incident electron beam, with
a reciprocal lattice rod.

As the penetration depth of the electrons is extremely low, the periodic part of the
sample perpendicular to the surface can be neglected and di↵raction occurs only at the
2D surface. This is schematically shown in Fig. 2.4, assuming a perfectly flat surface.
The 2D surface of a cubic lattice in reciprocal space is represented by semi-infinite long
rods, which appear as dots in the left part of the drawing (top view). The incident
electron beam is characterized by its wavevector k0. ✓i is the angle between the surface
and the incident electron beam. By rotating the sample around the surface normal
(azimuth), the incident electron beam can be adjusted along a crystalline direction with
high symmetry. Assuming elastic scattering, i. e., |k0|=|kscattered|, all scattered vectors
lie on the so-called Ewald sphere. The radius of this sphere is given by |k0|. Constructive
interference will only occur for the intersection of the Ewald sphere with the reciprocal
lattice rods. In other words, the di↵erence of kscattered and k0 has to match exactly a
reciprocal lattice vector G. This relation is known as the Laue condition. Due to the
high energy of the electrons the radius of the Ewald sphere is so large that the scattering
condition is only fulfilled for a small number of lattice points. The 0th-order Laue circle
is formed by the (0k) spots, with the so-called specular (00) spot being never forbidden
as the Laue condition is always fulfilled for G=0.
For non-perfectly flat surfaces, e. g., caused by an increased surface roughness, crys-

talline defects, or a high miscut angle, the lattice rods get broadened and modulated in
their thickness. This results in a broadening of the spots and the pattern gets more and
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more streaky. Furthermore, the spots are broadened by the finite coherence length of
the electron beam, which also gives a limit for the study of long range order using this
technique. In the case of a higher surface roughness or a 3D island formation during
growth, transmission spots occur, which change the pattern completely, as the lattice
rods are replaced by lattice spots in reciprocal space. Randomly oriented crystallites can
be identified, since their 3D pattern is almost independent of both the incident angle of
the primary electron beam and the azimuthal orientation of the sample.
Up to now, a kinematical theory has been used to give a qualitative description of

RHEED. Within these considerations, only single elastic scattering, as is the case for
weakly interacting di↵raction techniques like x-ray di↵raction, was assumed. Non-linear
e↵ects like multiple scattering are included in dynamic scattering theories that account
for the strong interaction of the electrons with the periodic potential of the crystal surface
in a RHEED experiment. From this a more quantitative description can be derived [33].
Furthermore, additional features are observed in the RHEED pattern. One example of
this are the so-called Kikuchi lines that result from inelastic scattering with phonons
and plasmons [34]. The appearance of these lines can be explained by a two step-model.
The primary electrons undergo collisions in the crystal that randomize the direction of
the wavevectors. If the energy loss resulting from these collisions is small, the scattered
electrons can be seen as an isotropic electron source. This isotropic radiation is also
di↵racted by the crystal, which results in the Kikuchi line pattern [33]. However, as this
scattering mechanism is comparably weak, these lines are only visible in the patterns of
samples that exhibit a high crystalline quality. Performing a more sophisticated analysis
of these lines, one can get further information on the average crystal potential and vicinal
misorientation of the surface, which is beyond the scope of this thesis and the reader is
referred to Refs. [33, 35].

RHEED oscillations

Intensity oscillations of the specular spot were first observed during growth of GaAs
by means of MBE [36, 37]. These so-called RHEED oscillations only appear for well-
ordered 2D layer-by-layer growth and can be linked to the completion state of a single
monolayer.

A schematic illustration is shown in Fig. 2.5. Di↵use electron scattering occurs on
surface steps and terrace edges and thus strongly depends on the density of these features.
Surface roughening and smoothing periodically changes during growth, which comes
along with a periodic variation in the step density. A fully grown monolayer exhibits the
smallest amount of steps and thus the spot intensity is highest. In contrast, after the
growth of half a monolayer the spot intensity is lowest. In practice, a recovery of the full
intensity is only achieved for homoepitaxy and ideal growth conditions. In heteroepitaxy
a small change in lattice constants already results in a drop of intensity for the very first
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Figure 2.5: Connection of surface coverage and RHEED oscillations: the intensity of di↵use scattering
of the electron beam o↵ the surface depends on the step density, which changes gradually during layer-
by-layer growth. Maximum intensity corresponds to a fully closed layer.

ML so that oscillations are damped. As a special case 2D, step-flow growth should be
mentioned. Here, growth only takes place at step edges and thus the step density does
not change. This results in a constant intensity of the RHEED spots.

Comparison to LEED

A closely related technique is low energy electron di↵raction (LEED). In this case elec-
trons with an energy between 10-500 eV are used to probe the sample surface. For these
low energies the de Broglie wavelength is in the range of a few Ångströms. The beam
is directed perpendicularly onto the surface and thus this technique cannot be applied
during deposition. Electrons are detected by a phosphor screen in a backscattering
geometry. This setup is perfectly suited to analyze crystalline symmetries and orienta-
tions, which is more complicated to observe in RHEED due to the geometrical setup.
The enhanced surface sensitivity enables a detailed study of surface reconstructions.
Furthermore, surface in-plane lattice parameters, which are derived in a similar fashion
as in RHEED, can be obtained.

2.4 X-ray di↵raction and reflectivity

Information on the ‘bulk’ structural properties of a sample can be obtained using x-ray
di↵raction (XRD) and x-ray reflectivity (XRR). For single crystalline samples and thin
films the former method gives direct access to the bulk in- and out-of-plane lattice con-
stants, the substrate-to-film orientation, epitaxial strain, and crystalline quality. From
XRR measurements direct information on the film thickness, the surface roughness and
the interface roughness are obtained. Contrasting XRD to RHEED, the mean free path
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2 Growth and characterization of heterostructures

of photons is several orders of magnitude higher compared to electrons. Thus, mea-
surements can be performed in ambient air. Furthermore, monochromizing x-rays is far
more easily achieved, which allows the precise determination of the lattice constants.

Bragg’s law

The scattering of x-rays o↵ a periodic crystal is described by Bragg’s law. Constructive
interference is found for:

2 · dhkl sin ✓ = n�, (2.2)

where n · � is a multiple of the x-ray wavelength. The angle ✓ is defined with respect to
the surface of the crystal and dhkl is the spacing of the lattice planes stacked along the
[hkl] direction, where h, k, l denote the Miller indices as sketched in Fig. 2.6. In a cubic

Figure 2.6: Bragg scattering o↵ a single crystal. The momentum transfer q is given by the di↵erence
of the scattered and the incident wavevectors ki,s.

crystal their spacing is linked to the lattice constant a by

1

d2hkl
=

h2 + k2 + l2

a2
. (2.3)

In a simple di↵raction experiment, a so-called ✓-2✓ scan, the incident angle of x-rays is
changed simultaneously with the detection angle. This allows for a probing of the dhkl
planes perpendicular to the sample surface.

Theoretical description

One way of theoretically describing the interaction between x-rays and matter is to
first consider the scattering of x-rays o↵ a single electron and then to gradually expand
this model to a crystalline solid [38]. The starting point is the Thomson formula that
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2.4 X-ray di↵raction and reflectivity

describes the scattering of light o↵ a single electron. Here it is assumed that the incident
plane wave comes out as a spherical wave that is observed from a great distance from
the scattering center. The amplitude of the wave Ae� after the scattering process at the
position re is given by

Ae� = A0
e2

mc2
1

R0
exp[i(ks � ki)re], (2.4)

where A0 is the amplitude of the incident wave, R0 is the distance to the observer and
ki, ks are the incident and scattered wavevectors, respectively.
By firstly summing over all electrons around an atom, taking their density distribution

into account, secondly considering all atoms in a unit cell, and finally summing over all
unit cells, the scattering amplitude is derived as follows:

Acryst = A0
e2

mc2
1

R0
F (q)

N1�1X

n1=0

N2�1X

n2=0

N3�1X

n3=0

exp[iq ·Rn]. (2.5)

Here, N1, N2, N3 denote the number of unit cells along the three crystal axes, which are
given by a1, a2, and a3. The origin of each unit cell is given by Rn = n1a1 + n2a2 +
n3a3. The momentum transfer q is defined by ks � ki. In the case of elastic scattering
|ks|=|ki|, q is directly linked to the experimental scattering angle ✓ by |q|=2|ki/s| sin ✓
(see Fig. 2.6). F (q) is the structure factor given by

F (q) =
NcX

j=1

fi(q) exp[iq · rj]d3r, (2.6)

where Nc is the number of atoms in one unit cell and fi(q) are the atomic scattering
factors. F (q) can be calculated for all Bravais lattices. Depending on the crystalline
symmetry, the extinction of di↵raction peaks or the resulting scattering intensity can be
evaluated.

For a better understanding of how the scattered intensity would look like, we consider
a one-dimensional crystal, disregarding the structure factors and all pre-factors of Acryst

for the moment. The intensity is proportional to the square modulus of

����
N1�1X

n1=0

exp[iq1R1]

����
2

=

����
N1�1X
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exp[iq1n1a1]

����
2

=

����
1� exp[iq1a1N1]

1� exp[iq1a1]

����
2

=

����
sin2(N1q1a1/2)

sin2(q1a1/2)

����
2

.

Due to its common use in optics, this function, which is plotted in Fig. 2.7, is called
‘N -slit interference function’. The function is shown for N=10. For su�ciently big N ,
which is fulfilled for crystals, this function is sharply peaked for every q1 = 2⇡m/a1

with m being an integer number. Side maxima lose intensity with increasing N . Going
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Figure 2.7: 1D-XRD pattern: N-slit interference function. The function exhibits maxima for every
2⇡ in units of q1a1. The peak width scales inversely with N , which here is the number of unit cells.

back to three dimensions a maximum in the scattering intensity can be found for all
non-vanishing structure factors F(q) and

q · a1 = 2⇡h

q · a2 = 2⇡k

q · a3 = 2⇡l,

(2.7)

where h, k, l are the Miller indices. These are the so-called Laue equations, which are
equivalent to Bragg’s law.

XRD measurements

In practice, the change of the momentum transfer q is realized by a change of the angle
✓. Various scan modi, which are indicated in blue in Fig. 2.8 are possible. The figure
shows the lattice points in reciprocal space in the upper part and the sample in the
lower part. Note that only the black lattice points within the white area are accessible
by the experiment. The lattice points outside the big circle cannot be reached as the
momentum transfer is too small and limited by the wavelength of the x-ray source. The
points within the small circles cannot be reached due to technical reasons of the XRD
goniometer.
For a ✓-2✓-scan the source and the detector are simultaneously moved with respect to

the sample surface. This results in a momentum transfer q perpendicular to the sample
surface, changing only the modulus of q, i. e., the scan probes the Bragg spots in the
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Figure 2.8: Possible XRD scan modes: a ✓-2✓-scan probes the Bragg peaks perpendicular to the
sample surface; an !-scan probes the width of a Bragg peak, which is determined by the mosaic spread
of the film as indicated in dark green. Epitaxial strain can be analyzed by recording a so-called reciprocal
space map (RSM), which is a 2D map of a Bragg peak. Epitaxial strain results in a shift of the Bragg
peaks of the film with respect to the substrate in the out-of-plane direction as indicated in light green
(adapted from [39]).

[001] direction. From this, the lattice constant, or more precisely the spacing of the
lattice planes perpendicular to q, are probed.
An !-scan is carried out at constant positions of the source at ✓ and the detector at

constant 2✓. By changing the angle of the sample with respect to the detector and the
source, the length of q is kept constant, only changing its direction. This probes the
width of the Bragg peaks, which is a direct measure for crystallinity and the mosaic
spread of the sample. In the left part of Fig. 2.8, peak broadening due to mosaic spread
is shown, which becomes stronger for higher-indexed Bragg peaks. Another scan mode
is the recording of so-called reciprocal space maps (RSM). For this purpose, several !-
scans are taken at di↵erent ✓-2✓ positions of the source and the detector. In this way, a
two-dimensional map of a Bragg peak is obtained. As it is most convenient to express
these Bragg peaks in terms of the out-of-plane momentum transfer Qout�of�plane and the
in-plane momentum transfer Qin�plane, the following formulas are used to convert from
! and ✓ angles [39]:

Qout�of�plane = 2|q| · sin ✓ · cos(✓ � !)

Qin�plane = 2|q| · sin ✓ · sin(✓ � !).
(2.8)

RSMs allow to analyze in-plane and out-of-plane strain e↵ects in detail. To give an
example, epitaxial strain of a film grown on a substrate with a small lattice mismatch
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results in a conservation of the in-plane lattice constant, but in a change of the out-of-
plane lattice constant. This is also sketched in the left part of Fig. 2.8. The light green
dots indicate di↵ractions spots of a film with a slightly larger lattice constant. Although
the in-plane lattice constant is the same for the film and the substrate and hence peaks
are at the same Qin�plane values, di↵erences in the out-of-plane component are observed.
This can be only discriminated in the asymmetric Bragg peaks as a standard ✓-2✓ scan
is only sensitive to the out-of-plane component.

Reflectivity of x-rays

Another useful property of x-rays is their reflection o↵ sample surfaces and interfaces.
The interference of these scattered beams leads to oscillations in the reflected intensity,
so-called thickness fringes or Kiessig fringes [40]. Considering a film-on-substrate system,
the position and period of these fringes can be directly related to the film thickness. The
surface and interface roughness can be estimated by modelling the fringe pattern. These
models can also be extended for multilayer systems.
For x-rays the refractive index is smaller than unity as most resonance frequencies of

a solid lie below the frequency of x-rays. In general for x-rays, the refractive index of a
material can be expressed as

n = 1� � + i�, (2.9)

where � and � are given by

� =
2⇡⇢elr0

k2
, (2.10)

� =
µ

2k
. (2.11)

Here, ⇢el is the number density of the electrons, r0 the Thomson scattering amplitude
per electron, µ the absorption coe�cient of the material and k the wavevector of the
x-rays. Similar to the escape of visible light from an optically denser medium, like water
to air, a critical angle ↵c can be defined for the penetration of x-rays from vacuum to
the material. This angle is given by

↵c =

r
4⇡⇢elr0

k2
(2.12)

and is in the order of one milli-radian. This relation is commonly used to determine the
stoichiometry of a material [41].
The reflectivity of a system consisting of a film and a substrate is determined by single

and multiple reflections at the two interfaces vacuum (v) to film (f) and film to substrate
(s), and their separation d. This separation leads to a phase shift of the waves reflected o↵
the interface between vacuum and film and the waves reflected o↵ the interface between
film and substrate. The amplitude of the reflectivity can be calculated by summing over
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2.4 X-ray di↵raction and reflectivity

Figure 2.9: X-ray reflection and transmission from a slab consisting of a film and a substrate. (a) The
total reflectivity is the sum of the infinite number of reflections o↵ the interfaces. (b) Refractions at the
interfaces between vacuum and film and between film and substrate. The angle ↵v of the incident x-rays
determines the angles ↵f in the film and ↵s in the substrate according to Snell’s law. The film thickness
d as well as the surface roughness �s and the interface roughness �i can be obtained by modelling the
total reflectivity (adapted from [41]).

the infinite number of reflections at the interfaces as indicated in Fig. 2.9 (a). The total
reflectivity of the x-rays can be expressed as follows:

R = |r2| =
����
r̃vf + r̃fsp

2

1 + r̃vf r̃fsp2

����
2

. (2.13)

Here, p2 is the phase factor. It depends on the angle ↵f in the film and is directly related
to the film thickness d:

p2 = exp[i2k · sin↵f · d]. (2.14)

r̃ij are the Fresnel coe�cients of the respective interfaces, accounting especially for the
roughness �s/i of each interface as proposed by Névot and de Boer [42, 43]:

r̃ij =
sin↵i � sin↵j

sin↵i + sin↵j
· exp

�k2�2
s/i sin↵i sin↵j

2

�
. (2.15)

In practice, reflectivity is measured for small x-ray incident angles in a standard ✓-
2✓ measurement geometry. The film thickness is derived by measuring the angular
positions ✓m and ✓n of the interference maxima m and n of the Kiessig fringes, which
can be directly derived from Eq. 2.13 and 2.14:

d =
(m� n)�

2 · (sin ✓m � sin ✓n)
. (2.16)
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2 Growth and characterization of heterostructures

2.5 Photoelectron spectroscopy

Valuable information on the electronic and chemical properties of a sample can be ob-
tained from photoelectron spectroscopy (PES). This technique has to be performed in
UHV to ensure a high enough mean free path of both photoelectrons and photons. Fur-
thermore, clean sample surfaces are desirable as the probing depth is only a few nm.
The valence sensitivity of PES bares information on the chemical surroundings of an
atom and its chemical state, i. e., the oxidation state. Furthermore, quantitative spectra
analysis yields the stoichiometric composition of the samples. Non-destructive depth
profiling can be performed by tuning the surface-sensitivity. A great advantage espe-
cially for the analysis of thin film properties is that small amounts of material can be
probed in contrast to other techniques like x-ray di↵raction.
Another huge application field is angle-resolved PES (ARPES). This technique can

be used to analyze the dispersion relation of valence band electrons and will be touched
only briefly in the following as it is not subject of this work.

Basic principle

Figure 2.10: (a) Schematics of the photoemission process. Due to the photoelectric e↵ect electrons are
generated within the sample by incident photons and emitted into the vacuum o↵ the sample surface.
(b) Mapping of the electronic structure of a solid in a photoemission experiment. The kinetic energy
of the photoelectrons is directly related to their binding energy in the solid.
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2.5 Photoelectron spectroscopy

The schematic drawing in Fig. 2.10 (a) illustrates the basic principle of PES. Monochro-
matic photons with an energy h⌫ are directed on a sample. Within the sample photo-
electrons are generated due to the photoelectric e↵ect [44]. These photoelectrons can
leave the sample and can be analyzed in terms of their kinetic energy, momentum and
spin orientation.

Einstein’s equation describes the energy conservation of this process and relates the
kinetic energy of the photoelectron Ekin to its binding energy Eb in the solid [45]:

Ekin = h⌫ � Eb � �. (2.17)

Here, h⌫ is the energy of the photon, while � represents the work function which is
defined as the di↵erence between the chemical potential µ and the vacuum level (see
Fig. 2.10 (b)). The figure shows the connection of the energetics in a solid, namely the
electronic structure and the photoemission spectrum, where the electrons are discrim-
inated according to their kinetic energy. The photoemission spectrum directly reflects
the density of occupied states (DOS) in a solid. The core-levels in the solid are assumed
to have a sharp energy. In the photoemission spectrum they are broadened, exhibiting
a Voigt lineshape which results from the convolution of a Lorentzian and a Gaussian
lineshape. The latter reflects the broadening due to the finite energy resolution of the
measurement system, whereas the former accounts for the finite lifetime of the core-hole.
The valence band shape strongly depends on the density of states and is thus material-
specific. Metallic samples exhibit a Fermi cut-o↵ at the chemical potential µ(=̂EF ),
which is formed by the occupied states with the lowest binding energy. The photoemis-
sion spectrum of a real solid, however, can be more complicated, as the photoelectrons
are emitted from a system with a large number of interacting electrons.

The information that can be obtained from a photoemission spectrum depends among
others on the utilized photon energy. Using low energies in the ultra-violet range, loosely
defined between 10-100 eV, the valence band region and shallow core-levels are probed.
In this energy range the momentum transfer between the photon and the electron can
be neglected. In the emission process the parallel component of the photoelectrons’
momentum k is conserved. This gives access to the momentum-energy dispersion E(k)
of the valence band region and thus makes ARPES a powerful tool to map the band
structure and Fermi surface of materials [46]. Using higher energies (100 to 1500 eV) one
gets access to core-levels with higher binding energies. The energetic position of these
core-levels is not only element-specific, but also depends on the chemical surrounding of
the atoms, resulting for instance in an energy shift (chemical shift) of an oxidized species
with respect to a pristine one. This is exploited in so-called electron spectroscopy for
chemical analysis (ESCA) [47]. Using photons up to an energy of 10 keV in hard x-ray
photoemission spectroscopy (HAXPES), the bulk sensitivity is increased, which enables
depth profiling and the analysis of buried interface layers [48].
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2 Growth and characterization of heterostructures

Theoretical description

To describe the features in a photoemission spectrum on a more theoretical level, Fermi’s
golden rule can be taken as a good starting point [46, 49, 50]. It describes the light field
as a first order perturbation of a system with N electrons and gives a transition rate of

wf,i(h⌫) =
2⇡

~ |h N
f |Hint| N

i i|2 · �(EN
f � EN

i � h⌫) (2.18)

between the initial state | N
i i and the final state | N

f i. The latter is composed of a
photoelectron with an energy Ek=(~2k2)/2m and the momentum ~k, and the remaining
(N � 1) electron system. The �-function fixes the energy conservation. The first order
perturbation Hamilton operator is given by

Hint =
e

2mc
(A · p+ p ·A) ⇡ e

2mc
A · p. (2.19)

Within the latter formulation, the commutator relation [p,A]=-i~r ·A and the dipole
approximation was used. This approximation is applicable, if A is constant over inter-
atomic distances and thus r ·A=0. To describe now the photocurrent J(h⌫) produced
by this process one has to sum over all possible final states s, which then include also
phonons, plasmons, electron-hole pairs and multiple excitations:

J(h⌫) =
2⇡

~
X

s

|h N
f,s|H int| N

i i|2�(EN
f � EN

i � h⌫). (2.20)

Within the ‘sudden approximation’ it is assumed that (i) the excitation of the photo-
electron happens instantaneously, (ii) the kinetic energy of the photoelectron is high
enough to leave the solid and (iii) interactions with the solid can be neglected. Thus, a
final state | N

f i can be factorized by

| N
f i = c†k| 

N�1
f i, (2.21)

with c†k being the creation operator of the photoelectron with the quantum number k
and | N�1

f i being the (N � 1) final state. The photocurrent may now be re-formulated
assuming the initial state being the ground state | N

0 i of the system

J(k, h⌫) =
2⇡

~
X

j

|Mkj|2 ·
X

s

|h N�1
f,s |cj| N

0 i|2 · �(Ek + EN�1
f,s � EN

0 � h⌫) (2.22)

=
2⇡

~
X

j

|Mkj|2 · A<
j (✏k � h⌫) (2.23)

with |Mkj|2 being the one-particle dipole transition matrix element and A<
j the one-

electron spectral function.
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2.5 Photoelectron spectroscopy

The transition matrix element depends on the element, the atomic subshell and the
photon energy. For core-levels these dependencies can be seen in the photoionization
cross-section. Typically, so-called asymmetry parameters connected to the experimental
geometry are used to parametrize its behavior [51–53]. The spectral function is by
definition connected to Green’s function which contains the complex self-energy. This
includes contributions from many-body processes like electron-electron and electron-
phonon interactions. In Eq. 2.22, the energetic positions of single transitions are fixed
by the �-functions. |h N�1

f,s |cj| N
0 i|2 is the probability that the (N -1) electron system is

in the excited state s after the photoemission process. For uncorrelated systems with
one distinct final state s this results in one line at Ek. In general, one has to sum over
all possible final states and thus several lines can appear in the photoemission spectrum.
An example of this is the multiplet splitting of the V 2p core-level in LaVO3/SrTiO3 (see
Sec. 5.5.1).

From surface to bulk sensitivity - HAXPES depth profiling

The limiting factor of the probing depth in PES is not the penetration depth of the
photons, but the inelastic mean free path of the photoelectrons (�). As the electrons
interact strongly with the solid, the probability of a scattering event is enhanced for
electrons that escape from deeper layers of the solid. Thus, the photoemission signal is
strongly damped and the probing depth is restricted to the first few nm of the material.
However, � depends on the kinetic energy of the photoelectrons and can be enhanced
up to ⇠10 nm using hard x-rays, which allows for bulk sensitive measurements and the
analysis of buried interfaces.

Figure 2.11: (a) Inelastic mean free path (�) of photoelectrons calculated according to Eq. 2.24. �
increases with higher kinetic energies resulting in an increased bulk sensitivity. (b) Schematics of HAX-
PES depth profiling. By changing the photon energy and/or the detection angle ✓ of the photoelectrons,
�e↵ can be tuned to probe the vertical composition of a sample.
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2 Growth and characterization of heterostructures

The dependence of � on the kinetic energy of the photoelectrons is shown in Fig. 2.11 (a).
While � is about 5-10Å when conventional AlK↵ is used as an excitation source, it in-
creases up to 40-50Å for electrons excited by hard x-rays. Although this curve is often
referred to as ‘universal’, i. e., material independent, di↵erences between materials are
in the percentage region. The predictive ‘TPP-2M’ equation, which is named after S.
Tanuma, C. J. Powell and D. R. Penn, can be used for a proper material-dependent
determination of �. It is given as a function of the kinetic energy Ekin by [54]

�(Ekin[eV ]) =
Ekin

E2
p(� ln(�Ekin)� (C/Ekin) + (D/E2

kin))
[Å]. (2.24)

Here, Ep is the plasmon energy and �, �, C and D specify material-dependent properties
like density, atomic weight, number of valence electrons per atom and band-gap energy.
Essentially, this equation was developed and tested for energies from 50 eV to 2 keV, but
it seems to be suitable for energies up to 30 keV [54]. � was calculated for each material
system and utilized photon energy relevant within this thesis.
Besides tuning the photon energy, varying the detection angle represents a second

possibility to change the e↵ective mean free path of the photoelectrons:

�e↵ = �(Ekin) · cos ✓ (2.25)

The detection angle ✓ is measured with respect to the surface normal as indicated in
Fig. 2.11 (b). In general, the overall information depth is defined by 3·�e↵ as about 95%
of the measured signal emerge from this region of the sample. Thus, by choosing a high
enough photon energy, the substrate, the interface and the film layer can be probed.
The schematic picture of Fig. 2.11 (b) also illustrates the non-destructive depth profiling
of a hybrid structure. Note that for substrate core-levels high photon energies and
small detection angles give the highest (substrate) bulk sensitivity, whereas low photon
energies and high detection angles provide the highest (substrate) interface sensitivity.
In contrast, for a film core-level, the highest (film) interface sensitivity is achieved for
high photon energies and low detection angles, whereas low photon energies and high
detection angles are most (film) surface sensitive.

