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Abstract
Transition metal oxides exhibit a variety of physical properties due to their high tun-
ability of spin, orbital, and charge degrees of freedom. This thesis studies two com-
plex, transition metal oxide thin film/substrate systems, the NiFe2O4/Nb:SrTiO3
(NFO/STO) and the La0.3Sr0.7MnO3/Nb:SrTiO3 (LSMO/ STO). NFO is a ferrimag-
netic insulator. LSMO is a ferromagnetic half metal and below a critical thickness
transitions to an insulator. However, the physical properties of those complex oxides
heterostructures are often directly linked to the quality of the thin oxide film and the
interactions between the oxide thin film and its substrate at the interface. In this
thesis the ultra thin NFO film growth via pulsed laser deposition is optimized. First
those optimized, smooth and single crystalline NFO films are studied with lab mea-
surement methods to ensure a high film quality. In a next step their stoichiometry
and crystalline occupancy is studied via hard X-ray photoemission (HAXPES) and
X-ray absorption spectroscopy, which were recorded at the large scale synchrotron
BESSY II, PETRA III and the DIAMOND Light source. The stoichiometry and oc-
cupancy is found to match the theoretical expectations of the NFO oxide in the in-
verse spinel structure. The magnetic response of the NFO/STO heterostructure is re-
searched with the element selective X-ray magnetic circular dichroism (XMCD). The
Ni and Fe cations' orbital and spin magnetic moment are extracted with the XMCD
sum rules. The NFO magnetic response is largely carried by the Ni cations which is
in agreement with the theoretical calculations. It is proven that the Ti cations of the
STO substrate, which is near to the interface, is partially reduced and shows a non
vanishing magnetic signal. Due to the proximity effect the Ti signal mimics the ferri-
magnetic response of the NFO thin film. The electronic properties of Au/NFO/STO
and Pt/LSMO/STO devices were investigated via in-operando HAXPES measure-
ments. In-operando HAXPES is recording HAXPES spectra during a voltage is ap-
plied to the sample. The band alignment and band bending are investigated by
applying Kraut' s method to the HAXPES spectra. In the Au/NFO/STO device the
band alignment and band bending at the NFO/STO interface is found to be voltage
independent. The diode-like electronic behaviour of those samples is carried by the
Au/NFO interface and the quality of the NFO thin films. The Pt/LSMO/STO de-
vice's electrical behaviour resembles a diode. Only the voltage backward direction
shows voltage dependent band alignment and band bending. The band alignment
of both oxide systems match the electrical behaviour observed in the IV-curve. The
STO substrate' s band bending region extends up to 7 nm into the substrate and the
LSMO electronic bands are bent throughout the entire film.
In conclusion, high quality NFO films are grown on STO. These NFO films show a
stoichiometry, cation structure occupancy, and magnetic response that are in agree-
ment with theoretical expectations. Furthermore it is shown that the STO has a
non - vanishing magnetic response due to the proximity effect. Even under ap-
plied voltages the band arrangement between the NFO and STO remains stable.
The NFO/STO and LSMO/STO electronic behaviour are successfully described and
determined by applying Kraut' s model to the in-operando HAXPES spectra. This
makes in-operando HAXPES a powerful tool for studying the electronic behaviour
at buried oxide interfaces.
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Kurzzusammenfassung
Übergangsmetalloxide weisen aufgrund ihrer hohen Abstimmbarkeit von Spin-, Or-
bital - und Ladungsfreiheitsgraden eine Vielzahl physikalischer Eigenschaften auf.
Diese Arbeit untersucht zwei komplexe Übergangsmetalloxid Dünnschicht/ Sub-
strat - Systeme, das NiFe2O4/SrTiO3 (NFO/STO) und das La0.3Sr0.7MnO3/SrTiO3
(LSMO/STO). NFO ist ein ferrimagnetischer Isolator. LSMO ist ein ferromagnetis-
ches Halbmetall und geht unterhalb einer kritischen Dicke in einen Isolator über.
Die Eigenschaften dieser komplexen Oxidheterostrukturen hängen jedoch häufig
direkt von der Qualität des dünnen Oxidfilms und den Wechselwirkungen an der
Oxid-Oxid Grenzschicht ab. In dieser Arbeit wird zunächst das Wachstum von
ultradünnen NFO - Filmen mittels Pulsed Laser Deposition optimiert. Diese opti-
mierten, glatten und einkristallinen NFO Filme werden dann mit Labormessmeth-
oden untersucht, um eine hohe Filmqualität sicherzustellen. In einem nächsten
Schritt wurden ihre Stöchiometrie und ihre kristalline Besetzung mittels Hart X-ray
Photoemissions- (HAXPES) und X-ray Absorptionsspektroskopie untersucht, die an
den Synchrotron BESSY II, PETRA III und der DIAMOND Light Source aufgenom-
men wurden. Die Stöchiometrie und die Besetzung stimmen mit den theoretischen
Erwartungen des NFO in der inversen Spinellstruktur überein. Die magnetische
Eigenschaften der NFO/STO Heterostruktur wird mit dem elementselektiven X-ray
magnetisch - circular - Dichroismus (XMCD) untersucht. Mit den XMCD - Sum-
menregeln werden von den Ni- und Fe - Kationen das Orbital- und das Spinmo-
ment extrahiert. Das magnetische Moment von NFO wird größtenteils von den
Ni - Kationen getragen, was mit den theoretischen Berechnungen übereinstimmt.
Es wird nachgewiesen, dass die Ti - Kationen des STO Substrats in der Nähe der
Grenzfläche teilweise reduziert sind und ein nicht verschwindendes magnetisches
Signal besitzen. Aufgrund des Proximityeffekts ahmt das Ti - Signal die ferrimag-
netische Eigenschaft des NFO - Films nach. Die elektronischen Eigenschaften von
Au/NFO/STO - und Pt/LSMO/STO - Heterostrukturen wurden mithilfe von in-
operando HAXPES Messungen untersucht. Die Bandausrichtung und die Bandver-
biegung werden untersucht, indem die HAXPES Spektren mit der Krauts Methode
untersucht werden. In der Au/NFO/STO Heterostruktur ist die Bandausrichtung
und die Bandverbiegung an der NFO/STO Grenzfläche spannungsunabhängig. Das
elektrische Verhalten der Pt/LSMO/STO Heterostruktur ist ebenfalls diodenähn-
lich. Nur die Spannung-Rückwärtsrichtung zeigt eine spannungsabhängige Band-
ausrichtung und Bandverbiegung. Die Bandausrichtung beider Oxidsysteme stimmt
mit dem in der IV-Kurve beobachteten elektrischen Verhalten überein. Die Bandver-
biegung des STO erstreckt sich bis zu 7 nm in das Substrat hinein und LSMO zeigt
durch den gesamten Film Bandverbiegung.
Zusammenfassend lässt sich sagen, dass die hergestellten NFO Filme eine Stöchiome-
trie, Kationenstrukturbesetzung und magnetische Eigenschaften besitzen, die mit
den theoretischen Erwartungen übereinstimmt. Weiterhin wird gezeigt, dass der
STO aufgrund des Proximityeffekts ein echtes magnetisches Moment aufweist. Auch
unter angelegten Spannungen bleibt die Bandanordnung zwischen NFO und STO
stabil. Das elektronische Verhalten von NFO/STO und LSMO/STO wird erfolg-
reich beschrieben und bestimmt, indem das Kraut-Modell auf die in-operando HAX-
PES Spektren angewendet wird. Dies macht in-operando HAXPES zu einem
leistungsstarken Werkzeug zur Untersuchung des elektronischen Verhaltens an Ox-
idgrenzflächen.
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Chapter 1