Valenceband o↵sets and band bending in heterostructures

Photoemission can also give insight into the band alignment and a possible band bending
at surfaces and interfaces of heterostructures [56–59]. Thus, a band diagram can be
derived. Band bending, which in other words is a gradual energetic shift of the bands
towards, e. g., an interface, is also reflected by the core-levels. Here, band bending
results in an asymmetric broadening, assuming the probing depth being larger than
the spatial extension of the band bending. If this is not the case, a shift of the core-
levels may be observed. One fingerprint of this e↵ect is its presence at all core-levels
of the material. For instance, a band bending in STO will show up at both Ti and Sr
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2.5 Photoelectron spectroscopy

core-levels. Furthermore, a quantification can be attempted by simulating the core-level
spectra using reference data of materials that do not exhibit this e↵ect.
The valence band o↵set in heterostructures can be determined using the method

proposed by Kraut et al. and Chambers et al. Accordingly, the valence band o↵set
�EAB

vb in a heterostructure AB is given by [60, 61]:

�EAB
vb = (EA

cl � EA
vb)� (EB

cl � EB
vb)��EAB

cl (2.26)

with �EAB
cl = (EA

cl � EB
cl)

AB. This method relies on the availability and the precise
measurements of reference samples of the respective materials A and B.
However, for the thin films under investigation in this thesis, HAXPES o↵ers a second

possibility. Assuming the probing depth is larger than the film thickness, the valence
band spectrum is composed of substrate and film. Thus, by deconvolving the data using
reference spectra and taking the respective damping into account, the valence band o↵set
can be measured directly. One problem, however, is the precise determination of the
energetic position of the valence band, which is not as easily defined as in the case of
a core-level. Chambers et al. proposed the so-called ‘linear method’ to determine the
onset of the valence band. In this method the position of the valence band is defined by
its onset, which in turn is determined by the intersection of a linear fit to the leading
edge of the valence band and the background signal at the lower binding energy side of
a spectrum.
Although this method has been successfully applied for semiconductor heterostruc-

tures, care has to be taken when interpreting the data, as charging e↵ects as well as
surface and interface photovoltage e↵ects may distort the measurements, especially for
materials with large band gaps [62–64].
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spin electrode

Abstract

Fe3O4/ZnO heterojunctions are prominent candidates for spin injection devices.
Both constituents exhibit su�ciently high spin coherence lengths. The oxidic
character of ZnO makes it preferable in contrast to other semiconductors for a
combination with Fe3O4. In this study, the influence of the oxygen partial pressure
on the iron oxide phase formation was analyzed. Furthermore, a comparison of
samples grown by PLD and MBE showed that both methods can be used to grow
high-quality heterostructures, when an adequate oxygen background pressure is
applied. A pressure variation during growth minimized a FeO-like interface layer
improving the interface quality. Structural properties were found to be almost
identical. For the samples grown by PLD hints for the Verwey transition were
observed. Independent of the growth method, all samples exhibited a reduced
magnetic moment most probably due to the formation of anti-phase boundaries
caused by an island-like growth mode.

3.1 Heterostructures for spin injection

The ongoing miniaturization and the dire need for higher computing powers require the
development of new concepts in semiconductor physics. Apart from the exploration of
new materials to develop faster conventional devices, also new e↵ects have been exploited
for data storage and processing. Usually, only the charge degree of freedom is used to
process data in a CPU, while data storage is done magnetically on a hard drive. New
concepts, for example, involve both the charge degree of freedom and the spin degree
of freedom, which in general enable data storage and processing in one device and may
pave the way for feasible quantum computing. Spin polarization, however, is usually not
a property of a semiconductor. The realization of so-called spintronic (spin-electronic)
devices, such as spin transistors or spin valves, strongly depends on the availability
of materials that combine both ferromagnetic and semiconducting properties [65]. Be-
side the incorporation of magnetic impurities into a semiconducting host in so-called
diluted magnetic semiconductors, the controlled injection of a spin-polarized current
into a semiconductor using ferromagnet-semiconductor heterojunctions is a promising
approach [66, 67].
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3 Fe3O4/ZnO – growth of a possible spin electrode

Figure 3.1: (a) Schematics of a spin injection device. A spin-polarized current is injected from a
magnetic material into a semiconductor. (b) Calculated density of states near the Fermi-level for Fe3O4

exhibiting a -100% polarization [68].

The basic concept of the latter approach is illustrated in Fig. 3.1 (a). Here, a spin-
polarized current is generated in the ferro-/ferrimagnetic material and injected into a
conventional semiconductor. Applications in this field are, e. g., spin-polarized light-
emitting diodes and lasers [69, 70]. A possible material system that would suit this
purpose especially well is the hybrid system of magnetite (Fe3O4) and zinc oxide (ZnO).

Although ZnO is not ranked among the most common semiconductors, it is currently
attracting much attention for its application in transparent opto-electronics, since it
exhibits a wide direct band gap (Egap=3.37 eV) and provides the possibility of n- or
p-doping [71, 72]. Possible applications are UV light emitters, spin-functional devices
and transparent electronics, but also the combination with wide band gap materials such
as AlInGaN are discussed [14]. Long spin coherence lengths, which are also preserved
at room temperature, make this material suitable for spin transport [73]. As far as
interfacial stability with Fe3O4 is concerned, the oxidic character of ZnO is one of the
crucial advantages compared to Si or GaAs.

Magnetite is a material that has been known for a long time as one of the magnetic
materials existing in the earth’s crust. Here, it is of special use for birds as they use
magnetic sensors for orienting. First technological relevance was gained when Fe3O4 was
used for data storage and magnetic tape recording. In spintronics, Fe3O4 has attracted
interest as spin-aligning material, as it stands out with a theoretical -100% spin polariza-
tion at the Fermi energy. The density of states, which is plotted in Fig. 3.1 (b), exhibits
a band gap for the spin-up channel of about 0.5 eV at the Fermi-level. In contrast, the
spin-down states cross EF , which causes the half-metallic, ferrimagnetic properties. The
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3.2 Physical properties and thin film growth

density-functional theory calculations were done by Zhang et al. using local spin-density
approximation [68]. The ferrimagnetism is conserved up to a Curie temperature as high
as TC=858K. This is a major advantage compared to other spin-polarized materials like
EuO or GaMnAs, since room temperature devices seem to be feasible [74–78]. How-
ever, depending on the crystal quality and surface orientation, experiments show a spin
polarization between -55% and -80% only [12, 13]. A further property of Fe3O4 that
should be mentioned is the Verwey transition at TV=120K [79]. Besides a structural
transition, a drop of the conductivity by two orders of magnitude and a change in the
magnetic properties as well as in the heat capacitance is observed. Although the origin
of this transition has not yet been fully understood, electron correlation e↵ects have
been discussed as a possible origin of the phase transition [80]. Since already for small
o↵-stoichiometries the transition temperature drops or vanishes completely. it can be
used as a sign for crystal/film quality [81].
Turning back to spintronic devices, there are some basic requirements for ferromagnet-

semiconductor heterostructures that need to be met. In addition to a maximum spin
polarization in the ferromagnet, the impedance mismatch of both materials must be as
small as possible to accomplish e�cient spin injection [82]. The electrical conductiv-
ity of Fe3O4 at room temperature is about 2.5·10�4 (⌦cm)�1 and thus reasonably well
within the required range for spin injection into a semiconductor [83]. Spin scattering
lengths will be sensitive to the intrinsic properties of each compound, to the device ge-
ometry, and to the crystalline quality of the heterostructure [69]. For bulk Fe3O4, the
spin di↵usion length is reported to be as high as 100 nm [84, 85]. However, extrinsic
factors such as homogeneous film formation strongly depend on growth parameters like
temperature, background pressure, and lattice mismatch. The interface sharpness and
chemical quality are of special interest. A frequently encountered problem is the for-
mation of unwanted phases near the interface such as Fe or FeO, when Fe3O4 is grown
on GaAs or Al2O3, respectively [86, 87]. Furthermore, the properties of thin films can
vary dramatically in comparison to those of the bulk (e. g., through the formation of a
magnetically dead interface layer or strain e↵ects). For devices, single phase formation
and interface properties are most important and thus will be focused upon.

3.2 Physical properties and thin film growth

Models of the crystal structure of both ZnO and Fe3O4 are displayed in Fig. 3.2. ZnO
crystallizes in the hexagonal wurtzite structure with lattice constants of aZnO = 3.25 Å
and cZnO = 5.206 Å (Fig. 3.2 (a)). Schematically it can be described as alternating planes
of fourfold-coordinated O2� and Zn2+ ions, stacked along the c-axis with alternating
distances of 0.69 Å and 1.99 Å, respectively. Cutting the crystal perpendicularly to the
c-axis always creates a Zn-terminated (0001) surface on one side of the crystal and an
O-terminated (0001̄) surface on the other side. A further consequence of the polarity is
an unavoidable reconstruction of the surface [88].
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3 Fe3O4/ZnO – growth of a possible spin electrode

Figure 3.2: (a) Hexagonal lattice structure of ZnO. (b) Inverse spinel structure of Fe3O4, space group
Fd3m.

Fe3O4 exhibits a cubic inverse spinel structure (Fig. 3.2 (b)) with a lattice constant of
aFe3O4=8.3941 Å above the Verwey transition. The slightly distorted face-centred unit
cell contains 32 oxygen anions, 8 Fe2+ and 16 Fe3+ cations. Half the Fe3+ cations, so-
called A-sites, reside on eight of the 64 available tetrahedral interstices of the oxygen
lattice. The remaining Fe cations (B-sites) occupy 16 of the 32 octahedral interstices.
The ferrimagnetic behavior results from anti-ferromagnetic coupling of the spins in the
A-site and B-site Fe sublattices. Theoretical and experimental analyses derive a net
magnetization of 4.0µB per formula unit [68, 89]. However, usually this value is reduced
due to temperature e↵ects and o↵-stoichiometry [81, 89]. The mixed-valent B-sites
(Fe2+/Fe3+) couple via double exchange across the oxygen anions. This allows a de-
localization of the electrons and results in the comparably high conductivity of Fe3O4

compared to other oxides. For the growth on the hexagonal ZnO surface, the Fe3O4

(111) surface with a surface lattice constant of 5.92 Å is crucial as it exhibits hexagonal
symmetry [90]. Nevertheless, the lattice mismatch of -8.6% with respect to a doubled
ZnO surface lattice constant is still large.

Growing magnetite was attempted on various substrates by di↵erent methods [91–96].
Magnetic tunnel junctions were realized using the band insulator MgO as a substrate
[78, 97]. The very low lattice mismatch of only -0.32% makes it a perfect model and
reference system for thin film characterization [98–100]. For direct spin injection into
a semiconductor Fe3O4 films were grown on Si, GaAs or InAs [92, 101–104]. However,
interface chemistry seems to be quite complicated. There are reports of a dead layer
formed by the oxides of the semiconductor material being accompanied by a reduction of
the magnetite film [86]. Growth and detailed characterization of films on ZnO are rare.
Nielsen et al. reported on PLD grown films on ZnO and showed epitaxial growth by
means of XRD. Furthermore, magnetic measurements give an indication for the Verwey
transition [105]. Li et al. measured the spin polarization of sputtered Fe3O4/ZnO/c-
Al2O3 and determined this to be 28.5% using four probe transport measurements [106].
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3.3 Identification of di↵erent iron oxides by means of XPS

Nearly independent of the growth method, the key parameter to accomplish Fe3O4

growth is the precise dosing of oxygen during or after growth. Besides Fe3O4, other iron
oxide phases exist, like the purely divalent FeO and the purely trivalent Fe2O3. Since
Fe3O4 is a mixed-valent phase, the growth window is narrowed dramatically. While PLD
requires a certain background pressure to run the process properly, MBE can be done
(at least in theory) under perfect ultra-high vacuum conditions. In this case, pure iron
thin films can be grown on substrates, followed by post-oxidation at the appropriate
temperatures and oxygen partial pressures. This procedure is favored if substrate oxida-
tion has to be avoided. For growth on ZnO, reactive growth in an oxygen atmosphere is
preferred. The desired oxidation is already achieved during growth and a more uniform
film is expected. Furthermore, oxygen vacancies in the substrate, caused by reduction
during heating in vacuum or by oxygen di↵usion from substrate to film, are avoided
[107]. In the literature, various forms of oxygen have been applied. Alongside molecular
oxygen, atomic oxygen or NO2 has been used due to an elevated reactivity [108–110].
The main advantage of molecular oxygen is that it is cheap and easily applicable. Fur-
thermore, Chambers et al. pointed out that the oxidation potential of O2 should be
su�ciently high to form Fe3O4 [111].

3.3 Identification of di↵erent iron oxides by means
of XPS

A suitable tool to distinguish the iron oxides is XPS, because it is particularly sensitive
to the valence state of an element. The similarities of the iron oxides in lattice constant
and structure make a detailed phase characterization quite challenging. Most structural
methods like XRD, which probes the lattice structure, fail for an unambiguous determi-
nation of the iron oxide phase and can only be used to provide additional information.
XPS studies of iron oxides were carried out by Brundle et al. and McIntyre et al. in
the late 1970s [112, 113]. They both find the satellite structure of the Fe 2p core-level
being highly sensitive to the iron valence state, although minor e↵ects also depend on
the surface preparation of the iron oxide single crystal. In contrast, the binding energy
of the O1s core-level remains una↵ected for all of these compounds and can thus be
used as energy reference for the photoemission spectra. More recently, Yamashita et al.
did a quantitative XPS study to deconvolve the Fe2+ and Fe3+ parts in the di↵erent iron
oxides [114].
For a qualitative analysis of the iron oxide thin films, XPS reference spectra of FeO,

Fe3O4, and Fe2O3 single crystals were recorded within the present thesis. The Fe 2p
core-level of the corresponding crystals are shown in Fig. 3.3. Single crystals were filed
in situ and spectra were taken using a monochromated AlK↵ source. For all materials,
the most pronounced peaks of the spectra arise from the spin-orbit split Fe 2p3/2 and
Fe 2p1/2 core-levels at binding energies of about 710-712 eV and 723-725 eV, respectively.
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3 Fe3O4/ZnO – growth of a possible spin electrode

Figure 3.3: XPS Fe 2p core-level spectra of di↵erent iron oxide single crystals taken as reference for
thin film characterization. The spectra strongly di↵er in their satellite structure as indicated by the
arrows.

In all cases the peaks are broadened, resulting from multiplet splitting. Despite this
broadening a small shift of these peaks is visible among the di↵erent iron oxides, i. e.,
the Fe 2p3/2 peak is located at a binding energy of 709.7 eV for FeO and for Fe2O3 it is at
710.9 eV. Besides this small di↵erence, the spectra clearly di↵er in the satellite structure
present at the higher binding energy side of the respective spin-split peak. These charge
transfer satellites, which are labelled by the arrows in Fig. 3.3, originate from a charge
transfer between the Fe 3d shell and an oxygen ligand’s shell L with the transfer energy
depending on the ligand field. For example in the case of the FeO single crystals, the Fe2+

satellites occur at 715.6 eV and 729.5 eV, whereas in the case of Fe2O3, the satellites are
shifted to 719.2 eV and 732.7 eV. For the mixed valence of Fe3O4, the Fe2+:Fe3+ ratio of
1:2 leads to a virtually identical intensity of these satellites, which in turn results in the
smeared-out, nearly feature-free region between the main peaks. The relative chemical
shift of 1.2 eV of the main Fe 2p3/2 peak, which is due to the di↵erent Fe valences 2+
and 3+, is visible in the FeO and Fe2O3 spectra and results in a shoulder at the lower
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3.4 Surface preparation of ZnO substrates

Figure 3.4: AFM images of ZnO substrates with respective height profiles: (a) as-received and (b) after
cleaning with organic solvents and annealing in oxygen atmosphere at 1000 �C. After this treatment
flat terraces with a step height of about 1 uc are observed.

binding energy side of Fe3O4. Based on its absolute position and its relative shift with
respect to the main line, this shoulder can be clearly attributed to Fe2+, whereas the
main peak corresponds to Fe3+. All these findings are in accordance with the literature
[112–115].

3.4 Surface preparation of ZnO substrates

For all films, commercially available substrates were used (Crystec or Mateck, Germany).
However, as-received substrates had to be prepared for the growth of Fe3O4. Two
di↵erent approaches were chosen for surface preparation; both included cleaning ex situ
with organic solvents. The first method encompasses several cycles of in situ ion-etching
(Ar+, 1 kV) and annealing up to 700 �C. Finally, the substrates were annealed at 400 �C
in an oxygen partial pressure of 5·10�7mbar for 15min. In this case, quality was checked
in situ by LEED and XPS. The second method is based on reports in the literature
[116, 117]. Substrates were annealed ex situ for 5 h at a temperature of 1000 �C under
oxygen flow in a furnace. This results in atomically flat substrate surfaces. In situ the
substrates were heated for a short period of time before film growth to temperatures of
about 290 �C to dissolve remaining carbon contaminations.
Atomic force microscopy (AFM) is capable of imaging the morphology of a surface

ex situ. Images of ZnO substrates before and after annealing (method 2) are shown
in Fig. 3.4 (a) and (b), respectively. The as-received substrates exhibit trenches up to
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Figure 3.5: (a) RHEED and (b) LEED images of treated ZnO substrates indicating a well-ordered
2D surface. The hexagonal reciprocal unit cell is sketched in (b). From this the surface lattice constant
is derived to be a=(3.3±0.2) Å.

1 nm deep and a rms roughness of (0.39±0.05) nm, while after annealing the substrates
are perfectly flat showing steps that correspond to the miscut of the sample and a rms
roughness of (0.14±0.05) nm. Analyzing the height profile shown in Fig. 3.4 (b) in more
detail, an average step height of (0.55±0.02) nm is derived. This corresponds to the
c-axis lattice constant of ZnO, which means that the substrate is mono-atomically flat.

A typical RHEED pattern of the substrate is shown in Fig. 3.5 (a). On the left side,
the primary beam of the electron gun can be observed. On the right side, three spots are
visible: the specular (0,0) main spot and the two side spots corresponding to the (0,1)
and the (0,1̄) reflections. This pattern is characteristic of a two-dimensional surface. The
slight elongations of the spots in the horizontal direction result from the energy spread
of the primary electrons. For comparison, the LEED pattern of a ZnO substrate, which
was prepared using method 1, is shown in Fig. 3.5 (b). The image is taken at an electron
energy of E=29.7 eV. Additionally, the reciprocal surface unit cell is sketched. Similar
patterns could be obtained over a wide energy range. Although ZnO is a wide band
gap semiconductor, charging e↵ects were only visible at very small energies, hinting at a
minor oxygen deficiency or some impurities in the bulk. The pattern exhibits a six-fold
symmetry with sharp main spots and a low background intensity. This, together with
the absence of additional spots, indicates a clean (1x1) surface with a low defect density
and a little surface roughness. A lattice constant of a=(3.3±0.2) Å was derived, which
corresponds very well to literature values for the unreconstructed ZnO surface lattice
constant [14]. On the basis of the RHEED and LEED pattern analyses both methods
seem to be suitable for the preparation of clean ZnO surfaces.
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3.5 Influence of the oxygen partial pressure on the
iron oxide formation during PLD growth

All films analyzed in this section were grown by PLD in the MESA+ laboratory at the
University of Twente. As commercially available target materials, Fe2O3 and pure Fe
were used. Attempts were made to synthesize a Fe3O4 target on the basis of reports
by Chinnasamy et al. and Wang et al. [118, 119]. However, this was not accomplished
successfully as the last step of the production involves sintering the material, which led
to a full oxidation to Fe2O3. If this last step is not carried out, the density of the pellet
is too low to use it as a PLD target. Both the sintered and the commercial Fe2O3 target
contained too much oxygen. Although the PLD process always causes a loss of oxygen
from the target during deposition, even deposition in an inert background gas (Ar)
resulted in the growth of Fe2O3 [32]. Therefore, the metallic Fe target was used for the
films grown by PLD, even though the use of metal targets involves drawbacks like low
ablation rates and splashing e↵ects [32]. To counteract the low ablation rate, a fluency
of 4 J/cm2 and a laser repetition rate of 2Hz was chosen. The substrate temperature
was set to 390 �C and controlled via a thermocouple. The oxygen partial pressure was
varied between 1.1· 10�6mbar and 8.7· 10�5mbar. The growth parameters are given in
Tab. 3.1. Note that for samples C and D a certain pressure variation during growth was
applied, i. e., for the first minute the pressure was set to 2.4· 10�5mbar and reduced to
9.5· 10�6mbar for the remaining growth time. This will be explained in more detail in
Sec. 3.7.

Table 3.1: Iron oxide films prepared in di↵erent oxygen partial pressures. Roughness, surface lattice
constant and relative spectral weight derived by AFM, RHEED and XPS, respectively.

pressure deposition roughness afilm [nm] Fe 2p/Zn 2p

[mbar] time [min] [nm] (AFM) (RHEED) (XPS)

sample A 1.1· 10�6 4 0.7±0.1 2.9±0.1 5.2

sample B 5.6· 10�6 5.5 0.8±0.1 3.1±0.1 2.0

sample C (2.5· 10�5– 1+ 1.1±0.1 5.9±0.1 5.1

9.5· 10�6) 3

sample D (3.3· 10�5– 1+ 0.8±0.1 6.0±0.1 —

9.8· 10�6) 20

sample E 8.7· 10�5 4 0.4±0.1 6.2±0.1 4.7

The AFM images together with a corresponding height profile as well as RHEED
images taken in situ after growth are shown in Fig. 3.6. RHEED oscillations could
not be found for any growth pressure. This is a direct indication that growth is not
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3 Fe3O4/ZnO – growth of a possible spin electrode

Figure 3.6: In situ RHEED pattern and AFM images with corresponding height profiles of the ZnO
substrate and the iron oxide films grown by PLD. Surface roughness as well as island size and island
shape strongly depend on the oxygen partial pressure.

layer by layer. Nevertheless, RHEED patterns could be obtained permanently during
and after growth indicating crystalline growth. Starting for all growth pressures with
a 2D RHEED pattern shown on the left side (substrate), all films show more or less
3D-like growth, which is most pronounced at low growth pressures for samples A and
B. For these two films new transmission spots appear resulting from 3D di↵raction in
bulk crystallites. For sample C there are also spots visible, but the pattern is more
streaky compared to samples A and B. In the case of the highest growth pressure, the
pattern is completely streaky (sample E). For samples D and E, new spots appear on
the Laue circle for instance between the substrate (0,0) and (0,1) spot. This can directly
be interpreted as a doubling of the lattice unit cell. The lattice constant of the film
can be calculated by measuring the shift of the spots with respect to the distance of
the (0,0) and for instance the (0,1) spot of the ZnO substrate. The calculated values
are listed in Tab. 3.1. For samples A and B, the lattice constant is smaller compared to
the substrate and falls within the range of the bulk values of either pure Fe (a=2.87 Å)
or FeO (a111=3.0 Å) [120]. This gives a first indication for a metallic or a divalent Fe
phase formation. For samples C and E, the lattice constant is smaller, if compared to
the double substrate lattice constant, and is comparable to the values of bulk Fe3O4 or
Fe2O3. The AFM images confirm the 3D growth of the iron oxide thin films. Both the
line profile in Fig. 3.6 and the rms roughness given in Tab. 3.1 indicate that the surface
of sample E is the flattest, while the other samples exhibit a higher surface roughness.
Although island growth is most pronounced for sample C, the crystallites exhibit sharp
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edges that are regularly aligned. This could be caused by some registry given by the
substrate and it could also explain why the RHEED pattern is more streaky compared
to sample B, which in contrast is smoother in AFM.

Figure 3.7: Film-to-substrate registry analyzed in an o↵-axis RHEED geometry for (a) sample A
(pO2=1.1· 10�6 mbar) and (b) sample C (pO2=3.3· 10�5-9.8· 10�6 mbar). The latter shows a strong
dependence on the in-plane orientation of the incident electron beam.