Introduction

Dear reader, you have just read the title of this chapter. I am faced with the
task to write an introduction to my thesis that should give you a first im-
pression of the research topic and the research field presented in this thesis.
Therefore I will try answering two of the most frequently asked questions
regarding my research field. Please, keep in mind that the rest of my thesis
will not be written in the same manner and starting with the outline of my
thesis I will write in a more suitable scientific way.
Since 2014, I have been a member of the oxide community, meaning that I
am, for most of the time, actively pursuing to work with, investigate and try
to understand oxide material systems. The two most prominent reactions to
this are: "Oxides, do you mean rust?" if they are non - physicists, or "Do you
know what the problem of oxides is? - The oxygen.", if they are physicists
or anything related to it. To the non - physicists: Yes, you got it, rust is a
mixture of iron oxides and water, more precisely a mixture of FeO, Fe2O3 and
H2O. In dependence of the oxidation state of iron and of oxygen content the
properties of the iron oxides change. For example at room temperature FeO
is diamagnetic, i.e. non - magnetic, while Fe2O3, mostly known as hematite,
is weakly ferromagnetic [1]. Both materials consist of iron and oxygen, but
their physical properties are fundamentally different. This relates to the joke
of you physicists: You are like Schrödingers cat, right and wrong at the same
time. On the one hand it can be a challenge to control the oxygen content in
oxide systems [2]. On the other hand the ability to change the valency and
the seemingly endless combination possibilities can result in new technology
applications or even new physical phenomena.
One prominent example are resistive switching devices for non volatile mem-
ory. They are based on the fact that the controlled removal or reintroduc-
tion of oxygen into the material change the resistivity of the material [3, 4].
Thus, the material has two states, a natural "0" and "1" in computer mem-
ory, which can be written and read out by electric fields. Another example is
the LaAlO3/SrTiO3 heterostructure which surprised the oxide community in
2004. Those two materials are wide band gap insulators. However, the nature
of the interface between those two materials, a region of a couple of nanome-
ters, is in fact metallic [5]. Since then many other complex oxides have been
studied and exploited which resulted in a huge playground of properties and
emerging phenomena [6, 7, 8]. The focus of many of these studies are transi-
tion metal oxides as they exhibit a variety of physical properties due to their
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high tunability of spin, orbital and charge degrees of freedom [9, 10]. The ini-
tial way to tailor these properties is a precisely controlled growth process of
single-crystalline thin film heterostructures. A second way is to force the sta-
ble oxides via electrical fields or magnetic fields into other states. Whatever
way is used, many measurements have to be performed in order to get a full
picture of the material system' s physical properties, i.e. surface morphol-
ogy, crystal structure, stoichiometry, electric and magnetic response. Most
of those measurements can be done in Lab facilities but some, like element
selective measurements at buried interfaces, can only be performed at large
scale synchrotron facilities [11, 12].
In my thesis I studied the NiFe2O4/SrTiO4 for the most part. Ideal bulk
NiFe2O4 is a ferrimagnetic insulator. Thus, it is a possible candidate for
spin filter applications [13]. SrTiO3 is a widely used oxide as it is compat-
ible with the current Silicon CMOS technology. This makes the introduc-
tion of oxide electronic devices into existing electronics more feasible [14,
15]. However, growing NiFe2O4 on SrTiO3 is challenging because the SrTiO3
exerts a strong compressive strain of 6.8 % [16]. This introduces a lot of de-
fects into the NiFe2O4 films. Thus, the optimization of the fabrication pro-
cedure is an absolute necessity. However, the main focus of my thesis is to
determine a full picture of the NiFe2O4/SrTiO4 system's electronic and mag-
netic properties (and to probe the electronic response of the La0.3Sr0.7MnO3/
SrTiO3 heterostructure). Therefore in this thesis the NiFe2O4/SrTiO4 and the
La0.3Sr0.7MnO3/ SrTiO3 heterostructures are investigated in great detail by
element selective measurement techniques, which were performed at PETRA
III, DIAMOND Light Source and BESSY II from 2016 to 2018.

Outline

The fundamental physical background of this thesis is presented in chap-
ter 2. This includes the reporting of the oxide material properties of SrTiO3,
NiFe2O4 and La0.7Sr0.3MnO3 and an introduction to the synchrotron mea-
surement techniques X-ray absorption (XAS) and hard X-ray photoemission
spectroscopy (HAXPES). Furthermore, methods are presented to extract the
band alignment and band bending information at buried oxide interfaces
from HAXPES measurements. By utilizing the electronic flat band model
we can describe the electronic structure of the oxides.
The experimental methods in this thesis can be divided into laboratory meth-
ods and synchrotron methods. Laboratory methods refer to experiments
which can be performed in house, in our own or collaboration labs. The
synchrotron methods on the other hand refer to experiments, which can only
be performed at a synchrotron due to the high demand in depth sensitivity,
precision and photon flux. In chapter 3 a short overview of those two types
of experimental methods and their set-ups used in this thesis are given.
The main focus of this thesis are the properties of the hetero structures NiFe2O4/
SrTiO3 (and La0.7Sr0.3MnO3/SrTiO3), more specifically the response of their
interface properties under application of external electric or magnetic fields.



Chapter 1. Introduction 3

A basic requirement for this thesis is the optimization of the oxide pulsed
laser deposition (PLD) growth parameters in order to achieve reproducible
and high quality ultra thin oxide films. Chapter 4 addresses this topic for the
growth of the inverse spinel (001) NiFe2O4 on top the perovskite Nb:SrTiO3.
The influence of laser fluence and growth pressure composition on the film
quality are probed with laboratory experimental methods and an optimal set
of growth parameters is defined. In a next step the optimized NFO/STO het-
erostructures are taken to different synchrotron facilities. There, the chemical
composition are investigated and compared to theoretical expectations.
In chapter 5, NiFe2O4 films are probed with circular polarized XAS at con-
stant magnetic field. Thus the X-ray magnetic circular dichroism (XMCD)
signal, which is the fingerprint of the cation specific magnetic response, is re-
trieved. By applying the MCD sum rules the cation specific orbital and spin
momentum are calculated and compared to the expected theoretical values.
With this knowledge, the magnetic response of the NiFe2O4/SrTiO3 interface
is probed, more specifically the magnetic response of the titanium cations in
the substrate near to the NiFe2O4/SrTiO3 interface. The Ti XAS and XMCD
signals are analysed in terms of Ti cation valency, the XMCD magnetic fin-
gerprint and the magnetic field dependence and the NiFe2O4 film thickness
dependence of the XMCD signal.
Chapters 6 and 7 introduce the in-operando HAXPES measurement tech-
nique in order to directly observe the influence of an electric field on a com-
plex oxide heterostructure. In-operando HAXPES measurements are HAX-
PES measurements at which a constant voltage is applied to the sample dur-
ing the recording of spectra. Thus for each voltage step the band alignment
and band bending at the buried oxide heterostructure interfaces can be ex-
tracted, analysed and related to the electronic behaviour of the oxide device.
In the scope of this thesis, the Au/NiFe2O4/SrTiO3 and Pt/ La0.7Sr0.3MnO3/
SrTiO3 heterostructures are investigated with this technique and the result-
ing electric field dependency of the band alignment and bend bending are
compared to each other.
Finally the summary and an outlook for further investigations is given in
chapter 8.
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Chapter 2

Theoretical background

This chapter is meant to give the theoretical background information in order
to follow this thesis. It is not meant to cover the presented information and
topics to their full extent because this would go beyond the scope of this
thesis.

2.1 Material characteristics

This section focusses on the physical properties of the complex oxides used in
this thesis. The comprehension of the physical properties of bulk materials
are the foundation for understanding the physical properties of ultra thin
films, complex heterostructures and their interfaces. Three complex oxides
will be presented: NiFe2O4, SrTiO3 and La0.3Sr0.7MnO3.

2.1.1 NiFe2O4

NiFe2O4 is an insulating ferrimagnetic oxide with a Curie temperature of
Tc = 850 K which crystallises in the inverse spinel structure with a lattice
constant of 8.338 Å. The spinel structure which is shown in figure 2.1 has the
general formula of AB2O4. It has a cubic unit cell with 56 ions of which 32
are oxygen ions (O−2), 16 trivalent cations (B3+) and 8 divalent cations (A2+).
The oxygen ions form an fcc sublattice with 32 octahedral (Oh) and 64 tetra-
hedral (Td) sides. 1/2 of the octahedral sides and 1/8 of the tetrahedral sides

Figure 2.1: Sketch of the
inverse spinel structure
of NiFe2O4. The Fe3+

cations in red are dis-
tributed equally across
the octahedral (Oh) and
the tetrahedral (Td) lat-
tice site. The Ni3+ in
green occupy Oh sites.

Adapted from [17].
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Figure 2.2: (a-c) Exchange interactions in NiFe2O4. a) Anti - ferromagnetic
superexchange interaction between cations on the Td and the Oh lattice sites.
b) Ferromagnetic superexchange interaction between cations on Oh sites.
c) Ferromagnetic double exchange interaction between cations on Oh sites.
d) Occupation of the magnetic sublattice in the inverse spinel structure of
NiFe2O4 and the splitting of the 3d levels due to the crystal field. Image

adapted from [16]

are occupied. In case of the normal spinel the tetrahedral sites are occupied
by the divalent A2+ cations (A(Td)) and the octahedral sites are occupied by
the trivalent B+3 cations (B(Oh)). In the unit cell of the inverse spinel, the A2+

occupy half of the octahedral sites (A(Oh)) and the B3+ occupy the tetrahedral
(B(Td)) and the other half of the octahedral sites (B(Oh)).