Further indication for film registry can be found when the RHEED beam is tilted
out of the high symmetry direction of the substrate. For 2D film growth, but also for
oriented islands, this results in a change of the pattern. This is due to the ‘rocking’ of
the Ewald sphere with respect to the reciprocal lattice rods. For randomly orientated
crystallites or 3D transmission spots, no changes are observed in the pattern. This is
the case for samples A and B, as shown in Fig. 3.7 (a) exemplarily of sample A for an
azimuthal tilt of 5�. In contrast, as far as samples C and E are concerned, the pattern
changes with respect to the azimuthal angle as shown in Fig. 3.7 (b).
The XPS (in situ, Al K↵) Fe 2p core-level spectra are shown in Fig. 3.8. For all

spectra the O1s core-level at 530.1 eV was used as an energy reference, as the binding
energy for this particular core-level is the same in all iron oxides and well documented
in the literature [121]. Clear di↵erences are found in those spectra when compared to
the single crystal spectra in Fig. 3.3. Sample A shows, in combination with the FeO-
like peak structure, two additional peaks exhibiting a narrow line width at a binding
energy of about 706.8 and 720.1 eV. The peaks can be identified as the Fe 2p core-levels
of pure iron [86, 122], which means that sample A is a combination of FeO and Fe.
By increasing the oxygen growth pressure, the iron oxide state can be tuned, starting
with purely divalent for sample B to purely trivalent for sample E. Both sample C and
sample D, which di↵er in film thickness, show the characteristic line shape of Fe3O4.
To give a rough estimate of the ablated material, the intensity ratio of the Zn 2p and
Fe 2p core-levels was calculated and is listed in Tab. 3.1. Note that these values are no
absolute measure of the deposited material and can only give a relative ratio for this
growth series. Apparently, for all samples, except for sample B, the deposited material
is in the same range. For sample B, the ratio is reduced, which may be caused by some
misalignment during deposition. Apart from this, sticking and nucleation rates seem to
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3 Fe3O4/ZnO – growth of a possible spin electrode

Figure 3.8: In situ XPS Fe 2p spectra of the iron oxide films prepared at di↵erent O2 pressures. The
oxidation state of iron increases with increasing oxygen growth pressure, clearly identified by the charge
transfer satellites (cf. Fig. 3.3).

be independent of the iron oxidation state and the applied background pressure.
From this study it has become evident that PLD can be used to grow Fe3O4 films on

ZnO substrates by choosing the appropriate oxygen partial pressure. This is in line with
Nielsen et al. [105]. Most probably due to the high lattice mismatch, films grow in an
island-like growth mode, with some in-plane orientation.

3.6 Comparison of Fe3O4 films grown by PLD and
MBE

This section deals with a comparative study of Fe3O4 films grown by PLD at the Uni-
versity of Twente and by reactive oxygen MBE in Würzburg. Film quality and film
properties will be compared for the growth on MgO and ZnO substrates. Additionally,
the results will be contrasted to findings of M. Paul, who studied Fe3O4/ZnO films grown
by MBE in Würzburg and at the University of British Columbia [123].
For the films grown on ZnO by PLD, the same growth settings were used as described

in Sec. 3.5 (cf. samples C, D). In the case of films grown on MgO substrates, the oxygen
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Figure 3.9: (a) Development of the RHEED pattern during growth of Fe3O4 films as a function of
growth time. (b) Development of the surface lattice constant with respect to the growth time points
to a nearly fully relaxed surface after growth. (c) The AFM image taken on a 19 nm film exhibits an
island height of about 2 nm only, indicating the coalescing of the islands.

partial pressure was set to 1.0·10�6mbar, leaving all other parameters unchanged.
For the films grown by MBE, the growth temperature was set to 310 �C, which was

monitored ex situ by a pyrometer. A certain pressure variation was applied for MBE
growth, as was also the case for PLD. The oxygen pressure was kept at 5·10�6mbar for
10min and reduced to 1·10�6mbar for the remaining growth duration of 30min. For
details see Sec. 3.7. All films were cooled down to room temperature without any oxygen
dosing. In the case of MgO, no pressure variation was applied and an oxygen partial
pressure of 2.5·10�5mbar was used. As RHEED was not available in the MBE setup,
LEED was used to structurally characterize films in situ after growth.

3.6.1 Structure and morphology

RHEED and AFM

RHEED and AFM studies were carried out for Fe3O4 films grown by PLD (sample D). As
already pointed out in Sec. 3.5, RHEED oscillations could not be observed at any growth
pressure, suggesting an island-like growth mode. However, di↵raction spots were visible
throughout the entire growth time denoting epitaxial growth. Thus, RHEED images
taken during growth were used to characterize the growth mechanism. These images
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3 Fe3O4/ZnO – growth of a possible spin electrode

are shown in Fig. 3.9 (a), starting from the 2D substrate RHEED pattern on the left
to the streaky film pattern on the right. Note that after growth the RHEED geometry
was optimized, which resulted in a lower distance between the primary spot and the
reciprocal di↵raction pattern. During the first 100 s one can observe the appearance of
new spots in [1,0] direction, but no new spots appeared in [0,1] direction. This points at
the formation of islands. As no unit cell doubling is present during this first period, the
layer may have a Fe-type or, more likely, a FeO-type character, which is more favorable
due to a smaller lattice mismatch of -5.6%. After about 200 s, which corresponds to a
film thickness of about 2 nm (calculated from XRR analysis, see Sec. 3.6.1), new (0,1/2),
(0,1/2) Laue spots appear in the vertical direction indicating unit cell doubling, which is
characteristic of the iron oxide spinel structure. For increasing growth times, the 3D-like
pattern seems to smooth out and end in a streaky, almost 2D-like pattern after growth.
This hints at a growth mode, where first crystalline islands oriented with respect to the
substrate start to form. Later on, these islands coalesce, leading to a smoother surface
and resulting in the streaky pattern after growth.

In Fig. 3.9 (b) the in-plane lattice constant derived from RHEED analyses is shown.
Starting at the bulk lattice constant of ZnO, i. e., 1.1 ·a111, where a111 is the fully relaxed
surface lattice constant of Fe3O4, it relaxes within the first 100 s to roughly the bulk
value of the Fe3O4. This corresponds to the time interval, in which the additional spots
occur, indicating the unit cell doubling. This gradual relaxation towards the bulk lattice
constant suggests a gradual strain relaxation most probably due to the formation of
vacancies and crystalline imperfections. However, registry to the substrate is preserved.
A thickness of about 2 nm, at which the lattice constant seems to be nearly relaxed, is in
line with findings for MBE grown films by M. Paul and the theoretical prediction within
the model of Fischer et al. [31, 123]. In this model, strain relaxation in metastable
heteroepitaxial semiconductor structures are calculated including the elastic interaction
between straight misfit dislocations. The properties of this strained interlayer can be
quite di↵erent from those of the bulk film.

The hypothesis of coalescing islands is manifested by the AFM image shown in
Fig. 3.9 (c). The film thickness of 19 nm derived from XRR is higher compared to the
average island height of about 2 nm. Also the surface roughness is smaller for thicker
Fe3O4 films (see Tab. 3.1). Both findings support the coalescence of the islands formed
in the initial growth state. Furthermore, one can still see some fingerprints of the sub-
strate which causes a certain orientation of the islands, visible as trenches going from
the upper left to the lower right corner of the image and corresponding to the substrate
steps (indicated by the white lines in the images). A zoom in the image reveals the same
oriented islands as were observed for sample C (see Fig. 3.6). Weiss et al. found similar
regularly oriented islands for Fe3O4 films on Pt(111). Both the values for the surface
roughness and the observation of oriented islands were also observed for films grown by
MBE [123].
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LEED

Figure 3.10: LEED pattern of a Fe3O4 thin film taken at E=50.7 eV. The pattern exhibits a hexagonal
symmetry which implies growth in [111] direction. No surface reconstructions are observed and the sharp
spots as well as a low background intensity hint at a high crystalline quality.

A LEED pattern of a MBE grown Fe3O4 film on ZnO (sample G) is shown in Fig. 3.10.
In comparison to the substrate LEED pattern shown in Fig. 3.5 (b), new spots appear
that are less intense. Similarly to RHEED, this suggests the doubling of the unit cell,
which is only present for the spinel structures of Fe3O4 and Fe2O3, but not for FeO
or ZnO. The hexagonal symmetry indicates epitaxial growth in [111] direction. As a
guide to the eye the reciprocal unit cell is sketched in the pattern. The variation in
spot intensity, which was not present in the substrate pattern, is commonly ascribed to
the unreconstructed Fe3O4(111) surface [124, 125]. Indeed, the lattice constant a can
be determined to be (5.96±0.2) Å. This compares well to values found in the literature
for the (111) surface, indicating a nearly fully relaxed film surface which is not pseudo-
morphically strained to the ZnO(0001̄) surface and which is in line with the RHEED
analyses of the PLD grown films (see Sec. 3.6). The low background intensity and com-
parably sharp spots that can be obtained all over the sample indicate epitaxial growth
and atomic long range order. Furthermore, no evidence for reconstructions was found
for the Fe3O4 films on ZnO [99, 100].

XRR and XRD

X-ray reflectivity and x-ray di↵raction measurements were carried out at the Univer-
sity of Twente using a Bruker D8 Discover di↵ractometer. This was equipped with a
monochromated Cu K↵ source (�=1.541 nm) and an optional 1D detector for record-
ing reciprocal space maps. XRR and XRD are suitable tools to probe the structural
properties of the ‘bulk’ film. From these measurements information on the out-of-plane
and in-plane lattice constants as well as the layer thicknesses and roughnesses can be
derived.
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3 Fe3O4/ZnO – growth of a possible spin electrode

Figure 3.11: (a) XRR of a Fe3O4/ZnO film. From a fit to the data, film thickness, surface and interface
roughness are derived and listed in Tab. 3.2. (b) Wide-range ✓-2✓ XRD scan exhibits only ZnO(00n)
and Fe3O4(lll) peaks in the out-of-plane direction. The inset shows the !-scans (rocking curve) of the
ZnO(002) and Fe3O4(222) reflections.

The XRR scan of the range between about 0.05� and 2.50� is displayed in panel (a) of
Fig. 3.11 (sample I). Additionally, a fit curve generated by a standard x-ray reflectivity
fit routine is shown. The software Bocfit produces a least square fit to the data, using
the electron densities as given parameters for both film and substrate and varying the
layer thickness, interface and surface roughness to fit the data. The numbers derived
are listed in Tab. 3.2 for samples D, I and F, the latter sample was grown on MgO. Note
that sample I was grown without pressure variation during growth. The values of the
surface roughness are within the same range comparing the AFM and XRR data and are
determined by the average size of the partially coalesced crystallites. Compared with the
roughness of the ZnO substrate, which is very low for annealed substrates (0.1-0.5 nm),
the interface roughness is tremendously enhanced for the grown films. The film on MgO
exhibits a lower interface, but a higher surface roughness. Note that MgO substrates
can be prepared in a quality comparable to ZnO [126]. When magnetite is grown on
MgO at moderate temperatures to avoid a MgFe2O4 layer, the formation of a strained
FeO-like layer is not observed and comparable values for the interface roughness as for
the films on MgO derived in this thesis are obtained [127, 128]. The increased surface
roughness may be related to the large film thickness and a possible change in growth
mode for such films. The increased interface roughness in the case of the films grown
on ZnO could be related to the 2 nm thick interlayer that exhibits a higher degree of
disorder as the strain relaxation causes lattice defects. Controversially, the fit quality
could not be enhanced by introducing a third layer into the model representing this
strained interlayer, which is due to only slight di↵erences in the optical properties of
the iron oxides [123]. M. Paul did XRR fits for slightly thicker Fe3O4/ZnO films grown
by MBE and calculated interface roughness values. These are slightly smaller, but a
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comparable surface roughness was found, indicating that the growth mode of coalesced
islands is at play for both growth methods. Interfacial properties are slightly better for
MBE grown films, which is probably caused by the di↵erent growth kinetics of PLD and
MBE.

Table 3.2: Thickness, interface and surface roughness of Fe3O4 films on ZnO and MgO derived by
XRR. For the films on ZnO, surface roughness was also measured by AFM.

Fe3O4/ZnO Fe3O4/MgO

sample D sample I sample F

thickness [nm] 20.5±0.5 29.7±0.5 56.4±0.5

interface roughness [nm] 1.3±0.3 1.8±0.3 0.5±0.3

surface roughness [nm] 0.5±0.3 0.9±0.3 1.8±0.3

surface roughness (AFM) [nm] 0.8±0.2 1.0±0.2 —

In Fig. 3.11 (b), a ✓-2✓ wide-range scan is shown for the 29.7 nm thick film (sample
I). The two main peaks at 17.19� and 36.26� originate from the substrate Zn0(002)
and ZnO(004) Bragg reflections, respectively. In between, two smaller peaks can be
observed at angles of about 18.56� and 28.52�. These peaks, which are much weaker
in intensity and broadened compared to the main substrate peaks, can be attributed
to the Fe3O4(222) and Fe3O4(333) film peaks. This confirms the growth of magnetite
in the (111) direction as no other peaks are observed in this scan which is sensitive
only to the out-of-plane direction. A more detailed analysis of a high-resolution scan of
the Fe3O4(222) peak of sample D revealed an out-of-plane strain of -0.36±0.05%. This
compressive strain is in line with a slight tensile strain of the in-plane component of
0.6±0.5% derived by the RHEED analysis of this film.
In the insets of Fig. 3.11 (b), !-scans on the ZnO(002) and Fe3O4(222) peaks are

displayed. The widths of these so-called rocking curves depend on the mosaic spread
of crystalline materials. High-purity single crystalline substrates, for instance, exhibit a
lower line width compared to grown films with crystalline imperfections. The full width
at half maximum (FWHM) of the fitted Gauss peak is 0.01� for the substrate and 0.13�

for the film peak. The former is in a range which is commonly observed for high-quality
substrates [117]. For the film FWHM, M. Paul found slightly larger values for MBE
grown films, while Nielsen et al. found even smaller values for films grown by PLD
[105, 123].
More detailed information on the in- and out-of-plane strain components can be gained

from the reciprocal space maps shown in Fig. 3.12. These are representations of the
asymmetric !-2✓-scans as functions of Qin�plane and Qout�of�plane reciprocal lattice com-
ponents of the respective Bragg reflections. For this sample (sample I), scans were taken
for both the (840) and the (951) peak at '-angles of 30�, 90�, and 150� and for the
(844) peak at '-angles of 0�, 60�, and 120�. The appearance of these asymmetric Bragg
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Figure 3.12: Reciprocal space maps of the (840), (844), and (915) Fe3O4 Bragg peaks measured for
di↵erent '-angles for Fe3O4 on ZnO confirm in-plane registry and epitaxial growth. The lattice strain
given in Tab. 3.3 was derived using these Bragg peaks.

peaks at distinct '-angles gives another indication for an in-plane orientation of the film,
or more precisely, for the initially growing islands. The average values of the in- and
out-of-plane strain derived from all peaks at di↵erent '-angles are listed in Tab. 3.3. For
the Fe3O4/ZnO films, strain values are rather small and the film is nearly completely
relaxed. The values are in the same range for the Fe3O4/MgO films. Here, the lattice
mismatch to the substrate is only -0.32% and hence film growth can be expected to
be nearly relaxed with slight compressive out-of-plane strain. This is supported by the
RSM data for MgO. Moreover, the data of the films on ZnO supports the findings by
RHEED of a nearly relaxed growth for film thicknesses >2 nm. Nevertheless, slight dis-
tortions can be observed, which are most probably due to the remaining registry to the
substrate.

Table 3.3: In-plane and out-of-plane strain calculated from asymmetric Bragg peaks. Only marginal
strain e↵ects are found in the Fe3O4 films.

Fe3O4/ZnO Fe3O4/MgO

sample D sample I sample F

strainout�of�plane [%] -0.32±0.02 -0.20±0.02 -0.17±0.02

strainin�plane [%] 0.38±0.02 0.37±0.02 0.31±0.02

strainvolume [%] 0.4±0.1 0.5±0.1 0.4±0.1
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In summary, the RHEED and LEED analyses show crystalline film growth with com-
parable qualities for films grown using MBE and PLD. X-ray reflectivity confirms the
roughness estimate given by AFM and supports an interface layer that exhibits di↵er-
ent properties compared to the ‘bulk’ film. The enhanced interface roughness is most
probably due to dislocations and crystalline imperfections which are caused by strain re-
laxations. Furthermore, the in- and out-of-plane lattice strain derived by XRD is rather
small compared to the high lattice mismatch to ZnO and the ‘bulk’ film structure is
nearly fully relaxed.

3.6.2 Electronic and chemical structure studied by XPS and
HAXPES

X-ray photoelectron spectroscopy was used to characterize the chemical and electronic
properties of the Fe3O4 films grown by PLD and MBE on MgO and ZnO substrates. For
a quantitative analysis, the Fe 2p core-level spectrum was recorded for all samples. After
a Shirley background subtraction, the spectra were fitted with single crystal spectra of
FeO, Fe3O4 and Fe2O3 as a reference. From this the o↵-stoichiometry parameter �
was calculated. The parameter describes the iron o↵-stoichiometry in the form [Fe3+]tet
[Fe2+1�3� Fe

3+
1+2� Vac

Fe
� ]oct O

2�
4 and thus the transition from Fe3O4 towards �-Fe2O3 [129].

The tetrahedrally coordinated Fe3+-sites remain unchanged, whereas the octahedrally
coordinated Fe2+-sites are substituted by Fe3+-sites and iron vacancies.
A typical fit is shown in Fig. 3.13 (a). The data was well reproduced using Fe3O4 and

Fe2O3 spectra, which are shown as dotted lines in the graph. It can be seen that the
film is slightly overoxidized and a � of 0.047 is derived. Panel (b) of Fig. 3.13 shows
the comparison of Fe 2p core-level spectra taken for PLD and MBE grown films on
MgO and ZnO substrates. The films fabricated by PLD (samples D, F) were measured
in situ at the University of Twente using an AlK↵ source. The measurements of the
MBE grown samples (samples G,H) were performed at the KMC-1 beamline at the
Helmholtz Zentrum Berlin (BESSY II) using the HIKE endstation [130]. Here, the
samples were transferred under argon atmosphere between the vacuum systems, with
exposure to ambient atmosphere being kept as short as possible to minimize surface
contamination. The main di↵erence between these two measurements is the increased
probing depth of the HAXPES measurements. This allows for a more precise study
of thicker films and interface properties as well as depth profiling of the film. The
HAXPES measurements were done at a photon energy of 3 keV and an emission angle
of 5�, resulting in an e↵ective electron mean free path of 38 Å, whereas for the XPS
measurements (✓=0�) it amounts to 16 Å for this core-level. Comparing the mean free
path to the film thicknesses, in the case of the HAXPES measurements the bulk film
properties are probed, while for the thicker PLD grown films conventional XPS probes
only about the first 5 nm. Nevertheless, as the measurements were done in situ these
measurements as well give a reasonable estimate for the sample composition. Note that
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Figure 3.13: Fe 2p core-level spectra of films prepared by PLD and MBE. (a) Fitting Shirley back-
ground corrected data with single crystal reference spectra leads to an o↵-stoichiometry of 0.047. (b)
Comparison of films grown on MgO and ZnO substrates. By choosing an adequate oxygen pressure,
nearly stoichiometric Fe3O4 thin films can be obtained by PLD and MBE growth.

for the MBE grown samples, too, conventional in situ XPS measurements were used to
analyze the precise o↵-stoichiometry, as only single crystal spectra recorded by XPS were
available and di↵erences in, e. g., spectral resolution hindered a quantitative comparison
to the HAXPES results.

Already a qualitative analysis of these spectra, namely the smeared-out area between
the two main lines and the shoulder at the lower binding energy side of the main Fe 2p3/2
peak, which has been described before, shows that both methods can be used to grow
Fe3O4 films. In terms of chemical composition and oxidation state, the magnetite films
on ZnO show the same level of quality compared to the films on MgO. However, growth
pressure has to be chosen adequately for the selected growth method and substrate. The
derived o↵-stoichiometry ranges from 0.033 to 0.081 being highest for the film grown on
ZnO by MBE. M. Paul derived values between 0.028 and 0.11 for Fe3O4/ZnO grown by
MBE, i. e., the o↵-stoichiometry is in the same range and independent of the substrate
[123]. Values for � are given in Tab. 3.4 and will be further discussed in Sec. 3.6.3 as the
o↵-stoichiometry can also be derived by means of x-ray absorption spectroscopy (XAS)
and x-ray magnetic circular dichroism (XMCD).
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Figure 3.14: Fe3O4/ZnO grown by PLD: (a) XAS recorded in a magnetic field of ±3T showing a clear
dependence on the applied field. Inset: Fit to the magnetization-averaged XAS spectra using reference
data taken from Pellegrin et al. to determine the o↵-stoichiometry [129]. (b) XMCD intensity and
integrated intensity to derive spin and orbital moments from sum-rule calculations. Inset: Comparison
of the XMCD spectra of Fe3O4/ZnO films grown by PLD and MBE. The di↵erence in the spectral line
shape is due to variations in �.

3.6.3 Magnetic properties

To compare the magnetic properties of the Fe3O4 films (samples F, G, H, I) grown by
PLD and MBE, XMCD was used as a spectroscopic method, since it is sensitive to the
magnetic moment of the individual species of atoms. A detailed description of both
methods and sum-rule calculations that allow for an estimation of the magnetic moment
can be found in Refs. [131, 132]. Details on the calculations and spectra processing
of this material system are best given in Refs. [123, 133]. XAS and XMCD reference
spectra are used for an independent determination of the o↵-stoichiometry parameter �
[129].

XAS and XMCD

XAS and XMCD experiments were conducted at the PM 3 bending magnet beamline
for circular polarization at the Helmholtz Zentrum Berlin (BESSY II) using the ‘super-
conducting 3T UHV magnet’ endstation. Normal incidence XAS spectra were recorded
at room temperature in the total electron yield mode (TEY, sample drain current) at a
constant helicity with a polarization degree of about 0.93 and applied magnetic fields of
µ0H = ±3T.
The XAS Fe L3,2 absorption spectra taken in a magnetic field of ±3T are shown for a

PLD grown Fe3O4 film in Fig. 3.14 (a). The di↵erence between these spectra is caused by
di↵erent densities of final states in the majority- and minority-spin bands. The so-called
x-ray magnetic circular dichroism, which is shown in Fig. 3.14 (b), is a direct measure
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3 Fe3O4/ZnO – growth of a possible spin electrode

for the net magnetization. Turning back to panel (a), the inset shows the polarization-
averaged absorption spectra of this film and a fit of the data using reference spectra
taken from Pellegrin et al. [129]. The XAS fine structure depends on the precise iron
valence state as is also the case for the XPS spectra (cf. Sec. 3.3), and thus it can be
used to distinguish the iron oxides. For instance the shoulder (h⌫=710.6 eV) of the
main peak at h⌫=712.0 eV decreases strongly with decreasing Fe2+ fraction, resulting in
a higher value for the o↵-stoichiometry parameter �. In Tab. 3.4, the � values derived
by XPS, XAS and XMCD are presented for films grown by either method and on either
substrate. In general, the o↵-stoichiometry is higher in the case of XAS and XMCD.
This is due to surface overoxidation caused by short air exposure of the samples, which
was not present for the in situ XPS measurements. The discrepancy between the XAS
and XMCD data is most likely due to di↵erences in the XAS and the XMCD reference
spectra. However, except for the finding that all films seem to be slightly overoxidized,
no trends can be seen regarding the growth method or the choice of the substrate. Thus,
it can be concluded that it is mainly the oxygen partial pressure during growth and a
further oxidation of the surface in ambient air that determines the stoichiometry of the
thin films.

Table 3.4: O↵-stoichiometry parameters of Fe3��O4 films derived from XPS, XAS and XMCD analyses.
A general overoxidation of the films is found. Values derived by XAS and XMCD are higher, because
measurements were not carried out in situ.

substrate/growth method � (XPS) � (XAS) � (XMCD)

sample D ZnOPLD 0.047 — —

sample F MgOPLD 0.057 0.088 0.118

sample G ZnOMBE 0.081 0.094 0.061

sample H MgOMBE 0.033 0.096 0.077

sample I ZnOPLD 0.020 0.044 0.020

��=30%

Figure 3.14 (b) shows the dichroic signal of the Fe3O4/ZnO film grown by PLD together
with the integrated intensity which is necessary for sum-rule calculations to derive the
magnetic moments. The integration range strongly influences the value of the derived
orbital moment morb and is controversially discussed in the literature [134, 135]. The
dichroism spectrum is in good agreement with the one published by Goering et al [134].
The inset shows the L3 dichroic spectra of films grown by MBE and PLD on ZnO.
The dichroic signal is particularly sensitive to the ionic Fe stoichiometry, including the
repartition of the ions over the sublattices [129, 136]. The first negative extremum is
reduced in the case of the MBE grown film, which is due to the higher o↵-stoichiometry.
From the dichroic spectra the spin moment mspin and orbital moment morb were derived
(see Tab. 3.5). Additionally, the overall magnetic moment of the films grown by PLD was
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measured using a vibrating sample magnetometer (VSM). For the VSM measurements
the external field was swept up to µ0Hmax = ±1.0T. In a VSM, the sample is moved
sinusoidally in an external magnetic field. Probing-coils measure the induced magnetic
field, which is used to determine the magnetic moment [137]. From the saturation
magnetization the magnetic moment per formula unit (f. u.) is calculated with respect
to the precise film volume.

Table 3.5: Magnetic moments derived by sum-rule calculations (XMCD) and VSM analyses of Fe3O4

films. The values are reduced in comparison to bulk Fe3O4 independently of the measurement technique.

substrate/ mspin (µB/f.u.) morb (µB/f.u.) m (µB/f.u.)

growth method (XMCD) (XMCD) (VSM)

sample I ZnOPLD 2.52 0.02 2.73

sample F MgOPLD 3.27 0.12 3.36

sample G ZnOMBE — — —

sample H MgOMBE 2.55 0.09 —

�=0.15µB/f.u. �=0.06µB/f.u. �=0.5µB/f.u.

Compared to the theoretical value of the overall magnetic moment of 4.0µB/f.u. the
values derived for all films are much smaller. The formation of a magnetically dead
layer at the surface, which would explain the reduced value measured by XMCD due to
its surface sensitivity is unlikely, because the values are confirmed by volume-sensitive
VSM measurements. However, the error margin for the VSM measurements is quite
high, since the VSM signal has to be corrected by the diamagnetic background and
films may not be completely saturated at ±1T. A further source of error is the precise
determination of the film volume.
M. Paul found comparable values in similar XMCD analyses, but larger values for

the ‘bulk’ magnetic moment by means of SQUID measurements, which in general probe
the same sample properties as VSM [123]. Nevertheless, the SQUID measurements
were performed in magnetic fields up to ±6T, what might support the assumption of
an incomplete saturation of the films reported here. M. Paul discussed errors in the
sum-rule calculations as a possible explanation for the discrepancy of the XMCD and
SQUID measurements [123]. Kallmayer et al. also found reduced values for films on
MgO and Al2O3 by means of XMCD, but derived nearly the theoretical value by VSM
[135]. They mention errors in the VSM measurements and the finite x-ray polarization
as possible reasons. Besides an incomplete saturation, intrinsic e↵ects as well might
cause the reduced values. It is known from the literature that the magnetic moments
are reduced at room temperature to about 3.83µB/f.u. [89]. O↵-stoichiometry, too,
results in a reduction of the magnetic moment [81, 89]. However, both e↵ects are small
and cannot fully account for this large reduction [123]. Defects in the film such as anti-
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3 Fe3O4/ZnO – growth of a possible spin electrode

Figure 3.15: Magnetization curves of di↵erently prepared Fe3O4 films on ZnO and MgO: (a) Out-of-
plane curves measured by XMCD showing di↵erent magnetization behavior, i. e., films on ZnO exhibit a
higher anisotropy field. (b) In-plane curves measured by VSM and MOKE. Independent of the growth
method films on ZnO show a large coercivity.

phase boundaries or e↵ects originating from the initial island growth might also influence
the overall magnetic moments. This will be further discussed in the next section. The
orbital moment morb seems to be almost completely quenched in these films. However,
as already discussed, the values strongly depend on the integration range, which was
chosen similarly to Goering et al. and hence, the values are comparable [134].

Magnetization curves

The normalized out-of-plane magnetization curves were measured at room temperature
for all films in the TEY mode at the first (negative) extremum (Fe2+) of the Fe L3 XMCD
spectrum (see Fig. 3.15 (a)). The in-plane loops were probed using VSM for the PLD
grown films (sample F, I) and magneto-optical Kerr e↵ect (MOKE) measurements for
the MBE grown films (sample G, H). MOKE experiments were conducted at a photon
energy of h⌫=1.85 eV and in applied fields up to µ0Hmax = ±0.3T. As a comparison,
the MOKE curves were normalized to the respective VSM measurements and displayed
in Fig. 3.15 (b). MOKE measurements utilize intensity variations and rotations of the
polarization of linearly polarized light occurring upon reflection on a magnetic material.
The rotation is directly related to the magnetization of the material within the probing
region of the light and is thus an indirect measure of the magnetization behavior [138].
Turning to the out-of-plane loops, films di↵er in the squareness of the loops, which

means that, for instance, Fe3O4/ZnO grown by MBE is much harder to magnetize and
thus has a higher anisotropy field than the film grown by PLD. Moreover, both films
grown by PLD exhibit a more square-like behavior than films grown by MBE. A com-
parison of the in-plane loops and the out-of-plane loops reveals that the surface normal
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3.6 Comparison of Fe3O4 films grown by PLD and MBE

corresponds to a hard magnetization axis. Furthermore, in-plane MOKE loops were
recorded at di↵erent azimuthal angles. Their shape is nearly independent of the az-
imuthal angle. Thus, irrespective of the substrate the Fe3O4 films display little, if any,
in-plane magnetic anisotropy. At the quantitative level the in-plane loops of the films on
the same substrate grown by PLD and MBE show only marginal di↵erences in terms of
coercivity and overall hysteresis shape. However, comparing films on di↵erent substrates,
ZnO based films possess larger coercive fields (µ0H

ZnO
C ⇡50mT, µ0H

MgO
C ⇡31mT) and,

at the same time, a reduced squareness of the hysteresis cycles. Thus, Fe3O4 grown on
ZnO is less easily saturated than is Fe3O4 on MgO. The overall magnetization values
given in Tab. 3.5 were calculated from the present VSM loops.
Defects of various kinds are generally prime candidates for acting as domain wall pin-

ning centers during magnetization reversal and are also known to be local sources of
potentially strong magnetic anisotropy in magnetite, what could be the reason for the
slow saturation behavior and the reduced magnetic moment [139]. Anti-phase bound-
aries (APB) were already named as possible defects [140]. APBs are structural defects
caused by a shift of the cation sublattice with respect to the unperturbed O sublattice.
Shifts in magnetite on ZnO can occur along the 1

2h100i or 1
4h110i directions, whereas

on MgO, shifts are along 1
4h100i or 1

4h110i. Considering a growth mode of coalescing
islands, these APBs can easily be formed when islands coalesce, which are half a unit
cell out of phase regarding the stacking sequence of the spinel structure. Despite this
shift, samples are still monocrystalline due to the continuous O sublattice. The shift,
however, changes the local magnetic coupling at an APB. In bulk magnetite, the anti-
ferromagnetic behavior results from the antiferromagnetic superexchange of the A- and
B-sites, which in turn are ferromagnetically coupled among themselves. Margulies et
al. proposed a strong antiferromagnetic coupling of the B-sites across an APB, which
would act as an immobile magnetic domain wall [93]. This can lead to superparamag-
netic fluctuations in the limits of very thin films and high APB densities [140–142]. An
alignment of the magnetic moments only occurs in comparably large fields. This leads
to a slow approach to saturation and an overall decreased saturation magnetization at
finite fields. Margulies et al. described this slow magnetization behavior with a one-
dimensional model of ferromagnetically ordered spins that couple antiferromagnetically
at an APB [93]. Although this model is highly simplified, Hibma et al. used the fol-
lowing formula to quantitatively describe the reduction of the magnetization M in an
external field H due to the density b of the APBs [141]:

M = Ms(1� b ·H1/2) (3.1)

Here, Ms is the saturation magnetization. Magnetization curves obtained from XMCD
were recorded up to su�ciently high fields to yield satisfying fit results. Nevertheless, Ms

could not be determined, as absolute values for the saturation were not available for all
films. The fits are shown as dotted lines for films on ZnO in Fig. 3.15 (a). The parameter
b, which is proportional to the density of the APB in this model, is given in Tab. 3.6. For
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3 Fe3O4/ZnO – growth of a possible spin electrode

both growth methods, the APB density is higher for films on ZnO substrates compared
to MgO. In the literature slow saturation behavior was found for Fe3O4 films grown on
MgO and Al2O3 substrates [141, 143]. In the latter case, Fe3O4 grows also in the [111]
direction with a comparable lattice mismatch of about 8% as is the case for growth on
ZnO. Compared to the growth in [100] direction on the perfect lattice matching MgO, a
higher densities of APBs was found. It can be concluded that due to the higher lattice
mismatch, the density of the initially formed islands is di↵erent. An increased number of
individually growing islands also enhances the probability of the formation of an APB,
which may lead to the di↵erent saturation behavior on MgO and ZnO substrates.

Table 3.6: Density of anti-phase boundaries in Fe3O4 films. A higher density is found for films on
ZnO.

substrate/ b

growth method / APB

sample I ZnOPLD 0.31

sample F MgOPLD 0.17

sample G ZnOMBE 0.45

sample H MgOMBE 0.27

Although a slow saturation and a reduced magnetization indicate the presence of
the APBs, further proof of this hypothesis could be obtained by directly imaging these
boundaries. M. Paul could identify APBs for the MBE grown films on ZnO by means
of STEM. However, a detailed study of their density by STEM remains complicated as
representative studies have to include a multitude of STEM lamellae analyses, which in
practice is not applicable.
In summary, the XAS/XMCD confirm the slight o↵-stoichiometry of the films and

thus confirm the XPS results. The magnetic moment of the films is reduced; however,
temperature and o↵-stoichiometry e↵ects cannot fully account for this. Both the reduced
magnetic moment and the slow magnetization behavior point to the presence of ABPs.
An increased APB density in films grown on ZnO substrates compared to MgO substrates
might result from the higher lattice mismatch.

3.6.4 Indications for a Verwey transition

Figure 3.16 shows the temperature dependence of the coercivity for the PLD grown films
on MgO and ZnO (samples H, I). For this purpose hysteresis loops were recorded by VSM
at various temperatures. For both films, the coercivity increases at low temperatures,
exhibiting a kink between 100-140K. In the case of MgO, a slight reduction can be seen
from room temperature to this point, which is not present for the film on ZnO. However,
in the latter case, the kink is shifted to lower temperatures.
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Figure 3.16: Temperature dependence of the coercivity for films grown by PLD. The kink at about
120K indicates a Verwey transition.

Similar behavior was found for magnetite single crystals, nanoparticles, and films
grown on fused quartz crystals by PLD [144–146]. Absolute values for both the coer-
civity and the increase of the coercivity strongly di↵er among the measured samples
and depend on the sample size, the crystallinity, and the stoichiometry. Nevertheless,
all groups observe a jump of the coercivity near the isotropic point (TI=130K) and the
Verwey temperature (TV=114-135K). The Verwey transition is accompanied by a struc-
tural phase transition from cubic to monoclinic symmetry. The latter exhibits a higher
magnetocrystalline anisotropy, which results in a higher coercivity. At the isotropic
point the magnetocrystalline anisotropy vanishes as it changes signs. This might ex-
plain the slight drop in this temperature region for the film on MgO [144]. Furthermore,
other groups find a relatively sharp increase of the coercivity followed by a plateau at
low temperatures, which the films in this study do not exhibit. A Verwey transition
is only found in samples with good crystalline quality. Defects like APBs or oxygen
o↵-stoichiometry lower the Verwey temperature; for instance a TV of 81K was found for
a � of 0.016 [93, 147]. A shift of the temperature and thus the kink in coercivity might
explain the broadening of the jump and the absence of a plateau in these films. The
o↵-stoichiometry determined by XPS and XAS for these films is comparatively high, so
it is surprising to observe a Verwey transition at all. One possible explanation is the
comparably high surface sensitivity of both measurements. It could be the case that the
o↵-stoichiometry in the ‘bulk’ film is smaller compared to the o↵-stoichiometry of the
film region probed by XPS and XAS. Such inhomogenities in the o↵-stoichiometry, but
also in the APB density, might explain the broadening of the kink. Although the film
surface might exhibit a higher o↵-stoichiometry, the presence of the Verwey transition
manifests the high quality of the ‘bulk’ films on both substrates.
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3 Fe3O4/ZnO – growth of a possible spin electrode

3.7 Tailoring the interface – pressure variation
during growth

To analyze the interface and the possible formation of an FeO-like interlayer more thor-
oughly, films of di↵erent thicknesses and prepared under various oxygen partial pressures
were studied using XPS and HAXPES depth profiling.
The films under investigation in this study were grown on ZnO substrates using MBE

(samples G, J, K, L). Comparable results were found for PLD grown films (see Sec. 3.5).
Photoemission (Al K↵) was used to determine the iron oxidation state of these thin
films. The data is shown in Fig. 3.17 (a). Note that the film thickness was derived by
XPS and iron flux measurements. The determination by XPS is based on the assumption
of a closed film layer and will have an increased error margin for films growing in an
island-like growth mode.

Figure 3.17: (a) XPS spectra of the Fe 2p core-level of iron oxide films grown on ZnO by MBE. The
spectra show that oxygen partial pressure and film thickness play an essential role in the formation of
various Fe oxide phases. (b) Sketch of possible film growth depending on the oxygen pressure during
growth. (c) HAXPES depth profiling (�e↵=6.3-2.9 nm) of a 12 nm thick Fe3O4/ZnO film grown by
MBE.

For thin iron oxide films (⇠3 nm), a too low oxygen partial pressure leads to the
formation of FeO, indicated by the Fe2+ charge transfer satellite in the left panel of
Fig. 3.17 (a). It can be assumed that at low pressures the formation of FeO is favored
due to the smaller lattice mismatch. Thus, the oxygen pressure must be su�ciently
high to force the formation of Fe3O4. However, the very same oxygen pressure leads to
an overoxidation and to the formation of Fe2O3 for thicker films identified by the Fe3+

satellite peak (see right panel Fig. 3.17 (a)). For clarification a sketch of the di↵erent
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growth scenarios is presented in the upper panel of Fig. 3.17 (b). A too low growth
pressure leads to an interfacial FeO-like layer, whereas the same pressure leads to the
formation of Fe3O4 for thicker films. In turn, if the pressure is chosen adequately to form
Fe3O4 near the interface, Fe2O3 is formed in the ‘bulk’ film. To prevent the formation
of Fe2O3 as a bulk film material, a certain pressure variation has to be applied.
HAXPES depth profiling of a 12 nm thick film (sample G), which was fabricated using

a pressure variation during growth, is shown in Fig. 3.17 (c). For all probing depths the
spectra are virtually identical, which confirms a homogeneous film composition in vertical
direction. This is positively influenced by varying the growth pressure. Note that the
intensity di↵erence at the higher binding energy side is due to inelastically scattered
background electrons that depend on the measurement geometry.
From this study it can be concluded, that a pressure variation during growth reduces

a FeO-like interface layer, which forms otherwise due to a smaller lattice mismatch.

3.8 Summary and outlook

The successful growth of Fe3O4/ZnO was accomplished by both MBE and PLD. By tun-
ing the oxygen pressure correctly, HAXPES depth profiling clearly indicates a uniform
Fe3O4 film phase. The absence of RHEED oscillations indicates an island-like growth
mode with an in-plane registry of the individual islands that tend to coalesce for thicker
films. Structurally the films are nearly completely relaxed as probed by XRD. Although
the films show a slight o↵-stoichiometry, the Verwey transition could be identified for
PLD grown films. The island-like growth mode most probably produces a high density
of anti-phase boundaries that lower the overall magnetic moment and lead to a slow
magnetization behavior. STEM studies by Paul et al. and x-ray magnetic reflectivity
studies by Brück et al. showed that the interfaces of these heterostructures exhibit only
minor disorders and should not hinder spin injection [148, 149].
Future work should include attempts to raise the magnetic moments of these films.

One way of accomplishing this could be a post-oxidation and annealing procedure to heal
out possible defects. However, a more detailed STEM study is required to, e. g., map
the densities of the APBs altered by these procedures. Furthermore, the influence of
the ZnO surface termination was disregarded completely. However, spin di↵usion across
the Fe3O4/ZnO interfaces may depend on the termination of ZnO. Most important
is to test the spin injection capability of these heterostructures. As a starting point,
photoemission could give valuable information on the band alignment of these structures
and will reveal whether spin injection is feasible at all. For this, doping of ZnO might
be a crucial parameter. The degree of spin polarization of the film material, too, can be
probed by spin-resolved HAXPES, as this is strongly influenced by strain and depends
on crystalline directions. Furthermore, four-probe transport measurements similar to
those done by Li et al. [106] or spin-dependent MOKE measurements can give insight
to the degree of spin polarization achievable in ZnO.
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4 LaAlO
3

/SrTiO
3

– growth
conditions and interface electron
system

Abstract

Heterostructures consisting of the two band insulators LAO and STO exhibit a
conducting interface above a critical LAO overlayer thickness. An explanation
for the thickness dependence of the conductivity is given by the so-called elec-
tronic reconstruction. The transfer of half an electron per unit cell counteracts
the potential build-up owing to the polarity of LAO. However, also extrinsic ef-
fects like oxygen vacancies, intermixing and o↵-stoichiometry play a certain role
and may even dominate depending on the preparation conditions. In this study,
the influence of the growth conditions on the structural and interfacial properties
is analyzed. A change of the growth kinetics was observed for high background
pressures, which resulted in macroscopically insulating samples originating most
probably from a higher degree of disorder within the film. The amount of charge
carriers and the spatial extension of the conducting layer strongly depend on the
amount of oxygen provided during growth. Post-growth oxidation proved to be
essential for a further study of intrinsic sample properties.

4.1 Introduction to perovskite oxides

Perovskite oxides show a vast variety of di↵erent physical phenomena including insu-
lating or conducting behavior, various forms of magnetism, or even superconductivity.
Nonetheless, they all exhibit the same crystal lattice structure, which is known as the
perovskite structure and is displayed in Fig. 4.1. The unit cell of the ABO3 structure
is formed by two di↵erent types of cations A and B, and oxygen as the anion, which is
located on the face center position of the cube. The A-site cations are at the cube cor-
ners and the B-site cations are at the body center position. Alternatively, this structure
can be described as a layered system formed by alternating AO- and BO2-planes, which
directly leads to the possibility of two surface terminations depending on the first layer
being the A-cation or the B-cation layer.
The physical properties depend on di↵erent factors and can be influenced in various

ways: (i) For both cations, A- and B-sites, various elements can be chosen, mostly
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Figure 4.1: Perovskite lattice structure of type ABO3. Space group: Pm3̄m.

group II or group III elements for the A-site and period 3 to 6 elements for the B-
sites. Although charge neutrality of the ABO3 compound must be fulfilled, a multitude
of combinations can be realized and the physical properties vary tremendously. (ii)
Due to di↵erent cation sizes, distortions can arise between the AO- and BO2-planes.
Those can lead to electric dipole moments, which can result, e. g., in ferroelectricity, as
is the case for BaTiO3 [150]. (iii) While the charge neutrality of our world demands a
charge-neutral unit cell (uc), this does not have to be the case for the individual AO- and
BO2-planes. Thus, non-polar and polar perovskites can be defined. The polar structures
were classified by Tasker et al. according to their dipole moment and a resulting stability
or possible required reconstruction [88]. In this context, e. g., STO, which is formed by
neutral (SrO)0 and (TiO2)0 planes, can be described as a type 1 structure, whereas
LAO, which consists of charged (LaO)+ and (AlO2)� layers, is classified as type 3 with
charged planes and a net dipole moment perpendicular to the surface, requiring surface
reconstructions.⇤

Changing the composition of a material system or combining two materials is one way
to artificially manipulate their physical properties. An example is doping of LaTiO3.
The successive substitution of La by Sr leads to a metal-insulator transition (MIT) [151].
For the combination of materials with di↵erent properties the perovskite oxides provide
an excellent playground, since the likewise lattice structure comes along with only small
di↵erences in the lattice constants (⇠ 3.7 Å-4.2 Å). Symmetry breaking at interfaces is
another e↵ect that may lead to new physical phenomena.
The materials under investigation in this chapter are LAO and STO. The former is a

wide band gap material (Egap=5.6 eV) with a rhombohedrally distorted pervoskite struc-
ture (a, b=5.366 Å; c=13.112 Å). The distortions are caused by an antiphase rotation

⇤Within this classification, single crystals were assumed to exhibit a (001)-oriented surface.
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of the oxygen octahedra. At about 813K a phase transition occurs to an ideal cubic
structure [152]. Pristine STO exhibits a band gap of 3.2 eV and a lattice constant of
3.905 Å. Its cubic crystal structure, an easy control of its surface termination and not
least its vast availability make it often used as a substrate for oxide heterostructures.
At 110K, STO undergoes a phase transition from cubic to tetragonal caused by a tilt
in the oxygen octhahedra [153].

4.2 Conducting interface of LaAlO3/SrTiO3

One of the most striking observations in this field has been the discovery of a conducting
interface between the two band insulators LAO and STO by Ohtomo and Hwang in 2004
[15]. Conductivity only occurs, if more than three unit cells of LAO are grown on TiO2-
terminated STO (n-type), whereas films grown on SrO-terminated STO (p-type) remain
insulating independent of their thickness [15, 17]. This finding triggered tremendous
e↵orts to explain this behavior from a theoretical and an experimental point of view.
Further experiments showed that the ground state could exhibit either superconducting
or magnetic behavior, strongly depending on the growth conditions and the after-growth
treatment [154, 155]. Most recently it was reported that in the ground state both
superconductivity and ferromagnetism coexist [16, 156]. Post-oxidation was found to
trigger superconductivity, independently of the growth conditions [157]. To explain the
thickness-dependent MIT an electronic reconstruction caused by the polar character of
LAO was proposed [18, 158].
As shown in Fig. 4.2 the successive stacking of the polar (LAO)+ and (AlO2)� planes

leads to a potential build-up, if no reconstruction is assumed. In this unreconstructed
scenario, the potential diverges for infinitely thick LAO films. To overcome this e↵ect,
the model proposes the transfer of 0.5 e� per 2D unit cell from the surface to the interface,
which avoids the potential build-up. The charge transfer is highlighted in grey in the
drawing and is here realized as additional charge in the first TiO2 layer of the STO.
This results in a vanishing potential outside the crystal. However, this will only happen,
if hosting of extra electrons at the interface is energetically more favorable than the
potential build-up. Hence, in the ideal case, the states at the valence band maximum of
LAO have to be shifted towards the Fermi energy by the potential gradient across the
LAO overlayer until charge can be transferred to empty states at the conduction band
minimum of STO at the interface.
Density functional theory (DFT) was used by serveral groups to investigate this phe-

nomenon [159–162]. However, care has to be taken when comparing theory to experi-
ment. In general, periodic boundary conditions are used for DFT calculations. These do
not allow for a potential built-up over the entire supercell. One approach is to construct
the supercell in such a way that it exhibits two n-type interfaces by assuming (m + 1)
LaO and m AlO2 layers as well as (n+1) SrO and n TiO2 layers. This approach su↵ers
from the drawback that an additional electron is automatically put into the system.
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Figure 4.2: Schematics of the electronic reconstruction adopted from Hwang et al. [18]. The transfer
of half an electron from the surface to the interface avoids the potential build-up.

Nonetheless, information can be gained on the spatial distribution of this electron. An-
other approach is to include a vacuum space within the supercell and account for the
potential by either a dipole correction or a mirror plane. By this means, the potential
build-up and the electronic re-construction can be simulated. Using a vacuum space
in the supercell, Pentecheva et al. calculated the layer-resolved density of states for
LAO/STO [161]. They found a crossing of the valence band maximum in LAO and the
conduction band minimum in STO at around five monolayers. Their calculations derive
a shift of 0.4 eV per layer of the LAO bands. From simple electrostatics, a potential
build-up of 0.9 eV per layer is calculated. By contrast, in experiments such a potential
gradient, i. e., a shift of the bands, has not been observed. Core-level photoemission
studies showed shifts below 0.1 eV and thus much smaller as assumed in the electronic
reconstruction model [163, 164].
In principle, the electronic reconstruction scenario should be applicable for both n-

type and p-type interfaces, resulting in the former case in electron-mediated, in the
latter case in hole-mediated conductivity at the interface. However, p-type interfaces
are insulating. Extending the picture of the electronic reconstruction by taking oxygen
vacancies into account, the vanishing band gradient and the insulating behavior of the p-
type interface may be explained. p-type interfaces would acquire stabilizing holes within
the first STO layers to screen the dipole moment, but the electron-hole asymmetry makes
other reconstructions like intermixing or oxygen vacancies energetically more favorable
[15, 165, 166]. Zhong et al. calculated the formation of oxygen vacancies to be more
favorable in the interface for p-type interfaces, whereas for n-type interfaces, formation
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energies were smallest at the LAO surface. Li et al. calculated the spatially resolved
density of states for LAO/STO assuming oxygen vacancies at the LAO surface [167].
They found flat band behavior of the LAO bands in the case of 0.25 oxygen vacancies per
unit cell area. Furthermore, it was found that the formation energy of these vacancies
strongly depends on the LAO overlayer thickness itself, which may explain the thickness
dependence of the conductivity.
A completely di↵erent explanation deals with the activation of in-gap states at the

interface by an induced polarization in the STO caused by the LAO overlayer [168]. As
LAO is a ‘pseudo’-perovskite with a rotation of the oxygen octahedra, this rotation could
be induced in the STO above a certain LAO overlayer thickness. These induced rotations
might result in a polarization of the STO. First hints for an induced polarization are
given by experiments using second harmonic generation [169, 170]. Such a polarization in
the STO might change the local band structure at the interface and lead to conductivity.
Both explanations, the induced polarization and the electronic reconstruction, can be
seen as intrinsic e↵ects to avoid the polar catastrophe.
However, extrinsic e↵ects caused by the fabrication process are also discussed and

have to be taken into account at least for samples grown at certain growth conditions.
Heating of STO in vacuum causes the formation of oxygen vacancies, which are discussed
as a possible explanation for conductivity in LAO/STO by several groups [171–173].
Moreover, sputtering processes during growth can lead to interface intermixing, i. e., La-
Sr interdi↵usion which would form a LaxSr1�xTiO3 layer. For a high enough intermixing
ratio conductivity can be expected [174–177]. Neither of the two latter explanations can
account for the presence of a critical film thickness and therefore they are not conclusive.
From an experimental point of view, several e↵orts have been carried out to fur-

ther characterize the conductive layer in LAO/STO. From Hall e↵ect measurements the
charge carrier density is determined to be about 1013 e�/cm2, which is smaller than
expected from the electronic reconstruction model. The Ti 3d character of the charge
carriers and the thickness of the conducting layer of only a few unit cells is measured
using HAXPES and resonant inelastic x-ray scattering [178, 179]. The carrier density
derived by HAXPES is higher compared to the one derived from Hall measurements,
suggesting the presence of two types of carriers, namely localized and delocalized. Lo-
calized carriers are not accessible in transport. The existence of di↵erent subbands is
also derived in DFT calculations [160]. Bert et al. link these two types of carriers to
the coexistence of superconductivity and ferromagnetism [156]. Resonant PES and soft
x-ray PES find in-gap states with a Ti 3d character in the STO [180, 181]. XAS mea-
surements show that the degeneracy of the Ti 3d states is removed, making the Ti 3dxy
levels the first available states for conducting electrons [182].
However, care has to be taken when interpreting and comparing results of di↵er-

ent groups. Small changes in the preparation conditions like substrate temperature or
background pressure seem to have a tremendous influence on the sample properties.
Brinkman et al. showed the influence of total oxygen pressure on the sheet resistance
[155]. As shown in Fig. 4.3, the sheet resistance varies by several orders of magnitude.
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Figure 4.3: Sheet resistance of LAO/STO: Dependence on the oxygen partial pressure taken from
Brinkman et al. [155]. Accordingly, sample properties like magnetism or superconductivity strongly
depend on the preparation conditions.