Magnetic structure

The unit cell of NFO in the inverse spinel structure includes 24 magnetic ions,
16 Fe3+ and 8 Ni2+. In a first approximation oxides are often considered as
a pure ionic system. Thus, each magnetic ion contributes to the magnetism
of the unit cell. The electronic configuration of a Ni2+ is [Ar]3d8. The 3d
bands degeneracy is reduced due to the oxygen octahedron and its crystal
field. Thus, the 3d bands split into the two energetically higher states eg and
into the three energetic lower states t2g. According to Hund's rule and Pauli's
principle the electron spins arrange themselves in the d bands, which leaves
two spins unpaired and aligning parallelly in the eg states. Thus, Ni2+ has
a net moment of 2 µB per atom. For the Fe3+ the electronic configuration is
[Ar]3d5. Similar to the Ni cations the 3d bands degeneracy is reduced due to
the oxygen environment and its crystal field splitting. At the octahedral sites
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the 3d bands split into the two energetic higher states eg and into the three
energetic lower states t2g while at the tetrahedral sites the t2g and eg degen-
erated states are energetically switched. In general the crystal field splitting
for Fe3+ gives rise to the possibility of aligning the spins in all d levels (eg
and t2g) parallel to each other as well as filling the energetic lower level first.
In the case of NFO the parallel alignment is energetically favourable which
adds up to a net moment of 5 µB per atom [18]. The 3d band occupation and
its splitting are illustrated in the figure 2.2 d) for the Oh and Td lattice sites
respectively.
The magnetic response of the total NFO unit cell is gained by considering the
exchange interaction between the different cations and their lattice sites. The
strongest interaction can be found by considering the Goodenough-Kanamori-
Anderson-Rules presented in section 2.2. The superexchange coupling mech-
anism couples the cation magnetic moments on the different lattice sites (Oh
and Td) via an oxygen ion. The intersublattice superexchange interaction be-
tween two Fe3+ cations that occupy one Oh site and one Td site under an
angle of 125° have a strong antiferromagnetic coupling (see figure 2.2 a)).
The intrasublattice superexchange coupling between two cations occupying
Oh lattice sites under an angle of 90° yield a ferromagnetic ordering (see fig-
ure 2.2 b)). The intrasublattice superexchange coupling between two Fe3+

cations occupying Td site is antiferromagnetic. However, the latter superex-
change coupling mechanism is weak and gets superimposed by the other
two superexchange mechanisms [19]. Finally, the Ni2+ cations located at Oh
sites and Fe3+ cations located at Oh sites couple ferromagnetically via the
double exchange interaction (see figure 2.2 c)). The combination of all these
interactions result in two ferromagnetic ordered sublattices, the octahedral
and tetrahedral respectively, that align antiferromagnetically with each other.
Therefore the magnetic moments of the Fe3+ cations that populate the oc-
tahedral and tetrahedral equally in the inverse spinel structure cancel each
other out. This results in a net moment of NFO formed by the Ni2+ cations
of 2 µB/f.u..
The transition metal cations 3d t2g and eg states are spherically symmetric
due to the oxygen environment. The result of the spherical symmetry is that
the orbital momentum of half occupied or fully occupied states vanishes [20].
In figure 2.2 d), it can also be seen that the t2g and eg of each cation and each
lattice site are either fully or half occupied. Thus, the total orbital momen-
tum on each lattice site is expected to be quenched, which explains the small
magneto crystalline anisotropy observed in NFO. The even occupation of
possible angular momentum numbers in the 3d bands causes any effect of
the spin-orbit coupling to cancel out. Therefore the spins are not locked to
the alignment of orbital states which are coupled to the lattice sites, i.e. the
spin alignment's direction dependence is suppressed.
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Figure 2.3: NFO's DFT
calculated electron den-
sity of states. Adapted
from [21]. The cal-
culated majority and
minority band gaps
are Emin

g = 2.1 eV and

Emaj
g = 2.7 eV.