For low resistances, the conductivity mechanism seems to be oxygen-vacancy-mediated
as the same behavior can be found for oxygen-deficient STO [183]. For a higher growth
pressure, sample properties tend to show magnetic or superconducting behavior. Dikin
et al. reported the coexistence of ferromagnetism and superconductivity in their sam-
ples which were grown at a oxygen pressure of 10�3mbar [16]. The ferromagnetism, they
attribute to the Ti ions, the superconductivity to oxygen vacancies. Note that they did
not apply any post-oxidation procedures.
Aruta et al. studied the changes in the plasma plume composition at di↵erent back-

ground pressures during the ablation of LAO and LaGaO3 [184]. They find a dra-
matic drop in the kinetic energy of all plume constituents for a background pressure of
10�1mbar at a target-to-sample distance of 50mm. Furthermore, the plume particles
start to react with the background gas at pressures higher than 10�1mbar, which leads
to the oxidation of the La atoms in the plume. Oxygen supply is not only given by the
background gas, but also by the substrate as was discussed by Schneider et al. [107].
They used substrates containing 18O and find high in- and out-di↵usion rates for STO,
while the di↵usion rates in LAO were comparably low.
In this context, the influence of the total background pressure during the PLD pro-

cess, which mainly determines the growth kinetics, and influence of the oxygen partial
pressure, which primarily a↵ects the oxygen stoichiometry, on the electronic interface
properties, are studied in this thesis. To this end, samples were grown at di↵erent oxy-
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gen partial pressures and additionally in a mixed O2/Ar atmosphere. As some reports
emphasize the importance of a post-oxidation procedure, the influence of this procedure
was analyzed as well. Structural analysis was done by RHEED, AFM and XRD to verify
the quality of the samples. Furthermore, STEM and EELS measurements were carried
out to check for di↵erences between the samples on a microscopic scale. HAXPES was
applied to analyze the microscopic chemical and electronic structure of the interface and
the results were contrasted with standard electric transport measurements providing
information on the macroscopic interface properties.

4.3 SrTiO3 substrate preparation

Conductivity in LAO/STO was only found when LAO is grown on TiO2-terminated
STO. Precisely controlling the surface termination is di�cult, because for most per-
ovskites the energetics for both terminations di↵er only slightly. STO, NdGaO3 and
lately also DyScO3 are the only perovskite materials where the termination can be con-
trolled accurately [185–187]. All STO substrates (Crystec, Germany) used throughout
this work were treated according to the protocol given by Koster et al. [185]. To
achieve a TiO2 termination, substrates were cleaned with organic solvents followed by
a 30-minute immersion in deionized water using ultrasound. This latter step causes
the hydroxylation of SrO. The Sr(OH)2 complexes were washed away by a 30-second
rinse in NH4-HF. Finally, the samples were annealed ex situ in a tube oven at 950�C in
150ml/min flowing O2 for 90min.

Figure 4.4: AFM images of STO substrates: (a) with a perfect TiO2 termination showing parallel
steps. (b) and (c) with rectangular features at the step edges indicating a mixed termination. (d)
height profile of the STO substrate shown in (a). The step height corresponds to the height of 1 uc.

A typical AFM image of a treated STO substrate with a perfect TiO2 termination
is displayed in Fig. 4.4 (a). Characteristic is a terrace step height of one unit cell and
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parallel step edges with only little wobbling. From the height profile shown in Fig. 4.4 (d)
the average terrace step height is determined to be (0.4±0.1) nm, which corresponds to
the out-of plane lattice constant of STO. Termination switches would lead to step heights
of half a unit cell and a change in the friction force, which was not observed by AFM.
For mixed or SrO-terminated surfaces the morphology changes and rectangular edges
are observed as shown in Fig. 4.4 (b) and (c) [185, 188]. However, there is no established
process to obtain a perfect SrO-termination. The standard way of achieving a SrO
termination is growing one monolayer of SrO on TiO2-terminated STO.

4.4 Film growth and structural characterization

All LAO/STO samples were grown by PLD in the MESA+ laboratory at the University
of Twente. Growth conditions were as follows: the laser fluency was 1.3 J/cm2, the
laser frequency was 1Hz and the substrate temperature was 850 �C. LAO was ablated
from a single crystalline substrate (Crystec, Germany). The growth was monitored via
RHEED with the oscillations of the (0,0) spot intensity being used to control the film
growth. LAO thickness was varied between 2 uc and 6 uc. Special care was taken to
control the oxygen partial pressure and the total growth pressure. Samples were grown
at three di↵erent oxygen partial pressures, namely 10�1mbar (HP), 10�3mbar (MP)
and 10�5mbar (LP). For the samples grown in a mixed atmosphere, a certain oxygen
partial pressure (e. g., 10�3mbar, denoted by MP MIX) was applied, while Ar was used
as inert gas to achieve the desired total pressure of 10�1mbar. Post-growth oxidation
(denoted by O) was done during cool-down at a temperature of 600 �C in pure oxygen
atmosphere (400mbar) for 1 h [17, 157].

Figure 4.5: RHEED (a) pattern of the substrate surface before growth, (b) oscillations during growth
monitored for the (0,0) reflex indicating perfect layer-by-layer growth, and (c) pattern after the growth
of the film. Marked are the Kikuchi lines in (a) and (c).

A RHEED analysis typical of these samples is presented in Fig. 4.5. The RHEED
pattern of the TiO2-terminated substrate, which is shown in Fig. 4.5 (a), reflects the
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smooth surface of the substrate. Strongly visible are the (0,0), (0,1) and (0,1̄) Bragg
spots, which lie on the first Laue circle. Additionally, the presence of the curved Kikuchi
lines (marked in Fig. 4.5), which are only visible when the background noise is low,
indicates a highly ordered and clean surface [34]. The oscillations of the spot intensity
occurring during growth are shown in Fig. 4.5 (b). Six regular oscillations are observed,
which point to perfect layer-by-layer growth [34]. Moreover, small intensity variations
are visible on top of each oscillation. They are caused by the instantaneous deposition
of a certain amount of new material and thus occur every second, corresponding to the
laser repetition rate.⇤ A growth rate of 16.6 pulses/uc was inferred. After growth, the
2D spots still dominate the RHEED pattern in Fig. 4.5 (c). Although the background
noise is slightly enhanced and the pattern is a bit more streaky, the Kikuchi lines are
still visible and stand for a well-ordered and perfectly flat film surface.

Figure 4.6: RHEED and AFM characterization of growth at HP: (a) RHEED intensity showing no
regular oscillations, (b) RHEED pattern after growth and, (c) AFM image showing a perfect 2D film
surface. The AFM image is representative of all LAO/STO films of this study.

The samples grown at a total pressure of 10�1mbar are an exception in this con-
text. No regular oscillations can be monitored during growth for these samples (see
Fig. 4.6 (a)). The intensity starts to decrease, as is also the case for the other samples,
but oscillations tend to die out rapidly and can not be linked to the formation of a
monolayer. Nevertheless, the RHEED pattern of the film taken after growth, which is
displayed in Fig. 4.6 (b), indicates a 2D surface with a comparably high quality. This is
confirmed by the AFM image in Fig. 4.6 (c), which exhibits perfect single step terraces
and a flat surface. The AFM image is representative of all LAO/STO films throughout
this work. The lack of RHEED oscillations is most probably not caused by the increased
attenuation of the electron beam at high pressures as the main spot still exhibits a com-
parably high signal-to-noise ratio [188]. It seems to be more likely that either the step
density does not change during growth, which would point to a step-flow growth mode,
or that there is a higher degree of disorder during growth, which hinders the observation

⇤Note that these jumps would not be present for MBE growth, as the material flux is constant.
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of the oscillations. Higher disorder may be caused by changes in the plasma plume com-
position, namely the loss of kinetic energy and the oxidization of the particles according
to the observations of Aruta et al. [184]. This would also influence the nucleation on
the substrate.

Figure 4.7: (a) X-ray reflectivity measurements of the LP, MP and HP LAO/STO films confirm the
thickness of the film grown at HP. (b) XRR spectrum and spectral fit of the MP sample. A thickness
of (6.0±0.5) uc is derived.

Growth rates for all films fabricated at 10�1mbar were calibrated by the samples
grown at a lower pressures, and thicknesses were confirmed by XRR. In Fig. 4.7 (a),
XRR scans for the LP, MP, and HP samples are displayed. As the thickness of the
films is only 6 uc, strong oscillations, as were observed for the thick Fe3O4/ZnO films
shown in Sec. 3.6.1, cannot be expected since their period and intensity directly scale
with the thickness. However, the curves show only little variation, which confirms a
similar thickness of all films. A representative fit is exemplarily shown in Fig. 4.7 (b) for
the MP sample. Best fit parameters give a film thickness of 6.0±0.5 uc, and a surface
and interface roughness of <2 uc. Furthermore, the film thickness was confirmed for all
samples grown at di↵erent pressures by STEM analyses.

4.5 Transmission electron microscopy and
electron-energy loss spectroscopy

The microscopic properties of the samples were studied using scanning transmission elec-
tron microscopy (STEM) and electron-energy loss spectroscopy (EELS). Measurements
were carried out by the group of J. Verbeeck at the Institute for Electron Microscopy
for Materials Research at the University of Antwerp. Details on the technique can be
found elsewhere [189, 190]. Quality checks of LAO/STO by STEM are commonly done
throughout the literature [154, 158, 191]. For high-quality heterostructures, an abrupt in-
terface together with a comparably low intermixing ratio was found. A general drawback
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of STEM is that light elements cannot be imaged due to their low mass. This drawback
was overcome by Jia et al. using aberration-corrected ultra-high resolution transmission
electron microscopy [1]. Cross-sectional EELS can give spatially resolved information
on the atomic composition and their valence states. The results for LAO/STO di↵er
strongly in the literature, going from the observation of a Ti3+ layer near the interface
[158], which even depends on the growth pressure [173], to no changes of the Ti valence
state near the interface [192].

Figure 4.8: HAADF-STEM: (a) LP, (b) MP, and (c) HP samples showing epitaxial quality and a
thickness of 6 uc for all films. The red circles in (c) highlight the atomic rows which are less intense and
hint at a higher intermixing ratio.

The high angle annular dark field (HAADF) STEM images of the LP, MP and HP
samples are displayed in Fig. 4.8 for a comparison. For STEM images taken in the
HAADF mode, the brightness I of the atoms on a black background increases with the
nuclear charge number (I ⇡ Z2) [193]. The viewing direction is parallel to the [001]
direction of the STO. Going from left to right one observes in Fig. 4.8 (a) at first an
amorphous platinum layer, which is deposited during the preparation of a lamella, fol-
lowed by the sample itself. For the HP sample, an additional carbon layer was deposited
on the film surface (see Fig. 4.8 (c)), as this reduces the surface damage compared to
the direct deposition of platinum. For all three films, one can clearly di↵erentiate the
LAO film from the STO substrate with La and Sr giving the strongest contrast of the
film and the substrate due to the HAADF technique used. Disregarding the surface
quality, which is strongly influenced by the deposited platinum and carbon, all films are
coherently strained to the substrate forming a sharp interface with no obvious defects
or dislocations. Furthermore, the film thickness proved to be identical for all samples.
Both the LP sample in panel (a) and the MP sample in panel (b) exhibit darker and
brighter patches in the STO itself, which could be caused during the preparation of the
lamella or by an additional carbon contamination. The red circles at the interface region
of the HP sample in Fig. 4.8 (c) indicate atomic rows with a higher intensity variation
not present in the other two samples. This could be a sign for an enhanced intermixing
ratio or for roughness at the interface.
Intensity cross-sections of the HAADF images, which were integrated parallel to the
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Figure 4.9: Intensity cross-sections of the images displayed in Fig. 4.8: (a) LP, (b) MP, and (c) HP
samples. The interface appears to be less sharp for the MP sample. A drop of intensity is present for
all samples in the substrate near the interface.
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interfaces, are presented in Fig. 4.9 for all three samples. The strongest peaks could be
identified to originate from the La atoms in the film and the Sr atoms in the substrate.
Note that the cross-section for the LP sample in panel (a) is taken for a wider range,
i. e., reaches deeper into the STO. For all samples an intensity variation is present in
the substrate itself, which is most pronounced for the LP sample. The overall intensity
drops going from the substrate deep in the bulk to the interface region (12 -2 nm), while
the sharpness and the signal-to-noise ratio for the Sr atoms is not a↵ected. The intensity
decrease results from a ‘darker’ region within the substrate which can also be seen in
Fig. 4.8 (b). The origin of this layer has not yet been understood. On the one hand,
it could be caused by the fabrication process of the lamellae, by either the thinning
of the sample or the deposition of the platinum. On the other hand, it could be a
hint for strain e↵ects originating from the film reaching into the substrate. If this was
the case, these e↵ects have to be taken into account when interpreting the macroscopic
sample properties. Furthermore, the arrows in each image label the atoms that cannot
be attributed to either La or Sr. This gives a certain measure for the interface sharpness
which is best for the LP and the HP sample. For the HP lamella, there are also Ti atoms
visible showing up as small bumps in between the Sr atoms. The Ti atoms cannot be
observed for the other two samples due to a slight misalignment during the measurement.

Figure 4.10: Intensity cross-sections recorded at di↵erent spots for the HP sample. Although the
intensity profiles of the substrate are virtually identical, variations can be seen within the film pointing
to a higher degree of disorder.

For the HP sample, intensity cross-sections of di↵erent regions in the STEM image
are shown in Fig. 4.10. While within the substrate the intensity is virtually identical,
there are strong variations within the film for di↵erent cross-sections. As the signal
is produced by a column of La atoms that is perpendicular to the cross-sections, this
indicates a higher degree of disorder or missing La atoms in these columns. As Al
atoms are not visible, speculations on the La/Al ratio cannot be made at this point.
Nevertheless, it is in line with the absence of RHEED oscillations for this film and
support the above conjecture of an enhanced degree of disorder within the film for the
HP sample.
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Figure 4.11: Electron-energy loss spectra at the Ti L-, O K-, and La M-edges for (a) LP, (b) MP, and
(c) HP samples.

STEM-EELS measurements were performed by scanning across the interface with
atomic resolution. A graphical representation of the TiL2,3-, OK-, and LaM4,5-edges
going from left to right is shown in Fig. 4.11. The energy resolution is about 1 eV.
Note that the color scale is not absolute, which hinders a sample-to-sample comparison.
The purpose was to characterize the sharpness of the interface and the di↵usion for the
individual atoms. The edge onsets from the literature are 455 eV, 532 eV and, 832 eV
for TiL2,3, OK, and LaM4,5, respectively. The stripy pattern which can be observed
for all samples and all loss lines is due to the scanning direction being perpendicular to
the interface. For all samples, some La and Ti interdi↵usion was observed, being in the
range of 1 uc in both cases. The Ti di↵usion is less for the HP sample. When trying to
relate the changes in growth pressure to intermixing ratios, no clear trends between the
samples can be seen.
In Fig. 4.12, the TiL2,3-edge is displayed for the MP sample. Spectra were taken

using a monochromator with an energy resolution of ⇠ 0.55 eV at three di↵erent points:
near the LAO film (red), deep in the STO substrate (blue) and in between (green). All
spectra are virtually identical. The spectra exhibit four peaks being a fingerprint for
the 4+ valence state of Ti. Note that near the interface within the resolving power of
TEM-EELS no Ti3+ can be observed either. This is in line with Ref. [192] for samples
that were prepared using the same recipe.

70



4.6 Extrinsic and intrinsic interface e↵ects

Figure 4.12: Electron-energy loss spectra at the Ti L2,3-edge of the MP sample. Three spectra were
recorded at di↵erent distances to the interface. No indications for Ti3+ can be observed.

Maurice et al. investigated samples grown at di↵erent growth pressures, namely
10�6mbar and 0.4mbar [173]. They found 3D relaxation mechanisms in the high-
resolution TEM images of the 0.4mbar sample, which ended in island growth clearly
visible in AFM as well. However, this cannot be observed for the HP sample under in-
vestigation in this study, neither by means of STEM nor AFM. Kalabukov et al. carried
out medium-energy ion spectroscopy (MEIS) and STEM on samples grown at 10�4mbar
and 5·10�2mbar [177]. By analyses of intensity cross-sections, they find a lower inter-
mixing ratio together with a sharper interface for the sample grown at a higher pressure.
Furthermore, they find a higher background intensity for the LAO which is grown at
high pressure, which could be interpreted as a higher degree of disorder in the film. The
studies of Jia et al. go beyond the analyses of the samples presented in this chapter
[1]. They find a rotation of the oxygen octahedra not only in the LAO, but also in the
interface-near layers of the STO, giving rise to a ferroelectric dipole moment for samples
grown at 10�3mbar. Further analyses in this direction may reveal whether the theory
regarding the polarization of STO due to induced octahedral rotations by LAO are at
play.
In summary, the studies show that all samples are grown epitaxially and no larger

disorder or second phase formation can be observed when LAO is grown in the pressure
range of 10�1-10�5mbar. Furthermore, it seems that some interdi↵usion is always present
for these heterostructures. A di↵erentiation between the samples is di�cult; however, a
higher degree of disorder in the film compared to the substrate may be present in the
HP samples found in the STEM cross-sections.

4.6 Extrinsic and intrinsic interface e↵ects

To further investigate the interfacial properties of the samples grown under di↵erent
conditions, van-der-Pauw conductivity measurements were carried out using a standard
four-probe cryostat [194]. These measurements were compared to bulk sensitive HAX-
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Figure 4.13: Conductivity of LAO/STO thin films grown (a) in pure oxygen atmosphere, (b) in a
mixed O2/Ar atmosphere, and (c) of post-oxidized samples. For further explanations see text.

PES measurements which proved to give valuable information on the chemical structure
of buried layers and interfaces [48, 178]. A detailed analysis of the core-levels allows
for an identification of the atoms that host possible extra charge carriers. In contrast,
the valence band is formed by the orbitals of all elements in the heterostructure, which
makes a detailed identification of the charge-hosting element more di�cult. In the case
of LAO/STO, additional electrons in the STO lead to a valence change of the Ti ions
from 4+ to 3+. This valence change results in a chemically shifted Ti 2p doublet for
emission from the Ti3+ states. The HAXPES measurements were carried out at beam-
line BW2 at HASYLAB (DESY), Hamburg [195]. The resolution was determined from
the Au 4f core-levels to be �E<0.6 eV for the used photon energy of 3.5 keV. All samples
were measured without any surface preparation at room temperature.

Pure oxygen atmosphere

The influence of the oxygen partial pressure for samples grown in pure oxygen at pres-
sures of 10�1 (HP), 10�3 (MP), and 10�5mbar (LP) was analyzed. The strong e↵ect on
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Figure 4.14: HAXPES of LAO/STO thin films; the left panel shows the entire Ti 2p spectra. The right
panels show a close-up to the Ti3+ region of the Ti 2p3/2 peak for samples grown (a) in pure oxygen
atmosphere (6 uc LAO/STO), (b) in pure oxygen atmosphere (2 uc LAO/STO), (c) in a mixed O2/Ar
atmosphere (6 uc LAO/STO), and (c) post-oxidization of 6 uc LAO/STO samples. Further explanations
see text.

the conductivity becomes obvious from Fig. 4.13 (a). The MP samples exhibit a critical
thickness regarding conductivity, i. e., the 2 uc sample is insulating while the 6 uc sample
is metallic. The conductivity is within the range given also by other groups for high-
quality LAO/STO samples [17, 155]. The HP samples are insulating independently of
their thickness. In contrast, LP samples are highly conductive for any thickness. Note
that the conductivity is four orders of magnitude higher compared to the MP samples.
The transport data is now contrasted to the Ti 2p core-level data. The entire spec-
trum is shown in the left panel of Fig. 4.14, exhibiting the spin-split 2p1/2 and 2p3/2
peak at energies of 465.6 eV and 459.9 eV, respectively. On the lower binding energy
side a small structure is visible corresponding to the chemically shifted Ti3+ component
(�E=2.2 eV) of the 2p3/2 peak. This feature is also present for the 2p1/2 peak, but as
the intensity scales with the respective Ti4+ 2p1/2 peak, it is hardly visible. Any further
discussion of the HAXPES data will be based on the intensity of the Ti3+ 2p3/2 peak,

73



4 LaAlO3/SrTiO3 – growth conditions and interface electron system

which is shown for the 6 uc and the 2 uc samples in Fig. 4.14 (a) and (b), respectively.
For comparison, a STO reference that exhibits only Ti in the 4+ valence state is shown
as well. The contribution of Ti3+ scales in inverse proportion to the growth pressure.
Independently of the thickness, both the 2 uc and the 6 uc LP sample exhibit a larger
amount of Ti in the 3+ valence state. This is probably due to the higher amount of O
vacancies that provide the electrons in these samples, seen in both transport and HAX-
PES. The HP samples are insulating and exhibit little to no Ti3+, independently of the
overlayer thickness. In the case of the MP samples, the Ti3+ intensity strongly depends
on the overlayer thickness, being reduced for the 6 uc film compared to the LP samples,
but stronger for the 2 uc samples compared to the HP samples. The finding of Ti3+

in the insulating samples grown at MP may point to the presence of localized carriers
in the MP samples, which cannot be detected in transport [156, 160]. Going from the
thickness-dependent conductivity of the MP samples to an overlayer-independent con-
ductivity of the LP samples, it can be concluded that at least two di↵erent mechanisms
are e↵ective in the generation of conductivity for these two pressure regimes.
Maurice et al. and Aruta et al. also found samples to be insulating when grown

at 0.4mbar and at 10�1mbar, respectively [173, 184]. Maurice et al. explained this
with structural defects in the film, which would result in an enhanced surface roughness,
whereas Aruta et al. discussed changes in the plasma plume as a possible explanation for
a higher disorder in the film. From our RHEED patterns and AFM images we cannot
confirm a higher surface roughness of our samples in general. However, the lack of
RHEED oscillations and the STEM images for films grown at high pressures could indeed
hint at a somewhat distorted film structure. In contrast, Aruta et al. found samples
grown at about 10�2mbar to be conducting [196]. However, in this case, the sample-
to-target distance was lowered from commonly >50mm to about 30mm. Reducing the
sample-to-target distance counteracts the e↵ects of the high growth pressure, namely the
enhanced oxidization of the plume constituents and the enhanced loss of kinetic energy
of the plume particles.

High-pressure growth in mixed atmosphere

To disentangle the e↵ects of the oxygen partial pressure and the total growth pressure,
samples were grown in a mixed O2/Ar atmosphere. The oxygen partial pressure was
chosen to be 10�3mbar (MP MIX) and 10�5mbar (LP MIX). The total pressure of
10�1mbar was achieved by backfilling the PLD chamber with Ar. In Fig. 4.14 (c), HAX-
PES spectra of samples with a 6 uc thick LAO overlayer, grown either in pure oxygen or
in a mixed atmosphere at the same O2 partial pressure, are compared. The Ti3+ parts
of the spectra, corresponding to the same O2 partial pressure but to a di↵erent total
pressure, lie on top of each other. Apparently, the amount of Ti3+ only depends on the
oxygen partial pressure and with that on the oxidation potential during the deposition.
However, an equivalent statement does not hold when it comes to the sheet resistances.
On the one hand, the resistance curves of the LP MIX and the LP samples are con-
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gruent in Fig. 4.13 (b) and exhibit both metallic behavior. On the other hand, the MP
MIX sample is insulating, whereas the MP sample is metallic. It should also be noted
that the resistances of the LP samples are several orders of magnitude lower than the
resistance of the conducting MP sample, while the amount of Ti3+ of the LP compared
to the MP sample varies by a factor of about 1.5 only. Thus, it can be concluded that
it is essentially the oxygen partial pressure that controls the amount of charge carriers
in this regime, but that the number of charge carriers does not alone determine the
electric transport properties. The oxygen partial pressure may a↵ect the amount of
oxygen vacancies in the ‘bulk’ STO substrate, the STO substrate surface, and the LAO
film. The influence of the total pressure on plume and growth kinetics is restricted to
the STO substrate surface and the LAO film. Thus, it is plausible to assume that the
thickness of the conducting region is di↵erent for the LP/LP MIX and the MP/MP
MIX samples. In the case of the LP samples, the conducting zone apparently reaches
from the interface well into the STO substrate, being insensitive to all e↵ects which are
restricted to interface and overlayer and controlled by the total pressure. If this is due
to oxygen vacancies in the entire STO substrate, the discrepancy between the measured
Ti3+ in spectroscopy and the carrier density in the Hall data will be caused by the finite
probing depth of HAXPES (see Tab. 4.1). In contrast, the charge carriers contributing to
transport are confined to the interface region of the STO substrate for the MP samples.
Here, the conductivity does not simply scale with the amount of charge carriers, but is
strongly influenced by other factors which might be intrinsic or extrinsic in nature such
as a modified electronic structure at the interface or any kind of defects. The latter ap-
parently applies to the non-conducting MP MIX samples where the interface roughness
may be slightly enhanced and the overlayer somehow distorted due to the growth at a
high total pressure of 10�1mbar. From this series it can be concluded that it is mainly
the high background pressure and with that the growth kinetics that destroys interface
conductivity.

Post-oxidation

The results of post-oxidation (O) on sheet resistance and on Ti3+ spectral weight are
displayed in Fig. 4.13 (c) and Fig. 4.14 (d), respectively. Regarding the latter, the salient
observation is that independently of the treatment history, all samples show the same
amount of Ti3+ after post-oxidation. Note that this Ti3+ amount is reached in both
directions, i. e., by an increase or by a decrease of the initial Ti3+ amount present in the
non-oxidized samples. The fact, that it is distinctly more than in the HP sample is all the
more striking, because the O2 partial pressure during post-oxidation exceeds the highest
growth pressure by more than three orders of magnitude, while the temperature is only
moderately reduced to 600�C. This can be taken as a strong hint that the applied post-
oxidation step leads to a thermodynamically metastable state and that the procedure can
thus be used to remove the arbitrariness in controlling the electronic interface properties
by the oxygen partial growth pressure. Note that the Ti3+ amount is close to but
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Table 4.1: Ti3+/Ti4+ ratios derived by HAXPES spectra analyses, carrier density and mobility de-
rived by Hall measurements for 6 uc LAO/STO films. The conductivity values were measured at a
temperature of 170K.

pure O2

pressure [mbar] HP MP LP

I(Ti3+)/I(Ti4+) 0.03 2.4 4.0

resistance [⌦/2] — 3.8·103 21.2

mobility [cm/V·s)] — 26.1 57.5

carrier density [cm�2] — 8.1·1013 7.9·1015

MIX atmosphere

pressure [mbar] MP MIX LP MIX

I(Ti3+)/I(Ti4+) 1.6 3.7

resistance [⌦/2] — 27.4

mobility [cm/V·s)] — 80.7

carrier density [cm�2] — 4.8·1015

post-oxidation

pressure [mbar] HP O LP MIX O MP O LP O

I(Ti3+)/I(Ti4+) 0.2 0.7 0.5 0.4

resistance [⌦/2] — — 11·103 16·103

mobility [cm/V·s)] — — 19.4 17.5

carrier density [cm�2] — — 1.6·1013 9.7·1012

smaller with respect to the non-oxidized MP sample and comparable to the value found
for samples grown by the Augsburg group [17, 178]. In transport, all samples exhibit
virtually the same temperature-dependent sheet resistance after the post-oxidation step
except for those grown at a high total pressure (be it in pure oxygen or in a mixed
Ar/O2 atmosphere). These findings are in line with the above-mentioned conjecture
that at high pressures some kinds of defects, e. g., an enhanced interface roughness or
dislocations [197] due to growth kinetics, are induced, which then cannot be removed by
annealing under oxygen. Among the possible defects, point defects like oxygen vacancies,
which should be healed out, or La-Sr intermixing, which should be even enhanced by
interdi↵usion in the post-oxidation step and hence should also a↵ect the samples grown
at low or medium total pressures, i. e., the LP and MP samples, can be excluded.
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Discussion

An overview of all results is given in Tab. 4.1. The Ti3+/Ti4+ ratio is determined by
HAXPES in normal emission geometry. Values for conductivity and carrier density are
given for a temperature of 170K. The Ti3+/Ti4+ ratios show the same trend as the
sheet carrier density. A high carrier density comes along with a high Ti3+/Ti4+ ratio.
Note that for all samples where oxygen vacancies may play the dominant role the carrier
density is as high as 1015 cm�2, a value which is commonly found for oxygen-deficient
STO. At this point all findings shall be restated in a compact form in such a way that
they can also be read as general rules of how to control the electronic interface properties
by means of the growth pressure.

• A critical thickness for the samples grown in pure oxygen is only observed in
transport for the MP samples. The LP samples are always conducting, while the
HP samples are always insulating.

• Post-oxidation leads to the same behavior both in transport and in HAXPES,
except for the samples grown at a high total pressure.

• All MIX samples show the same behavior in conductivity and in the amount of
Ti3+ spectral weight as their counterparts grown in pure oxygen, except for the
MP and MP MIX samples with 6 uc LAO for which the former is conducting, the
latter insulating.

• For the HP samples grown in pure oxygen, the Ti3+ spectral weight is almost
completely suppressed.

• Remarkably, post-oxidation leads to virtually the same charge carrier concentration
for all samples as inferred from HAXPES.

The occurrence of a critical thickness for the conducting interface, for whatsoever reason
it may happen, shall be considered as a key property of these samples. Its absence for the
LP samples, their comparably low sheet resistance, and their highest Ti3+ spectral weight
among all samples is readily explained by a high concentration of oxygen vacancies,
which reaches relatively deep into the STO substrate and can be assumed to be a purely
extrinsic e↵ect [201].
More interesting is the finding of the insulating behavior in transport for growth at

a high growth pressure, i. e., for the HP, MP MIX and the LP MIX O samples. Note
that for the two latter samples a finite amount of charge carriers could be identified by
HAXPES. The main di↵erence here is the oxidation potential within the plume, while
growth kinetics are the same. Thus, sample properties seem to be altered by a change
of the growth kinetics at 10�1mbar, most probably owing to the enhanced deceleration
of the particles in the plasma plume. These changes in growth kinetics seem to influence
film properties in such a way that macroscopic conductivity is hindered although charge
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carriers are present. This is supported by the RHEED and STEM findings, i. e., by a
higher degree of disorder in these samples.
Additionally, the almost complete absence of the Ti3+ spectral weight in the HP case

indicates an absence of charge carriers, may they be localized or delocalized. However,
the structural properties, e. g., the polar character, are the same for the HP, MP MIX,
and LP MIX O sample. This absence of charge carriers may be explained by the sup-
pression of donor impurities or vacancies in the LAO film or surface. This would mean
that for the electronic reconstruction to become e↵ective, a charge reservoir of an ex-
trinsic nature is needed which might be provided by, e. g., oxygen vacancies in the LAO
overlayer [166, 202], and can be depleted by growth at high oxygen partial pressures.
Post-oxidation seems to be highly important for the formation of a conductive interface

layer and removes all the e↵ects originating from low pressure growth (cf. sample LP
O). In contrast to the supply of too much oxygen during growth, conductivity is not
destroyed by this procedure, concluding that this metastable state is essential to further
study the purely intrinsic e↵ects of these specimens.

4.7 Summary and outlook

The influence of the growth conditions on the interface properties of LAO/STO het-
erostructures was systematically studied. Structural analyses by means of RHEED,
AFM and STEM verify similar film properties for all growth conditions, except a too
high total pressure leads to a somewhat distorted film structure. A comparison of HAX-
PES measurements and conductivity measurements reveal that it is the oxygen partial
pressure during growth that determines the amount of charge carriers in the STO, while it
is the total growth pressure that determines the macroscopic sample properties. Thus, a
too high growth pressure destroys interface conductivity mainly due to the growth kinet-
ics that most probably lead to a distorted film structure. Interface conductivity above a
critical overlayer thickness is found for samples either grown at a medium oxygen partial
pressure or treated by post-oxidation, the latter leading to a metastable state. Oxy-
gen vacancies originating from an insu�cient supply during growth are refilled by the
post-oxidation procedures, nevertheless the e↵ects of a too high total pressure, namely
a change of the growth kinetics, cannot be counteracted.
Although a critical thickness is observed for growth at a medium oxygen pressure

and for post-oxidized samples, di↵erences in the amount of charge carriers and the total
resistance are observed. This may o↵er a good starting point for future experiments
addressing questions like the role of localized and delocalized charge carriers as well as
the occurrence of superconductivity and ferromagnetism.
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Abstract

LVO/STO heterostructures show congeneric behavior compared to LAO/STO re-
garding a thickness-dependent conductivity, most likely explained by an electronic
reconstruction. Unlike LAO, which is a wide band gap insulator, LVO is a strongly
correlated system, which has an antiferromagnetic Mott insulating ground state.
Heterostructures were grown by means of pulsed laser deposition and structural
properties as well as phase purity were verified by several methods. Hard x-ray
photoelectron spectroscopy studies show a charge accumulation near the inter-
face on the LVO side for conducting samples. This means, that a band-filling-
controlled metal-insulator transition by pure electrostatics is achieved without suf-
fering from chemical impurities. Multiplet calculations and a comparison to single
crystal spectra are presented to determine the precise valence state of vanadium
in LVO/STO, but without yielding consistent results. Finally, a band diagram is
proposed, which shows a slight band o↵set of the valence bands at the interface
and an upward bending in the STO towards the interface.

5.1 Introduction

The striking observation of a 2DES in LAO/STO triggered enormous e↵orts to explore
other systems for similar behavior. If the electronic reconstruction picture is correct,
the growth of other polar perovskites on non-polar materials like STO should also lead
to conductivity at the interfaces. While the interface of LaCrO3/SrTiO3 turns out to be
insulating, most probably due to cation intermixing, the interface of KTaO3/STO shows
n-type conductivity [203, 204]. However, KTaO3 has a negative polarization (compared
to LAO) which in principle should lead to p-type interface conductivity. Interfaces
of LaGaO3/STO, GdTiO3/STO, and LVO/STO exhibit n-type conductivity and thus
support the picture of the electronic reconstruction [19, 205, 206]. While LaGaO3 is
a band insulator, GdTiO3 and LVO are Mott insulators and are therefore interesting
for studying the physics of correlated materials. As far as photoemission is concerned,
GdTiO3 exhibits the drawback that Ti is present in di↵erent valence states in both
the film and the substrate. Hence, no chemical contrast can be exploited to study a
possible charge reordering and interface e↵ects. In LVO/STO there are two di↵erent
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B-cations. Furthermore, the vanadium and the titanium atoms are multivalent, i. e.,
both have the ability to host extra electrons. This, together with the small Mott gap
of only 1.1 eV, makes this system exceedingly interesting, because in the picture of an
electronic reconstruction it is a priori not clear where the electrons will go to [207].

Figure 5.1: Potential build-up and possible charge transfer in LAO/STO and LVO/STO. Band align-
ment considerations suggest a charge transfer into the substrate material for LAO/STO. In contrast, a
charge transfer within the film material seems to be more favorable in the case of LVO/STO.

The schematic depiction shown in Fig. 5.1 illustrates the di↵erent scenarios comparing
the band pictures of LAO/STO and LVO/STO. Note that this picture is simplified as
the exact band alignment is far from clear and the alignment of the valence band maxima
at the interface is assumed. In the case of LVO, this is denoted by ‘O 2p’. For LAO the
transfer of (in the ideal case) 0.5 e� per 2D unit cell is energetically more favorable, if the
valence band maximum at the surface of the LAO crosses the conduction band minimum
of the STO. For this to happen the potential build-up has to be big enough to overcome
the band gap of STO. In contrast, for LVO/STO the smaller Mott gap of LVO might
play the essential role and electron transfer may happen from the lower Hubbard band
at the surface to the upper Hubbard band at the interface within the LVO overlayer
itself. This would lead to the rather interesting situation of an electrostatically doped
interface at the LVO side. A population of the interfacial V 3d states may result in a
filling-controlled Mott transition, without the impurity potential introduced by chemical
dopants.
In this chapter, spectroscopic evidence is presented that supports the model explained

above. LVO/STO films were grown with various LVO thicknesses for both types of
interfaces. A thorough analysis of the growth and the sample properties is presented. By
means of bulk sensitive HAXPES measurements, a charge transfer towards the interface
is observed, but on the LVO side. Additionally, a band bending e↵ect could be found
in the interface-near STO layers. Further approaches are made to determine the exact
vanadium valence state and the amount of charge transferred to the interface.
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Figure 5.2: (a) Schematics of the band structure for the cases U << t and U >> t within the Hubbard
model, where U is the Coulomb repulsion and t the hopping parameter proportional to the bandwidth.
For the case U >> t, the band splits into the lower and the upper Hubbard band (LHB/UHB). (b)
Schematic phase diagram of the Hubbard model showing the filling-controlled (FC) and the bandwidth-
controlled (BC) MIT.

5.2 Doping of a Mott insulator

The insulating ground state of a Mott material is in general caused by correlation e↵ects
of the electrons in the outer d- and f -shells [208]. These correlation e↵ects induce a
charge gap at half filling of the bands, whereas band theory predicts a metal. A pow-
erful model that describes the occurrence of a charge gap due to electron correlations is
the well-known Hubbard model [209]. Besides the Mott insulating phase itself, metallic
phases exit near the Mott insulator. Describing and understanding the electronic struc-
ture of the metallic and the insulating phases is interesting per se, but it may also help
conceiving the physics of high-Tc superconductors like La2�xSrxCuO4 or the colossal
magnetoresistance in La1�xSrxMnO3 [210, 211]. Both materials can be considered to be
doped Mott insulators.

In Fig. 5.2 (a) the formation of the bands is illustrated, both neglecting electron-
electron interaction (upper panel) and taking these interactions into account (lower
panel). For weakly or non-interacting electrons a single band is formed by the overlap
of the electron orbitals. In this simple model, it is assumed that only one electron or-
bital per lattice site exists. Thus, the band is exactly half-filled when each lattice site is
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occupied by one electron. The hopping of an electron with opposite spin on an already
occupied lattice site results in a strong Coulomb repulsion. In the Mott picture, this
would lead to a splitting of this band into a lower fully occupied band and an upper one
formed by electrons sitting on a doubly occupied lattice site. Thus, an insulating behav-
ior will be the result when every lattice site is occupied by one electron like shown in the
lower panel of Fig. 5.2 (a). These bands are named after J. Hubbard, who presented a
theoretical model to explain this behavior [209]. Accordingly, the Hubbard-Hamiltonian
is given by

HHubbard = �t
X

hiji�

(c†i�cj� + c†j�ci�) + U
X

i

ni"ni#. (5.1)

Here, i and j label lattice sites, hiji stands for the summation over nearest neighbours,
and � =", # accounts for the spin degree of freedom. ni� is defined by c†i�ci�, where
c†i�(ci�) denote the creation (annihilation) of an electron at site i with spin �. Hence, the
second sum of Eq. 5.1 counts only doubly occupied sites. The most important parameters
are the hopping integral t, which gives the probability amplitude for one electron to move
from site i to j, and U , which is the Coulomb repulsion for two electrons occupying
the same site. The hopping amplitude t scales directly with the bandwidth W of the
respective band. Note that in the non-interacting case (U=0) the Hamiltonian describes
a tight-binding band. Depending on whether U << t or U >> t, the system will be
metallic or insulating, as shown in Fig. 5.2 (a). This opens two ways to drive an MIT.
On the one hand, the correlation strength U/t at half-band filling (n=1) can be varied,
which is called bandwidth-controlled (BC)-MIT. On the other hand, for filling-controlled
(FC)-MITs, the band filling is changed away from n=1. A schematic phase diagram
of these MITs is shown in Fig. 5.2 (b) [211]. Taking only a single band into account,
a band insulator corresponds to either n=0 or n=2 filling of the band. For a half-
filled band (n=1), the Mott insulating phase is observed for U >> t, depicted in dark
green in Fig. 5.2 (b). A noninteger filling of the bands usually leads to metallic behavior.
However, a fluctuation-dominated phase is found (light green), which in principle should
be metallic, but in fact is strongly influenced by the insulating phase. Additionally, the
BC-MIT and the FC-MIT are indicated by the red arrows. For the first one, the lattice
stucture of the material is varied in practice by applying, e. g., external pressure or
chemical pressure. For the second one, the system is doped with additional electrons or
holes, going away from half-filling of the bands.
In the Hubbard model presented above, only electrons in a single orbital are con-

sidered. However, transition metal oxides are multi-orbital d-electron systems. Here,
orbital degeneracy and the overlap of the d bands and the p bands of ligand atoms are
important and can be described in an extended Hubbard model [212]. A renormaliza-
tion of the band near the Fermi-level can also be used to derive e↵ective values from the
simplified Hubbard model.
The perovskite vanadates o↵er the opportunity to study both kinds of MITs. An
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example of a BC-MIT is Ca1�xSrxVO3. SrVO3 exhibits an ideal cubic perovskite struc-
ture, whereas CaVO3 crystallizes in an orthorhombic GdFeO3-type structure due to the
smaller radius of the A-cation. Chemical pressure is introduced into the system by sub-
stituting Sr2+ by Ca2+, which results in a lower V-O-V bonding angle. This causes a
reduced bandwidth and thus an enhanced correlation strength U/t. An FC-MIT can be
found in the solid solution La1�xSrxVO3. The successive replacement of trivalent La by
divalent Sr leads to an e↵ective hole doping, going from a 3d2 towards a 3d1 configura-
tion. Conducting behavior was observed above a critical doping concentration of x > 0.2
[213]. However, the substitution of the A-cation leads to a smaller V-O-V bonding angle
for this material, too, resulting in a decrease of U/t [214]. For the observation of a ‘clean’
FC-MIT, it would be necessary to incorporate the electrons without any change of the
underlying crystal structure, i. e., no substitution of atoms. LVO/STO heterostructures
might serve for this purpose, if the model of doping by pure electrostatics described in
Sec. 5.1 was valid.

Theoretical predictions of the photoemission spectra for pure LVO were given by
Mossanek et al. [215]. Within their cluster model calculations, the transition-metal
ground state is calculated taking also charge transfers of the forms 3dn, 3dn+1L, and
3dn+2L2, etc., into account, where L denotes a hole in the O 2p ligand bands. A Coulomb
repulsion of U=4.2 eV was assumed. In agreement with photoemission spectra they could
identify one incoherently screened peak at about 1.8 eV. The ground state was found to
be covalent, composed by the 3dn and 3dn+1L states, resulting in an e↵ective electron
count of 2.4 for the vanadium [216]. This would imply that the insulating ground state
in the simplified phase diagram (see Fig. 5.2 (b)) is slightly above half filling within the
light green area.

5.3 Growth and characterization

The empirically found phase diagram shown in Fig. 5.3 for the growth of thick LVO films
on STO substrates by PLD was proposed by Wadati et al. [217]. Depending on the oxy-
gen partial pressure and the substrate temperature, either LVO or the higher oxidized
LaVO4 (LVO4) is formed. However, the phase transition is not sharp and a mixed phase
develops in a mid-pressure regime. The physical properties of these two phases vary
tremendously. LVO4 is monoclinic with a monazite-type structure (P21/c, a=0.705 nm,
b=0.729 nm, c=0.673 nm, �=104.85�) and exhibits an insulating 3d0 electronic configu-
ration [218]. The Mott insulating (3d2) LVO has a GdFeO3-type orthorhombic structure
with the lattice parameters a=0.556 nm, b=0.785 nm, and c=0.556 nm, and can be de-
scribed as a pseudocubic perovskite structure with a lattice parameter of a=0.392 nm
[219]. As crystalline quality and phase purity are essential for discussing and interpreting
the presented results, a thorough sample characterization is required.
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Figure 5.3: Phase diagram for the growth of thick LaVOx films proposed by Wadati et al. [217]. De-
pending on the growth pressure and the growth temperature, di↵erent LaVOx phases can be stabilized.

PLD settings

All films were grown in the MESA+ laboratory at the University of Twente using PLD.
As a substrate, TiO2-STO was used; it was prepared using the standard preparation
techniques (cf. Sect. 4.3) [185]. When LVO is deposited directly on TiO2-STO, so-
called n-type interfaces are formed with the first layer being (LaO)+. For the p-type
interfaces a termination switch from TiO2-STO to SrO-STO was achieved by growing
1 uc of SrVO3 (SVO). Both materials, LVO and SVO, were ablated from polycrystalline
targets. The PLD settings were identical for all films. A laser fluency of 2.2 J/cm2 and
a repetition rate of 1Hz was used. The thickness was controlled by in situ RHEED.
As already pointed out, the most crucial parameters during growth are the substrate
temperature and the oxygen partial pressure. Best film quality was achieved when a
pressure of 1.1·10�5mbar and a temperature of 670 �C were used. Samples were cooled
down at growth pressure without an additional annealing or oxidation step. Note that
the growth settings had to be adjusted and optimized with respect to the phase diagram
shown in Fig. 5.3 for the specific PLD system.

RHEED and AFM

The RHEED oscillations recorded during the growth of a 10 uc LVO/STO film are shown
in Fig. 5.4 (a). Note that for a better illustration the dotted line indicates a zoom into the
data starting at the 3rd oscillation. The drop in the intensity during the first oscillation
is caused by the heteroepitaxy. After this drop, the intensity is nearly recovered for
the growth of every monolayer. The growth rate was determined to be 20 pulses/uc.
The RHEED pattern of the film is shown in Fig. 5.4 (b). Although the film pattern is
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Figure 5.4: Characterization of a 10 uc LVO/STO film. (a) RHEED oscillations during growth indi-
cating layer-by-layer growth. (b) The RHEED pattern taken directly after growth is typical of a 2D
film surface. (c) AFM image and height profile showing single unit cell steps, which confirm the 2D
film surface.

a bit streaky, all three Bragg spots (0,0), (0,1̄) and (0,1) are sharp and distinct, which
points to a 2D film surface. The oscillations together with the RHEED pattern taken
directly after growth indicate a perfect layer-by-layer growth. Figure 5.4 (c) shows the
AFM image of the 10 uc LVO/STO film together with a height profile that was recorded
along the line shown in the image. The film surface is atomically flat with a step width
corresponding to the miscut of the substrate and a step height of a single unit cell
(c=0.39±0.01 nm).
Hotta et al. compared the structural properties of thick LaVOx films grown at di↵er-

ent oxygen partial pressures [220]. For the LVO phase they observed regular RHEED
oscillations pointing to layer-by-layer growth. They were able to confirm the 2D growth
by AFM, as the images exhibit regular steps with a step height corresponding to 1 uc.
For the LVO4 phase, they found an island-like growth mode evidenced by AFM and a
loss of RHEED oscillations.

X-ray reflectivity and x-ray di↵raction

XRR and XRD measurements were performed to analyze the structural properties and
the film composition. The x-ray reflectivity is plotted in Fig. 5.5 (a). Both materials,
LVO and LVO4, di↵er strongly in their densities (⇢LVO=6.8 g/cm2, ⇢LVO4=5.0 g/cm2),
which is reflected in the XRR spectra (cf. Sect. 2.4). A comparison of simulations for
both materials assuming that surface and interface roughness are identical, with the
data of a 10 uc sample confirms the LVO phase. The simulated LVO spectrum exhibits
clear oscillations, which are also present in the measured data, but absent in the LVO4
simulation. Note that the data can be fitted more accurately, when an extra carbon
layer is assumed to be on the surface. This is a natural assumption as all measurements
were done ex situ.
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Figure 5.5: Structural characterization. (a) X-ray reflectivity: A comparison to simulations of LVO
and LVO4 confirms the LVO phase for the films under investigation. (b) Wide range ✓-2✓ scan exhibiting
only (00n) Bragg peaks corresponding to LVO and STO. The dotted lines indicate the expected positions
of LVO4 Bragg peaks. (c) Reciprocal space map of the (103) Bragg peak. The arrow points to the
maximum of the film peak, which indicates a coherently strained LVO overlayer.