Electronic structure

The electronic structure of NFO can be calculated with the density func-
tional theory (DFT) using the Linearized-Augmented-Plane-Wave method
and Local-Orbital-Method that implements a self-interaction corrected local
spin density approximation [22, 21]. Szotek et al. calculated the electron
density of states for the NFO in inverse spinel structure and normal spinel
structure [22]. The results showed that the inverse spinel structure is ener-
getically favourable and stable. Dileep et al. calculated the density of states
for NFO in inverse spinel structure, 50% inversion, 50% and 100% octahe-
dra lattice site vacancies. Any deviation from the inverse spinel caused the
band gap of the minority electrons Emin

g to decrease and the band gap of

the majority electrons Emaj
g to increase, which resulted in a smaller overall

bang gap. In figure 2.3, the density of states of the NFO in ideal inverse
spinel structure calculated by Dileep et al. are shown. The valence band is
formed by Ni2+ Oh states for the majority and minority electrons. The con-
duction band is formed by the Fe3+ Oh states for the minority electrons and
by the Fe3+ Td states for the majority electrons. This results in two distinct
band gaps: The minority electrons have a calculated theoretical band gap of
Emin

g = 2.1 eV and the majority electrons have a calculated theoretical band

gap of Emaj
g = 2.7 eV.

2.1.2 La0.3Sr0.7MnO3

The La0.7Sr0.3MnO3 (LSMO) studied in this thesis is part of the mixed com-
position manganites family R1−xAxMnO3 with 0 < x < 1. LSMO has a
distorted perovskite crystal structure. The 3d transition metal Mn is located
at the centre of an octahedron of oxide ions. The La and Sr cations sit on
the cube' s edges. Depending on the mixture of surrounding edge atoms and
their difference in ions size the oxygen octahedra are buckled. This affects
the symmetry of the cubic structure. At room temperature LSMO exhibits a
rhombohedral or pseudocubic structure with a lattice constant of a = 3.869 Å
and off-cubic angle of α = 89.74◦ [23].
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Figure 2.4: Schematic
density of states D(E)
of ideal have metallic
LSMO is shown. Modi-

fied from [24].

Electronic structure

LSMO is a mixed valence manganite which consists of tetravalent manganese
Mn4+ and trivalent manganese Mn3+. Compared to the parent compound
LaMnO3, the trivalent lanthanum La3+ is partially replaced by the bivalent
strontium Sr2+ cations. This results in a charge disparity that will be com-
pensated by the conversion of Mn3+ into Mn4+. Therefore, La1−xSrxMnO3
exhibits an ionic structure and the ratio between the La and Sr cations influ-
ences the physical properties.
The electronic band structure of the La0.3Sr0.7MnO3 shows a half metallic be-
haviour [25]. In figure 2.4, the schematic density of states D(E) of LSMO is
shown. Due to the octahedral symmetry of the oxygen anions, the 3d bands
of the LSMO are split into the eg and the t2g states. For one spin orientation
the Fermi level is located in the 3d eg band. For the opposite spin orientation
the Fermi level is located in a band gap. Therefore, the conductivity of LSMO
will be carried by states of one spin orientation only. This inherent spin po-
larization of LSMO makes it a candidate for electronic devices that imply or
are based on the detection of spin polarized currents.

Magnetic structure

Depending on the exact stoichiometry of La1−xSrxMnO3, different splitting
of the manganese 3d-orbitals can occur. This results in a complex magnetic
behaviour. Basically, the magnetic behaviour is based on two coupling mech-
anism: One is the superexchange interaction which couples same valence
manganese cations only. The other one is the double-exchange interaction
which couples manganese cations with different valence only.
The superexchange interaction is the main coupling mechanism in the parent
oxide LaMnO3, as it has only Mn cations of one valency without any elec-
trons that can move freely. It is based on the coupling between two nearest-
neighbour Mn3+ cations through a shared oxygen anion. The Mn 3d orbitals
hybridize the O 2p orbitals. The virtual hopping of the O 2p electrons to
the Mn 3d orbitals leads to excited states, which can result in a reduction
of the energy of the system. The sign and strength of the superexchange
interaction depend on the occupancy and the orbital degeneracy of the 3d
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Figure 2.5: Electronic and
magnetic phase diagram.
'F.I.' ferromagnetic insulator,
'F.M.' ferromagnetic metal,
'P.I.' paramagnetic insulator,
'P.M.' paramagnetic metal
and 'C.N.' insulator with
canted magnetic moment.