Figure 5.5 (b) shows a wide range ✓-2✓ scan. Two peaks are strongly visible, which
can be identified as the (001) and (002) Bragg reflections of LVO and STO. Due to
the vanishing lattice mismatch, their position is identical. The dotted lines indicate the
expected positions of peaks related to LVO4 (cf. Hotta et al. [220]). However, none of
them could be observed in the spectrum. This stands for a good epitaxial quality and
crystalline film growth. For a more detailed di↵raction analysis of the film, a reciprocal
space map of the (103) Bragg reflection is displayed in Fig. 5.5 (c). The advantage of this
analysis is that one can discriminate the instrumental broadening from film features. The
drives of the XRD machine, e. g., cause a broadening in ✓-2✓ direction, which appears
from the upper left to the lower right corner in this map. The substrate peak can be
identified by the highest intensity (red), while the film peak appears as the vertically
elongated line with its maximum shown by the arrow. The elongation is due to the
finite film thickness. Both peaks exhibit the same Qin�plane value of 1.61 Å�1, which
corresponds exactly to the STO lattice constant. In the out-of-plane direction, the film
peak exhibits a slightly smaller Q value with respect to the substrate peak, indicating
an elongation of the c-axis lattice constant.

Scanning transmission electron microscopy

HAADF-STEM images (cf. Sect. 4.5) were taken by M. Kamp from the Wilhelm Conrad
Röntgen Research Center for Complex Material Systems at the University of Würzburg.
The image in Fig. 5.6 of a 10 uc LVO/STO film confirms the all-perovskite structure of
both substrate and film. The viewing direction is along the [001] direction of the STO.
Labelled are the atomic positions of the film atoms La and V as well as the substrate
atoms Sr and Ti. Disregarding the surface quality, which is strongly influenced by
the deposited carbon during lamella preparation, the film is coherently strained to the
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Figure 5.6: (a) HAADF-STEM image of a 10 uc LVO/STO thin film. (b) STEM image in a false color
plot. The film exhibits a perovskite lattice structure without any obvious defects or dislocations. The
interface roughness can be estimated to be about 1-2 uc.

substrate with no obvious defects, dislocations or impurity phases, forming a sharp
interface. In Fig. 5.6 (b), the image is further processed, i. e., mainly the colors are
inverted. This makes it more easy to distinguish the film from the substrate and to
show the sharpness of the interface. However, a comparison to the STEM images of
LAO/STO from Sec. 4.5 indicates that the interface of LVO/STO is more blurry and
the interface sharpness in the case of LVO/STO is estimated to be about 1-2 uc.
Fitting Kourkoutis et al. analyzed the growth of LVO4 and LVO on STO substrates

by means of STEM. They found 3D islands and clusters in the case of LVO4, while
LVO is coherently strained to the substrate [218]. Furthermore, this group also ana-
lyzed LVO/STO superlattices. They found p-type interfaces (going from LVO to STO
with respect to the growth direction) always to be more sharp in comparison to n-type
interfaces [221]. As a possible explanation they name Sr segregation being stronger for
n-type interfaces. This could also be the case for the LVO/STO films investigated in
this thesis.

In summary, the structural analysis by means of various methods revealed the films
analyzed in the scope of this thesis to be clearly LVO. Films grow layer-by-layer, as
indicated by RHEED, and no impurity phases could be observed by XRD. However,
the interface sharpness seems to be reduced as indicated by STEM, possibly due to Sr
segregation.
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5.4 Thickness-dependent transport properties

Figure 5.7: Transport properties: (a) Sheet resistance of samples exhibiting di↵erent overlayer thick-
nesses and interface terminations. Conducting behavior is found for a film thickness above 8 uc. (b)
Electron mobility of a 10 uc sample. (c) Carrier density for di↵erent overlayer thicknesses.

Transport measurements were carried out in van-der-Pauw geometry. For the de-
termination of the sheet carrier density, the magnetic field was swept between ±3T.
Contacting the interface was accomplished by planting small gold contacts on the very
edges of the samples. The temperature-dependent conductivity for samples with di↵er-
ent overlayer thicknesses is shown in Fig. 5.7 (a). Conducting behavior is observed above
an overlayer thickness of 8 uc. A resistance > 20M⌦ is found for the insulating films.
For the conducting samples, the sheet resistance is in the same range as given by Hotta
et al. for LVO/STO and standard high-quality LAO/STO films, which are taken as a
reference for a 2DES [17, 19, 155, 222]. However, Hotta et al. found a critical thickness
for conductivity of only 5 uc. The interface of the 1 uc SVO+9uc sample is insulating,
which agrees with the literature [19]. This is even more surprising as growth of this
interface was accomplished by depositing 1 uc of SVO, which exhibits metallic behav-
ior as bulk material. The temperature dependence of the carrier mobility is plotted in
Fig. 5.7 (b). It increases at low temperatures to values up to 600 cm2/Vs and is thus as
high as found in LAO/STO thin films [17, 191]. The carrier density is about 1013 cm�2

for the conducting samples. While it shows only little dependence on the temperature,
it increases with the overlayer thickness.
The results of the conductivity measurements relate the LVO/STO system closely to

the LAO/STO system, suggesting a similar mechanism at play. The sheet carrier density
derived by Hall measurements for LVO/STO is lower than proposed by the model of the
electronic reconstruction. Similar observations have been made for LAO/STO, where
it was suggested that mobile and immobile carriers could be present, the latter not
measurable in transport [160, 178]. For the 32 uc LVO/STO sample a higher carrier
density was found compared to the 10 uc sample. In the simple model of the electronic
reconstruction, the number of charge carriers transferred to the interface scales with the
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overlayer film thickness. Although more data points are needed that support the trend
of an increased carrier density for thicker LVO overlayers, it can give further indication
for an electronic reconstruction in LVO/STO.

5.5 Charge transfer within the film

HAXPES was employed to explore the electronic structure of the LVO/STO heterostruc-
tures, as a detailed analysis of the core-levels provides valuable information on the charge
distribution (cf. Sect. 4.6). Experiments were carried out at the synchrotron beamlines
KMC-1 at BESSY (Berlin) [130] and BW2 at HASYLAB (Hamburg) [195]. Photon
energies of 3 keV, 3.5 keV, 4 keV, and 5 keV were used. Additionally, the detection angle
was varied between ✓=5� and 50�.

5.5.1 Analysis of core-level and valence band spectra

V 2p core-level

Figure 5.8: HAXPES depth profiling of the V 2p core-level. Spectra for (a) a 6 uc and (b) a 10 uc
LVO/STO film. No dependence on the probing depth is found for the 6 uc sample. In contrast, for the
10 uc sample a shoulder (indicated by the arrow) is present at the lower binding energy side for interface
sensitive measurements. This indicates the presence of extra electrons near the interface.

The V2p core-level spectra are displayed for a 6 uc and a 10 uc LVO/STO film in
Fig. 5.8 (a) and (b). Both spectra show the V2p1/2 peak at a binding energy of about
524 eV and the V2p3/2 at about 517 eV. Spectra are normalized to equal integrated
intensity. For the 6 uc film, all spectra are virtually identical exhibiting no dependence on
the probing depth. This stands for uniform film growth and similar electronic properties
throughout the entire film. However, the shape of this core-level cannot be assumed to
be a standard Voigt profile. The asymmetry can be attributed to the complex multiplet
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and crystal field e↵ects of the 2p53d2 HAXPES final state. So fitting of such a peak
is di�cult and the discussion will first be kept on a qualitative level. Energy position
and lineshape agree with earlier photoemisson studies of LVO thin films [217]. Without
any indication of the presence of LVO4, we take this spectrum as representative of
nominally trivalent V ions in the LVO film. In contrast, the spectra of the 10 uc sample
in Fig. 5.8 (b) show a pronounced change with the probing depth. While for the most
surface sensitive photoemission conditions the spectrum is almost identical to that of the
6 uc sample, a pronounced shift of spectral weight towards lower binding energy occurs
for increasing interface sensitivity (see arrow in Fig. 5.8 (b)). This indicates a reduction
of the V valence from its nominal 3+ value from the surface towards the interface, i. e., at
or near the interface the V valence states become populated by excess electrons leading
to a 3d2+x configuration. This behavior can be seen on both the V 2p1/2 and the V2p3/2
core-levels.

Ti 2p3/2 core-level

Figure 5.9: (a) Comparison between the lower binding energy parts of the Ti 2p3/2 core-level HAXPES
spectra of STO, LAO/STO and LVO/STO. The inset shows the entire Ti 2p3/2 core-level spectra. In
LVO/STO, no LAO/STO-like Ti3+ peak is observed, but the peak exhibits an asymmetry independent
of the overlayer thickness. (b) HAXPES depth profiling for the 10 uc LVO/STO sample. The asymmetry
of the Ti 2p3/2 core-level is most pronounced for interface sensitive measurements.

Spectra of the Ti 2p3/2 core-level taken on a 6 uc and a 10 uc LVO/STO film are dis-
played in Fig. 5.9 (a). The main Ti 2p3/2 peak is located at a binding energy of 459.1 eV.
For comparison, the Ti spectra of bulk STO and a 6 uc LAO/STO reference film are
shown. While the inset shows the complete Ti 2p3/2 core-level spectra, the main figure
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displays a zoom to the lower binding energy parts. Clear di↵erences can be seen in the
spectra. The LAO/STO sample displays an additional peak, which can be related to
Ti3+ states originating from the 2DES. In contrast, the LVO/STO spectra exhibits a
certain asymmetry, which becomes evident when compared to bare STO. This feature
is more smeared out in LVO/STO and cannot be described as a second peak with a
distinct chemical shift as is the case for LAO/STO (�E(Ti3+)=2.2 eV). Furthermore,
as this asymmetry is present for both the 6 uc and the 10 uc samples it cannot be di-
rectly related to the mechanism that generates conductivity. In Fig. 5.9 (b) the depth
dependence of the Ti 2p3/2 core-level for 10 uc LVO/STO samples is shown. Once again
compared to STO, the asymmetry is enhanced in more surface sensitive measurements.
This gradual change could give a hint to a band bending e↵ect at the interface [56, 57].
The higher asymmetry in the interface sensitive spectra implies an upward band bend-
ing of the STO bands near the interface. The same behavior is also found for the 6 uc
LVO/STO spectra. The e↵ect will be further analyzed and discussed in Sec. 5.5.3.

Valence band

Figure 5.10: (a) HAXPES valence band spectra of bulk STO, bulk LVO, 6 uc LVO, and 10 uc LVO.
In all LVO spectra, the LHB is present at a binding energy of about 2 eV. (b) Lower Hubbard band of
a 10 uc LVO sample in comparison to bulk LVO and bulk STO. No indication of a quasi-particle peak
or upper Hubbard band are observed at the Fermi-level.

Valence band spectra for both film thicknesses and bulk materials are displayed in
Fig. 5.10 (a). The main part of the spectra originating from the O2p related states lies
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between 9 and 3 eV for all samples. For the bulk LVO and also for the LVO films
an additional peak is visible between 2 and 0 eV. This can be identified as the lower
Hubbard band corresponding to the V d2 to V d1 transition; it is in line with previous
valence band analyses and is a clear fingerprint for LVO [215, 217]. The spectral weight
of the peak scales with the probed LVO volume and is smallest and hardly visible for the
6 uc sample. In Fig. 5.10 (b) a zoom to the Fermi energy region is shown. In principle,
the doping of extra electrons, which is evident from the V2p core-level analysis, into
the V 3d states should lead to the population of the upper Hubbard band. However,
such a peak could not be discerned. Note that the same problem occurs in HAXPES for
conducting LAO/STO. In this case the Ti 3d states could not be observed directly. The
signal originating from the extra electrons in the V 3d states is damped by an overlayer
of 10 uc and amounts to only a few percent of the signal of the undoped LVO/STO.
Moreover, HAXPES cross-sections are exceedingly small, especially for the valence and
conduction band region [52, 53]. For doping a Mott insulator, a jump of the chemical
potential is observed as the Fermi-level is pinned at the upper Hubbard band or at a
respective quasi-particle peak [211]. From a comparison of the valence bands such a shift
is not observed. On the one hand, charging e↵ects of the insulating samples cannot be
entirely excluded. On the other hand, the calculations of Mossanek et al. indicate that
the insulating ground state of LVO does not exactly correspond to half-filled bands and
thus the Fermi-level could already be pinned for the insulating samples [215].

Discussion

From the qualitative analyses of the film and the substrate core-levels, important infor-
mation on the electronic structure of these samples can be extracted:

• No changes in the Ti 2p core-level could be found between conducting and non-
conducting samples.

• The spectral weight transferred in the V 2p spectra to lower binding energies, which
is present only for the conducting samples, points to an electron-rich layer near
the interface. In the electronic reconstruction picture this implies a transfer of
electrons within the film.

• The asymmetry in the Ti 2p core-levels is most likely caused by an upward band
bending near the interface on the STO side of the interface.

Based on these findings, a depiction of the electronic reconstruction as could be the
case for LVO/STO is shown in Fig. 5.11. To circumvent the polar catastrophe, electrons
are transferred to the (VO2)� planes near the interface. This compensates for the po-
tential build-up without involving the STO. Note that the potential in the vacuum is
not zero in this case, but constant. Furthermore, the average potential within the LVO
is not zero either, in contrast to the average potential within the LAO for LAO/STO.
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5.5 Charge transfer within the film

Figure 5.11: Model of an electronic reconstruction scenario in LVO/STO. A charge transfer of half
an electron from the surface towards the interface within the film material compensates the potential
build-up and results in a constant potential outside the heterostructure.

Thus, this theoretical model does not describe the energetically most favorable state.
Additionally, the charge cannot be transferred to the very last interface layer as this is
(LaO)+.
The critical overlayer thickness is increased in the case of LVO compared to LAO. If

the polar discontinuity can be assumed to be the driving force for the formation of a
conducting layer, the higher overlayer thickness could be explained by a di↵erence in the
bonding character going from LAO to LVO. It could be the case that the single layers
of (LaO)+ and (VO2)� exhibit a stronger out-of-plane covalent character and hence
are less ionic. Thus, the potential build-up would be slower for LVO/STO. A higher
dielectric constant of LVO compared to LAO would also result in an enhanced critical
thickness. However, exact values could not be obtained from the literature. A further
explanation may be provided by a preferential Sr segregation in LVO/STO as the Sr
atoms would provide additional interface charges [221]. There is also a discrepancy to
the literature concerning the critical overlayer thickness for LVO/STO, which cannot be
fully explained up to now [19]. It can only be speculated that there are slight di↵erences
in substrate preparation or cool-down procedures that make films conducting also for
thinner overlayers.
The mechanism described here – an electronic reconstruction in the film itself – would

imply a doped region in the LVO film. Extra electrons in this film region can only
be hosted in the UHB of the LVO. In the simplest picture this could be achieved by
transferring electrons from the LHB at the surface to the UHB at the interface, which

93



5 LaVO3/SrTiO3 – electrostatic doping of a Mott insulator

requires a potential gradient within the LVO film and the LHB being hole-doped at the
surface, i. e., located at the Fermi-level. However, the LHB in the valence band spectra
in Fig. 5.10 is at the same high binding energy for all samples. Similar observations have
been made for LAO/STO, where it was suggested that alternatively excess electrons can
be introduced by oxygen vacancies at the surface, providing a natural explanation for
the absence of a band gradient [166]. A similar picture could be proposed for LVO/STO.
Based on these results, the occurrence of a conducting 2DES in LVO/STO induces a

band-filling-controlled Mott MIT in LVO. In bulk oxides such transitions are normally
achieved by chemical doping (e. g., cation substitution). From a purely electronic point
of view, metallization of a Mott insulator should occur already at the smallest band
fillings. However, antiferromagnetism often stabilizes the insulating phase up to finite
doping levels [211]. Moreover, the transition is often further delayed or even completely
suppressed by dopant-induced impurity potentials and disorder. In contrast, the metal-
lization of LVO/STO heterostructures is based on a purely electrostatic mechanism and
thus o↵ers the unique possibility to study the filling-controlled Mott transition in the
absence of dopant e↵ects.

5.5.2 A more detailed view on the vanadium spectra

Reduction and oxidation of LVO/STO thin films

As mentioned before, the V 2p core-level of LVO/STO exhibits a complicated line shape
due to multiplet and crystal field splitting. Moreover, the spectral line shape changes
tremendously when the vanadium valence state is altered, because the multiplet splitting
strongly depends on the number of electrons in the d-shell. One way of changing the
vanadium valence state is to change the oxygen stoichiometry of the film. Oxygen
vacancies donate two electrons per atom and thus cause an e↵ective electron doping of
the system. In principle this should also drive a MIT, however, not as an interface e↵ect
but in the volume of the film. Nevertheless, spectral changes in the line shape should
be comparable. Hence, a 6 uc LVO/STO film was reduced in vacuum and subsequently
oxidized to analyze the influence on the core-level and valence band spectra. The exact
treatment procedure is given in Tab. 5.1.

Table 5.1: Steps of the reduction and oxidation series of the 6 uc LVO/STO film of Fig. 5.12.

reduction oxidation

step 1 2h, 330�C step 5 0.5h, 10�5mbar, 365�C

step 2 2h, 355�C step 6 0.5h, 10�5mbar, 365�C

step 3 2h, 365�C step 7 1h, 10�3mbar, 365�C

step 4 2h, 425�C step 8 1h, ambient air
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Figure 5.12: XPS core-level spectra of an in situ reduced 6 uc LVO/STO thin film: (a) V 2p spectra
show a transfer of spectral weight to lower binding energies. (c) Ti 2p3/2 core-level spectra display only
marginal di↵erences. (e) Valence band region: The peak near the Fermi-level gains spectral weight.
Subsequent oxidation of the film in a moderate O2 atmosphere: (b) V 2p, (d) Ti 2p3/2 and (f) valence
band spectra show the reversibility of the process.

Films were first reduced under high-vacuum conditions at elevated temperatures up
to 425�C for several hours. Oxidation was achieved by heating the film in oxygen. For
cool down the oxygen pressure remained unchanged. In the last step, the samples were
taken out of the process chamber to study the influence of the ambient pressure.

The evolution of the V 2p spectra upon reduction is shown in Fig. 5.12 (a). The longer
the sample is heated in vacuum, the more the spectral weight is shifted to lower binding
energies. This can be interpreted as a fingerprint of the extra electrons hosted in the
V 3d states. A subsequent oxidation at moderate temperatures leads to a re-filling of the
oxygen vacancies. The spectral weight is shifted back, as can be seen in Fig. 5.12 (b),
and the initial line shape of the V 2p spectrum is essentially recovered. As this e↵ect is
reversible it can be concluded that the LVO phase, i. e., the perovskite lattice structure,
is preserved during the treatment. The e↵ect can be clearly attributed to a change in the
oxygen stoichiometry, as a La or V deficiency or enhanced intermixing at the interface
caused by the annealing process would not be reversible by oxidation. Comparing this
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data to the 10 uc LVO/STO spectra, the shoulder shown in Fig. 5.8 (b) can be directly
interpreted as a sign for electron doping near the interface in the film.
In Fig. 5.12 (c) and (d), Ti 2p3/2 core-level spectra are shown for the di↵erent reduction

and oxidation steps. The asymmetry of the peak remains almost una↵ected during
reduction and oxidation. A much stronger e↵ect during reduction and oxidation would
be expected, if the asymmetry would be directly related to the Ti3+ states.
The valence bands are displayed in Fig. 5.12 (e) and (f). While the changes in the

main peak between 9 and 3 eV are comparably small and can be attributed to the
loss of oxygen, the incoherent part gains spectral weight and shifts to lower binding
energies during reduction. This indicates a further population of the V 3d states and is
in line with the behavior of the V 2p core-level. However, the limited resolution of XPS
(�E ⇡0.7 eV) does not allow to determine whether the LHB becomes further populated
or the UHB is populated. Similar behavior was observed by Maiti et al. who analyzed
the valence band of La1�xCaxO3 crystals by means of UPS and XPS [223]. While in
UPS the development of a quasi-particle peak was found for increasing x, in XPS only
one broad peak was observed.

Comparison to vanadium oxide single crystals

Besides the qualitative evolution of the spectra due to electron doping, the precise valence
states of the LVO/STO thin films are of interest and would allow a quantification of
the charge transfer. However, the multiplet splitting of the core-levels hinders a fit
using standard line shapes. A comparison between the thin film spectra and spectra
of compound materials which host in a well-defined valence state may yield additional
information provided that the line shape is mainly determined by the mutliplet splitting,
i. e., the electron d count, and not by the crystal field that depends on the crystal
structure.
V2O5, VO2, and VOCl HAXPES and XPS spectra were measured. For these HAXPES

measurements, the same settings were used as for the LVO films. All spectra were
calibrated with respect to an Au reference sample. The vanadium oxide crystals exhibit
a vanadium valence reaching from 5+ (d0) to 3+ (d2). For V3+, VOCl was used, as
high-quality stoichiometric V2O3 was not available in this study. All single crystals were
prepared by in situ filing. No contaminations like carbon could be observed afterwards.
A drawback of this comparison is that no V2+ reference was available. This will be
further discussed in the following.
Both V2p core-level spectra and valence band spectra are displayed in Fig. 5.13 (a)

and (b). The blue spectrum corresponds to V2O5, which is a d0-system. The absence
of the 3d peak around 1-2 eV in the valence band and the sharp and nearly symmetric
V 2p spin-orbit split doublet give an indication for that. The green and red spectra
correspond to VO2 (d1) and VOCl (d2), respectively. The core-levels display a strong
asymmetry, which can be attributed to the multiplet e↵ects of the 2p53d1 and the 2p53d2

PES final states, respectively. The higher the d electron count, the more spectral weight
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Figure 5.13: HAXPES spectra of single crystal vanadium references: V2O5, VO2 and VOCl. (a) The
V 2p core-level spectra strongly depend on the vanadium valence state. (b) Valence band region showing
the lower Hubbard band for VO2 and VOCl.

is transferred to lower binding energy, because the core-hole screening is enhanced. In the
valence band region, an additional peak develops near the Fermi energy upon occupation
of the vanadium d band. This peak can be identified as the lower Hubbard band. The
spectral weight for VOCl is increased as the electron count of this orbital is twice as high
as that of VO2. For a more detailed discussion it should be referred to Zimmermann et
al. and Glawion et al. [224, 225].
The V2p spectra of VOCl with a nominal valence state of 3+ are compared to the

6 uc LVO film in Fig. 5.14 (a). Both the spectral line shape and the energetic position
are di↵erent. Thus, either the V valence in the LVO film is not purely 3+ or VOCl
is not suitable as a reference. If both spectra can be assumed to represent 3+, e↵ects
like crystal field splitting due to the di↵erent crystal structure and ligand configuration
could be responsible for the deviations, and a further analysis can only be made using
theoretical calculations. From a comparison of the perovskite LaFeO3 to the Fe2O3 single
crystal spectra, it is known, for instance, that the lineshape is more narrow in the case of
LaFeO3, while the energetic position is roughly the same [226]. Assuming that the reason
for the spectral di↵erence is due to the fact that the valance state in the LVO film is not
exactly 3+, the broadened structure which is shifted to higher binding energies implies
the presence of higher valence states. In order to extract qualitative information on this
issue, a superposition of single crystal spectra is used to produce a numerical fit of the
angle-dependent and the energy-dependent HAXPES data of the 6 uc and the 10 uc LVO
thin films as well as the reduction/oxidation series. For all spectra, a linear background
was subtracted, since a Shirley background led to non-physical behavior, probably due
to the vicinity of the O1s core-level. Furthermore, all spectra were normalized to equal
integrated intensity. As all films were calibrated to a Au reference, the energetic position
of the vanadium core-level was kept constant in the fit procedure, leaving the relative
weights of the individual V valencies the only free fit parameter.
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Figure 5.14: (a) V 2p core-level spectra of VOCl and a 6 uc LVO/STO film. (b) Fit of the V 2p
spectrum of a 6 uc sample using single crystal reference spectra.

Figure 5.14 (b) shows the fit of the 6 uc film with the single crystal reference spec-
tra. Note that since the fit is not made using Voigt profiles but measured data, the
accuracy of a standard fit cannot be reached. Taking this into account, the film data
is well-reproduced from the fit. Furthermore, inferred from the comparison shown in
Fig. 5.14 (b), spectral weight seems to be shifted only to the higher binding energy side
with respect to VOCl (V3+), allowing an accurate fit without a 2+ reference, which
should be shifted to lower binding energies. Also in the case of the 10 uc film, similar fits
are obtained without a 2+ reference, but it should be pointed out that a 2+ component
cannot be ruled out completely.