Adapted from [27].

states involved and can be described with the empirically found GKA-rules
described in section 2.2.
The double exchange interaction describes the exchange interaction between
two manganese cations of different valence which come into existence be-
cause of the partially replacement of La3+ cations by Sr2+ cations. The free
electron in the dz2 orbital of the Mn3+ cation moves through the diamagnetic
oxygen anion into the empty dz2 orbital of the Mn4+ cation without spend-
ing any excitation energy. The electron movement into a neighbouring state
is enabled by the parallel alignment of the manganese core level spins. This
real electron hopping is the foundation of the good electrical conductivity
and the ferromagnetic ordering observed in the LSMO [26] .
Naturally, the interplay of the superexchange and double exchange coupling
mechanism crucially depend on the exact chemical composition. In figure
2.5, a phase diagram of LSMO with respect to the strontium cation part and
temperature is shown. The symbol 'I' represents an insulating composition,
'M' represents a metallic composition, 'F' represents a ferromagnetic order-
ing and 'P' represents a a paramagnetic ordering. The composition used in
this thesis has a strontium part of x ≈ 0.3. Thus it is metallic ferromagnetic
and has the maximum Curie temperature all possible compositions, which is
370 K.

Growth on SrTiO3

In general, epitaxially grown LSMO thin films show different physical prop-
erties compared to their bulk counterparts. In this thesis, the a thin LSMO
film is grown on top of STO. STO has a larger lattice constant than the LSMO
bulk lattice constant and therefore the epitaxial LSMO film experiences a ten-
sile strain of 0.93%. Tensile stress in LSMO films is known to distort the
oxygen ion octahedron surrounding the manganese ion. This changes the
overlap and hybridization of the oxygen p orbitals and the manganese d or-
bitals according to the Jahn-Teller distortion theory. Therefore, the tensile
strain suppresses the ferromagnetic and metallic behaviour in LSMO thin
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Figure 2.6: a) Sketch of the perovskite crystal structure ABO3. b) Theoretical
determined DOS of STO, taken from [29].

films. The result is that in ultrathin LSMO films, two critical thicknesses are
observed [28]. For a film thickness of d1 < 3 u.c. the LSMO film is param-
agnetic and insulating. Below the film thickness of d2 < 9 u.c. and larger
than d1 the LSMO film is ferromagnetic and insulating. If the LSMO thick-
ness exceeds 9 u.c. the LSMO thin film shows its normal ferromagnetic and
metallic behaviour. In the scope of this thesis an epitaxial LSMO film with a
film thickness of 6 u.c. is probed, expecting an insulating and ferromagnetic
behaviour.

2.1.3 SrTiO3

SrTiO3 (STO) is a diamagnetic and insulating transition metal oxide. At
room temperature it has a cubic perovskite structure with a lattice constant
of cSTO = 3.905 Å as shown in figure 2.6 a). Like NFO and LSMO, STO is
treated as an ionic crystal in the first approximation. The Sr2+ cations are
located at the A-site of the perovskite, while the Ti4+ sits in the centre of the
unit cell and of the oxygen ion octahedral. Consequently, the oxygen anions
are located at the six face-centred sites. In the (100) direction STO can be re-
garded as an alternating stack of (SrO)0 and (TiO2)0 planes. Thus a surface
treatment etching procedure can provide a surface coverage of nearly only
TiO2.
In figure 2.6 b), the theoretical density of states (DOS) of STO is displayed
[29]. In the lowest part the total DOS of STO is shown. In the upper panels
the DOS contribution of the single ions of the STO is displayed. Stoichiomet-
ric STO is a wide band gap insulator with a band gap of Eg ≈ 3.25 eV. The
Fermi level is located near to the valence band maximum. While the valence
band is mostly formed by the O 2p atomic orbitals, the conduction band is



12 Chapter 2. Theoretical background

mostly build up by the Ti 3d orbitals. The result is that the electronic charac-
teristic of STO is dominated by the titanium valence. In oxygen deficient STO
the oxygen vacancies introduce electrons into the Ti 3d orbitals and yield a
metallic conducting phase [30]. In the research field of resistive switching
phenomena, the controlled introduction or removal of oxygen vacancies into
undoped STO is used to force a localized conducting or insulating state, the
"1" and "0" for possible electronic devices. In the scope of this thesis, a low
percentage Nb doped STO is used. Nb doping introduces an additional free
electron per Nb atom into the oxide, more precisely into the Ti 3d bands [31].
This ensures a metallic conducting substrate which is needed in order to pro-
vide a conducting substrate to perform HAXPES and XAS synchrotron mea-
surements. At the same time the crystal structure and the magnetic response
is not changed by the Nb doping.