Table 5.2: Average V valence state derived from a fit with single crystal reference spectra for depth
profiling of a 6 uc and a 10 uc LVO film.

depth profiling average V valence

6 uc 10 uc

3 keV, 50�o↵ 4.1 4.1

3 keV, 5�o↵ 4.1 4.0

4 keV, 5�o↵ 4.2 3.8

5 keV, 5�o↵ 4.2 3.7

The fit allows to give an estimate of the average valence state of the vanadium in
the LVO/STO films. Results are given in Tab. 5.2 for the depth profiling of the 6 uc
and the 10 uc LVO film and in Tab. 5.3 for the reduction/oxidation series. Although
the error margin is about 20%, the average valence is in all cases higher than the
nominal valence of 3+, which is obvious, as all reference spectra have a higher valence
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Table 5.3: Average vanadium valence during reduction and oxidation of a 6 uc LVO/STO film.

reduction average V valence oxidation average V valence

2 h, 330�C 4.0 0.5 h, 10�5mbar, 365�C 3.5

2 h, 355�C 3.6 0.5 h, 10�5mbar, 365�C 3.6

2 h, 365�C 3.5 1 h, 10�3mbar, 365�C 4.2

2 h, 425�C 3.1 1 h, ambient air 4.4

state. For the insulating 6 uc sample an average valence of 4.1+, which is essentially the
same for all probing depths, is derived. In contrast, it decreases for the most interface
sensitive measurements of the conducting 10 uc samples down to a value of about 3.7+.
These findings are in line with the qualitative discussion of the data. The reduction
and oxidation series show the same trend. For the most reduced state of the series,
the average valence is highest. Note that the minimum valence reached is about 3.1+.
This analysis implies that the starting point, namely the 6 uc LVO/STO film, has a
higher oxidation state, although the film is single-phase LVO as verified by the structural
analysis. A comparison of the valence band spectra cannot be made, as the valence band
of the thin films is a composition of STO and LVO.

Multiplet calculations

For the fits presented above it is assumed, that e↵ects like crystal field splitting and
ligand configuration play only a minor role for the comparison of single crystal data
to film data and fits completely rely on the energy calibration using an Au reference
spectra. Another approach to disentangle the vanadium spectra and determine the
valence states involves theoretical simulations using ligand-field multiplet theory. These
simulations can reproduce the spectral line shapes and relative peak positions of di↵erent
V valences taking into account both the di↵erent electron d count and the crystal-
field splitting. However, the simulations lack absolute binding energies and thus the
positions have to be adapted to the experimental data. Simulations were done using
the program ‘CTM4XAS’ [227]. A detailed description and review can be found in
Refs. [228, 229]. The program uses Hartree Fock methods taking into account spin-
orbit multiplets, crystal field splitting and charge transfer multiplets. This many-body
cluster approach embeds the ion under consideration into a cluster of ligand atoms
representing the crystalline symmetry. The method has been very successful to calculate
excitation spectra for correlated materials, as initial and final states are calculated on
equal footing. The following parameters were used to generate reference spectra for the
valence states V5+ to V2+: The spin-orbit coupling parameters were kept the same as
for the free atom. Octahedral crystal symmetry (Oh) with a crystal field splitting of
10Dq=2 eV and a charge transfer energy � of 2 eV was used. As the program only
derives discrete energetic positions, the spectra had to be convolved using a Lorentzian
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Figure 5.15: Multiplet simulations for the LVO films. Spectra were simulated with a 3+ and 2+
component. (a) Experimental data of the 6 uc LVO/STO film together with simulated spectra for
di↵erent 3+/2+ ratios. (b) Best fit simulations for the di↵erent measurement geometries for the 10 uc
LVO film.

width of 200meV and a Gaussian width of 400meV for comparison to the experiment.
The best fit was produced for the V 2p3/2 spectrum with only the V3+ and V2+ reference
spectra superposed. For other combinations of V5+, V4+, V3+, and V2+ valence spectra,
chemical shifts and satellite structures did not fit the experimental data. However, note
that also in this case it was possible to reproduce the V 2p3/2 only, failing for the V 2p1/2
as the simulated spectra were too narrow in energy to account for the experimental
structure. All simulated spectra had to be shifted by 2.6 eV to higher binding energies
to fit the data.

Simulations of the V 2p3/2 core-level spectra are shown in Fig 5.15 (a) and (b) for the
6 uc and the 10 uc LVO/STO sample, respectively. Panel (a) shows simulated spectra
with di↵erent V3+/V2+ ratios and the best fit simulation for the 6 uc LVO/STO sample,
giving a ratio of 85:15. Note that the spectrum cannot be reproduced by multiplet
calculations using a pure V3+ reference spectrum either, and an average valence state of
2.85 is derived. The average valence derived from the simulations is in strong contrast to
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the values derived from the fit using single crystal reference spectra. However, this should
not be surprising, as for the fit spectra exhibiting valences from V3+ to V5+ were used,
while simulations were done using spectra of V2+ and V3+ valences. The panel (b) of
Fig. 5.15 shows the best fit simulations for the 10 uc sample for the various measurement
geometries. As the experimental energy resolution is reduced for the spectra taken at
4 keV and 5 keV, simulations were convolved using a Gaussian width of 500meV. In the
case of 4 keV the simulations for both a 400meV and a 500meV broadening are shown.
The average valences of both samples are given in Tab. 5.4 and show the same trend as
the valence derived from the single crystal fits.

Table 5.4: Average vanadium valence of 6 uc and 10 uc LVO/STO derived from fits based on multiplet
calculations.

depth profiling average V valence

6 uc 10 uc

3 keV, 50�o↵ — 2.8

3 keV, 5�o↵ 2.85 2.75

4 keV, 5�o↵ — 2.7

5 keV, 5�o↵ — 2.65

Discussion

Two ways of carrying out a quantitative analysis of the V 2p core-level spectra were
presented. Both approaches face certain drawbacks. A fitting procedure based on single
crystal reference spectra requires an absolute energy calibration. Although lacking a
V2+ reference spectrum, the film spectra can be fitted quite accurately using V5+ to
V3+ reference spectra. However, this results directly in a valence state > 3+. For the
simulations based on multiplet calculations, V3+ and V2+ spectra were taken as a starting
point, which led to the best fit for the V 3p3/2 core-level spectra. However, the absolute
binding energies had to be corrected in this case. Although the final decision about
which method describes the results best cannot be settled at this point, consequences
and possibilities to validate the approaches shall be discussed and contrasted to the
literature.
Both methods yield a valence state di↵erent from purely 3+ for the insulating 6 uc

sample. The lower oxidation state derived for LVO/STO from the analysis, which is
based on mulitplet calculations, would be in line with the results of Mossanek et al.
[216]. By means of cluster calculations, they found an average V valence of 2.6 due to
covalence and a strong contribution of the 3d3L1 state for LVO single crystals. However,
this covalence has no influence on the insulating behavior of the samples as they found
only minor occupation of the non-local 3d3D1 state, where D denotes a hole in the next-
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5 LaVO3/SrTiO3 – electrostatic doping of a Mott insulator

nearest V 3d state. Although in a simple Mott picture this implies that the ground state
of the film does not exactly correspond a half-filling of the bands, the underlying physics
remain unchanged, including the electrostatic doping of a Mott insulator.
All other explanations for both a higher and a lower V valence would imply some

vacancy or excess atom formation with extra charges being trapped, as the ground state
of the samples is insulating. For possible vacancies or excess atoms, all cation atoms
can be most likely ruled out as possible sources as indicated by the reversibility of the
reduction and oxidation series. This leaves an oxygen o↵-stoichiometry, may it be due
to excess oxygen or oxygen vacancies, as a possible source. According to Maiti et al.,
polycrystalline La1�xCaxO3+� was stabilized for a � between -0.01 to 0.04. Hur et al.
reported the fabrication of LaVO3�� with a � of up to 0.08 [230]. For other perovskites
it is known that the oxygen stoichiometry strongly depends on the material. While
STO tends to exhibit oxygen vacancies, excess oxygen can be incorporated in LaTiO3+�

[231, 232]. This makes predictions for LaVO3 di�cult. However, as a higher oxidized
phase exists for both LVO and LaTiO3 – this is not the case for STO– the incorporation
of excess oxygen seems likely, but has to be kept on a speculative level.
Any oxygen vacancies or excess oxygen will modify the picture of the electronic re-

construction and electrostatic doping. In either way, the starting point is shifted from a
clean d2 Mott insulator to a d2±x system which remains insulating due to the localiza-
tion of the extra charge. As long as the oxygen vacancies or the excess oxygen atoms
are randomly distributed in the film, the potential build-up will only slightly be influ-
enced by increasing or decreasing the potential gradient, i. e., the critical thickness may
be altered, leaving the mechanism and its result, namely the electrostatic doping of a
Mott insulator, unchanged. An oxygen o↵-stoichiometry which delays the MIT may
also explain the discrepancy to the literature regarding the critical overlayer thickness
[19, 230].
To further shed light on this issue, a detailed analysis of the exact oxygen stoichiometry

is of great importance. Oxygen sensitive TEM may give a further insight, but ex situ
lamella preparation will have a strong influence. Furthermore, the analysis of a reduction
and oxidation series of in situ grown LVO/STO films by means of UPS may give further
information. The development of the LHB during reduction and oxidation may reveal
the starting 3d configuration. In the ideal case, these measurements can be contrasted
to in situ conductivity measurements.

5.5.3 Band bending and band alignment

The asymmetry of the Ti 2p3/2 core-level for the insulating 6 uc as well as the conducting
10 uc LVO/STO samples give the first indication for a band bending near the interface,
as was already discussed in Sec. 5.5.1. However, if band bending is the reason for the
asymmetry, a peak broadening or an asymmetry should be present at all other STO
core-levels as well.
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5.5 Charge transfer within the film

Figure 5.16: (a) XPS spectra of the Sr 3d core-level for a 10 uc film, fitted with a STO reference. For
details see text. (b) Fit of the valence band of the 10 uc film with weighted bulk LVO and STO reference
data. From this a valence band o↵set of 0.55 eV is derived for LVO/STO.

The Sr 3d core-level spectrum of the 10 uc LVO/STO sample is displayed in Fig. 5.16 (a).
Compared to a STO reference spectrum this core-level, too, exhibits a distinct asym-
metry at the lower binding energy side for both the insulating (not shown) and the
conducting samples. This is in line with the findings at the Ti core-level (cf. Fig. 5.9).
They both point towards an upward band bending at the interface. To quantify this
e↵ect, the Sr 3d peak was background-corrected including the subtraction of a La satel-
lite. Bulk STO reference data was used to model the layer-resolved spectra taking the
exponential damping of the photoemission signal into account. Thus, for a given mean
free path, in this case �e↵=25 Å (Al K↵, ✓=8� o↵ NE), the intensity of every layer is
fixed. As shown in Fig. 5.16 (a), for layer 1, which is the first STO layer at the interface,
the intensity is higher compared to the 2nd and 3rd layer. All layers below, from layer
4 onwards, are added up and labelled with bulk LVO/STO as there were only marginal
energy shifts among these layers.

The calculated energy shifts are listed in Tab. 5.5 for the 6 uc and the 10 uc sample.
For the insulating 6 uc sample, the shifts are smaller. The band bending is in upward
direction, which indicates that there is no formation of an electron pocket at the STO-
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5 LaVO3/SrTiO3 – electrostatic doping of a Mott insulator

Table 5.5: Band o↵sets and band bending in the STO determined by XPS.

6 uc 10 uc

band bending [eV]

1st layer 0.36±0.05 0.67±0.05

2nd layer 0.08±0.05 0.20±0.05

3rd layer – 0.17±0.05

band o↵set (fit of VB) [eV] 0.54±0.05 0.55±0.05

side of the interface.⇤ Furthermore, the band bending is strongly localized at the interface
and reaches only about 3 uc into the STO substrate. An upward band bending at the
interface on the STO side would also be expected from a comparison of the electron
a�nities of LVO (�=5.5 eV) and STO (�=3.9 eV) assuming Fermi-level alignment [233,
234].
In chapter 5.1, a schematic band alignment was proposed to motivate electronic re-

construction within the film layer itself and thus the Mott MIT by pure electrostatics.
However, this hypothetical model was only based on literature values for the band gaps
and the alignment of the ‘O 2p’ part of the valence band in both materials. As stated in
Sec. 2.5, photoemission can be used to analyze valence band o↵sets.
The valence band was decomposed using bulk STO and bulk LVO reference spectra

as shown in Fig. 5.16 (b) for the 10 uc film. Here, the photoemission spectra of ‘bulk’
LVO with weighted exponential damping factors was integrated over 10 uc. For STO,
integration was done for an infinitely thick layer. In this case as well, the only free
parameter was the shift in binding energy. The fit reproduces all features of the spectra
quite accurately. The shift of the valence bands, as can be inferred from Fig. 5.16, is
about 0.55 eV for both samples.

Table 5.6: Band gap and electron a�nities for STO and LVO bulk materials taken from the literature.

STO LVO

band gap [eV] 3.3 [234] Mott: 1.0 [207]

CT: 3.9 [207]

electron a�nity [eV] 3.9 [234] 5.5 [233]

In Tab. 5.6, literature values for the electron a�nity, which is defined as the energy
di↵erence between the vacuum level and the lower edge of the lowest unoccupied band,
and the band gap are given. These values cannot be measured by photoemission as

⇤A downward band bending is not observed for LAO/STO either. Here, the population of so-called
in-gap states is discussed as a reason for the interface conductivity [180].
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5.5 Charge transfer within the film

only occupied states are accessible for this method. The Mott gap was determined by
optical methods and is thus the gap from the upper edge of the LHB to the lower edge
of the UHB. The charge transfer gap (CT) in LVO is defined from the leading edge of
the ‘O 2p’ part of the valence band to the lower edge of the UHB.

Figure 5.17: Schematics of the possible band alignment in LaVO3/SrTiO3 heterostructures. In rect-
angles: literature values, in circles: measured values. For further explanations see text.

Taking these values from the literature, a preliminary band diagram can be drawn (see
Fig. 5.17). Literature values are labelled by rectangles, whereas measured data is given
in circles. Discrepancies between measurement and literature values as well as features
not observed in measurements are labelled with a star. The band bending in STO can
be explained most likely by the di↵erence in the electron a�nities. The Fermi-level has
to be somewhere between the conduction band minimum (CBM) and the valence band
maximum in the STO, most likely close to the CBM. For LVO it lies in between the lower
and upper Hubbard band. Assuming Fermi-level alignment in these heterostructures,
the vacuum level has to be continuous, which directly leads to an upward bending in
the STO and a downward bending in the LVO, both caused by the small Mott gap of
LVO. However, the values of the band bending in the respective material depend on
the precise position of the Fermi-level, which is not known. The band bending of 1 eV
within the LVO is not measured either, but derived under the assumption that for both
materials the Fermi-levels are close to the CBM and UHB, respectively. A downward
band bending would make the UHB of the LVO more favorable with respect to the CBM
of the STO and thus enable interface conductivity on the LVO side. Furthermore, no
potential gradient was assumed within the LVO as this could not have been observed
neither in the La core-level spectra, nor in the valence band spectra.
A severe discrepancy in this picture is the di↵erence between the band gap of STO as

derived from photoemission and the literature value. Although assuming the Fermi-level
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5 LaVO3/SrTiO3 – electrostatic doping of a Mott insulator

to be pinned in the STO near the CBM due to impurity doping, the measured band gap
is larger than the literature value (3.3 eV) and extends up to 3.9 eV for the LVO/STO
heterostructures. A similar observation was made for LAO/STO heterostructures [235].
Charging e↵ects can most likely be excluded for the conducting samples. However, sur-
face and interface photovoltage e↵ects caused by x-ray exposure cannot be excluded and
further analyses have to be done for both the LAO/STO and the LVO/STO system
[63, 64]. Another explanation for the large value of the STO band gap may be provided
by a comparison to spectroscopic ellipsometry measurements. Although a band gap of
3.25 eV is derived, the main absorption edge is at about 3.8 eV and thus at a compa-
rable value [237]. For LAO/STO, Susaki et al. reported changes in the work function
with respect to the overlayer film thickness [236], which has a strong influence on the
band diagram and could explain the thickness-dependent transport. To clarify this for
LVO/STO, Kelvin probe experiments are desirable.

5.6 Summary and outlook

LVO/STO heterostructures were grown successfully by means of PLD. A thorough phase
characterization revealed the LVO perovskite phase. Transport properties show similar
behavior to LAO/STO heterostructures with a thickness-dependent conductivity most
likely explained by an electronic reconstruction. HAXPES analyses clearly indicate a
reconstruction within the film layer, not involving the STO substrate. However, the
precise V valence remains unsettled. In situ conductivity and UPS measurements of,
e. g., the 6 uc samples and their behavior upon reduction and oxidation may give further
insight. Furthermore, other experiments, which independently determine the V valence
state and the oxygen-stoichiometry, can be conducted. Regarding the former, XAS or
resonant inelastic x-ray scattering measurements may provide additional information.
The precise determination of the oxygen-stoichiometry for oxide thin films remains chal-
lenging and currently it does not seem possible to retrieve detailed information by any
method.
Apart from the determination of the precise vanadium valence, the validity of the

electronic reconstruction scenario should be further investigated. Conductivity measure-
ments of a sample series exhibiting di↵erent overlayer thicknesses will verify or falsify the
scaling of the sheet carrier density with the overlayer thickness. Moreover, all issues and
findings for LAO/STO starting from the questions whether the ground state also hosts
superconductivity and/or magnetism to the influence of a gate field on the conductivity
are of strong interest for the LVO/STO as well, the latter being highly interesting for
future ‘Mottronic’ applications [20].
Avoiding a potential built-up in the LVO in these heterostructures requires a recon-

struction of both the interface and the surface. Up to now only interface e↵ects that
result from a charge transfer from the surface to the interface have been analyzed. How-
ever, the reconstruction mechansim at the surface remains unclear. The advantages of in
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5.6 Summary and outlook

situ growth and analysis should enable LEED and UPS studies, which o↵er the possibil-
ity of further addressing this question. This should help to clarify the influence of surface
adsorbates and the question whether the surface reconstructs atomically, electronically
or by the creation of oxygen vacancies.
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6 Summary

This thesis deals with the growth and characterization of three di↵erent oxide het-
erostructures, which are interesting for basic research on striking physical phenomena
at interfaces, but also from a technological point of view.
The heterostructures formed by the ferrimagnetic Fe3O4 and the semiconducting ZnO

is highly ranked as a material system suitable for spin injection. A comparative study of
films grown by both pulsed laser deposition and molecular beam epitaxy revealed that
by choosing an adequate oxygen pressure both methods are suitable to grow these het-
erostructures. A pressure variation during growth hindered the formation of a FeO-like
interface layer. The high lattice mismatch between film and substrate causes an island-
like growth mode, nevertheless the crystalline islands are in registry to the substrate.
The islands that coalesce in thicker films exhibit a nearly relaxed lattice structure for
a film thickness above 2 nm as proven by reflection high energy electron di↵raction and
x-ray di↵raction. By photoemission and absorption experiments the electronic structure
of Fe3O4 is identified, but a slight oxygen o↵-stoichiometry towards an overoxidation
is present. Temperature-dependent coercivity measurements showed indications for the
Verwey transistion characteristic of stoichiometric Fe3O4. This may point to an o↵-
stoichiometry that is only present within the photoemission and absorption probing
depth. X-ray magnetic circular dichroism and vibrating sample magnetometry show
reduced magnetic moments, which cannot be entirely explained by temperature e↵ects.
However, anti-phase boundaries caused by the initial island growth might give an expla-
nation as they act as domain wall pinning centers. As growth proved to be successful
the next step would be to analyze the spin injection e�ciency, for instance, by spin-
dependent conductivity measurements.
The conducting interface between the two band insulators LaAlO3 and SrTiO3, which

only occurs above a critical overlayer thickness, is discussed in the second part of this
thesis. The origin of this conductivity is most likely an electronic reconstruction caused
by the polar character of the LaAlO3. However, electronic properties strongly depend
on growth parameters like the total pressure, the oxygen partial pressure and a post-
oxidation procedure. The detailed structural analysis of samples grown under di↵erent
conditions revealed comparable properties, except for a higher degree of disorder that
may be present in the samples grown at 10�1mbar as indicated by the absence of re-
flection high energy electron di↵raction oscillations during growth as well as scanning
transmission electron microscopy analysis. By contrasting conductivity measurements
to hard x-ray photoelectron spectroscopy studies the following conclusions can be drawn:
(i) All samples grown at a total pressure of 10�1mbar turned out to be insulating. (ii)
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6 Summary

A growth pressure of 10�5mbar leads to oxygen-vacancy-mediated conductivity in bulk
SrTiO3. (iii) The ratio of Ti3+ scales with the oxygen partial pressure, while macroscopic
conductivity depends on the overall growth pressure. Thus, the presence of charge carri-
ers does not necessarily lead to conductivity. Furthermore, this indicates that it is mainly
the growth kinetics at high pressures that destroy conductivity. (iv) A post-oxidation
procedure removes the arbitrariness in controlling the electronic interface properties by
the oxygen pressure during growth and leads to a metastable state. By applying this
procedure thickness-dependent conductivity is observed except for the sample exhibiting
a higher degree of disorder in the film. This post-oxidation procedure can be seen as a
basic prerequisite for samples grown by di↵erent groups to ensure comparability and to
further analyze and study the properties of LaAlO3/SrTiO3.
The replacement of the band insulating LaAlO3 by the Mott insulating LaVO3, which

is also a polar oxide, paves the way to study correlation e↵ects at oxide interfaces.
Structures were grown by pulsed laser deposition and a detailed structural analysis was
carried out. Both reflection high energy electron di↵raction patterns and oscillations
show two-dimensional growth, which is also confirmed by atomic force microscopy. X-
ray di↵raction, x-ray reflectivity and scanning transmission electron microscopy reveal
the perovskite phase without any impurity phases of this heterostructure. Conductiv-
ity was found above a LVO film thickness of 8 uc. Both, a sheet carrier density of
about 1013 cm�2 and a high mobility of about 600 cm2/Vs at low temperatures closely
relate this material system to LaAlO3/SrTiO3 and suggest a similar mechanism for the
formation of the conducting interface, i. e., an electronic reconstruction. Hard x-ray pho-
toelectron spectroscopy measurements, however, reveal that the reconstruction and thus
the conductivity takes place within the film layer. Although the precise valence state
of the vanadium cannot be settled, a charge transfer towards the interface is observed
when analyzing the V 2p core-level. This observation distinguishes LaVO3/SrTiO3 from
other heterostructures exhibiting interface conductivity. Electrostatic doping of a Mott
insulator opens the possibility to study the band-filling-controlled Mott metal-insulator
transition without su↵ering from chemical impurities.
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Appendix

Table 6.1: Table of investigated samples. Number, abbreviation, growth parameters. ⇤grown at the
University of Twente by PLD, †grown at the University of Würzburg by MBE

sample abbreviation thickness pressure temperature time

(no.) [mbar] [�C] [min]

Fe3O4/ZnO

ZnO 034⇤ sample A 4 nm 1.1·10�6 390 4.0

ZnO 029⇤ sample B 4 nm 5.6·10�6 390 5.5

ZnO 036⇤ sample C 4 nm 2.5·10�5– 390 1.0+

9.5·10�6 3.0

ZnO 037⇤ sample D 19 nm 3.3·10�5– 390 1.0+

9.8·10�6 20

ZnO 033⇤ sample E 4 nm 8.7·10�5 390 4.0

MgO 012⇤ sample F 57 nm 1.0·10�6 390 20

ZnO 14† sample G 12 nm 5.3·10�6– 310 10+

1.0·10�6 30

MgO 10† sample H 18 nm 2.5·10�5 310 60

ZnO 018⇤ sample I 30 nm 1.0·10�5 390 30

ZnO 08† sample J 3 nm 1.0·10�6 310 10

ZnO 09† sample K 3 nm 5.0·10�6 310 10

ZnO 10† sample L 7 nm 5.0·10�6 310 20
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6 Summary

sample abbreviation thickness pressure temperature

(no.) [mbar] [�C]

LAO/STO

STO 028⇤ HP 6uc 10�1 850

STO 031⇤ MP 6uc 10�3 850

STO 030⇤ LP 6uc 10�5 850

STO 047⇤ HP 2uc 2 uc 10�1 850

STO 043⇤ MP 2uc 2 uc 10�3 850

STO 048⇤ LP 2uc 2 uc 10�5 850

STO 055⇤ MIX MP 6uc 10�3 (O2)+ 850

10�1 (Ar)

STO 051⇤ MIX LP 6uc 10�5 (O2)+ 850

10�1 (Ar)

STO 0x2⇤ HP PO 6uc 10�1 + 850

post oxidized

STO 0x3⇤ LP MIX PO 6uc 10�5 (O2)+ 850

10�1 (Ar)

post oxidized

STO 053⇤ MP PO 6uc 10�3 + 850

post oxidized

STO 058⇤ LP PO 6uc 10�5 + 850

post oxidized

LVO/STO

STO 041⇤ 6 uc 6 uc 1·10�5 670

STO 057⇤ 6 uc 1·10�5 670

STO 037⇤ 10 uc 10 uc 1·10�5 670

STO 052⇤ 10 uc 1·10�5 670

STO 024⇤ 32 uc 32 uc 1·10�5 670

STO 060⇤ 1 uc SVO + 10uc 1·10�5 670

9 uc LVO
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[144] O. Özdemir, D. J. Dunlop, and B. M. Moskowitz, Earth Planet Sc. Lett. 194, 343
(2002).
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