2.2 Goodenough-Kanamori-Anderson-Rules

The Goodenough-Kanamori-Anderson-Rules (GKA-rules) are an empirically
found set of rules that describe the transition and interaction between orbitals
with different angular quantum numbers in complex materials [32, 33, 34].

1. The exchange interaction between partially filled or empty d shell or-
bitals under an cation-ligand-cation (clc) angle of 180° is strong and
antiferromagnetic.

2. The exchange interaction between a partially filled and empty d shell
orbital under an clc angle of 180° is ferromagnetic and weak.

3. The exchange interaction between partially filled d shell orbitals under
an clc angle of 90° is ferromagnetic but weak.

These rules are often applied successfully in complex transition metal oxides
to describe the interactions between the oxygen 2p orbitals and the transi-
tion metal 3d orbitals. Therefore they will be applied to the cations in the
spinel structure of NiFe2O4 to describe the observed ferrimagnetic ordering.
Furthermore they will be applied to the mixed valence La1−xSrxMnO3 to de-
scribe the transition of magnetic ordering.
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Figure 2.7: a) + b) Ex-
ample of a schematic flat
band structure of two
semiconductors without
electronic contact and
with electronic contact.

2.3 The flat-band model

The true band structures of materials are highly complex and are for the most
part not known precisely because of the huge influence of boundary condi-
tions such as unit cell formation, surface boundary conditions, limitation of
one dimension or defects. In favour of a first "hands on" approach, the com-
plex band structures are broken down to the most important information:
Where is the Fermi level EF, the valence band maximum EV and the con-
duction band minimum EC and if present the band gap Eg? The result is a
simplified band model with flat bands which can be found in the fundamen-
tal solid state textbooks [35, 20]. An example for this flat band model of two
semiconductors is shown in figure 2.7 a). This model allows to make first
predictions of how a material behaves electronically.
In the scope of this thesis the simplified band model is used to study the
effects of heterointerfaces on the band structure. When two materials are
brought into electronic contact, the total system is confronted with two dif-
ferent sets of conduction band positions, valence band positions, band gaps,
and positions of the Fermi level. In this case the work functions are of crucial
meaning. The work function of a material is defined as the energy needed to
remove one electron from the solid into the vacuum. In the picture of the sim-
plified band model, the work function is determined by the energy difference
of the vacuum level to the Fermi level. For a heterojunction a discontinuity
in work function results in a violation of the conservation of energy. In this
case, it would be possible to remove one electron from the material with the
lower work function into the vacuum; then back into the other material with
the higher work function, and finally, because they are in electronic contact,
back into the first. The electron would gain the energy difference of the two
work functions. In order to prevent the violation of conservation of energy,
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the bands and the vacuum level have to rearrange to equalize the work func-
tions between the materials. This rearrangement includes two main effects:
band alignment and band bending. A schematic example of a band aligned
and band-bent heterojunction is displayed in figure 2.7 b).

When looking at the band diagram 2.7 b), the energy band in a material can
curve up or down near a junction. This effect is known as band bending.
Band bending is caused by a local imbalance in charge neutrality at junctions
consisting of semiconductor-semiconductor or semiconductor-metal transi-
tions. If at a junction two materials with different Fermi level respectively
chemical potentials come in contact, the difference in potential induces an
electric field. In order to counter act the induced electrical field, the free
carriers can rearrange themselves accordingly and thus align the chemical
potentials at the junction. Thus a local charge imbalance, i.e. a depletion
or accumulation zone, is created. Theoretically this effect can be described
by solving the Poisson-Boltzmann equation 2.1 at the junction for each side
utilizing the relation between the potential Φ and the conduction band EC,
qΦ(x) = −EC + const:

d2Φ(x)
dx2 = −ρ(x)

εs
=⇒ d2EC(x)

dx2 =
qρ(x)

εs
(2.1)

Here, εs is the material dielectric constant, q denotes the charge and ρ(x)
represents the charge carrier density. In the following paragraph the solution
for the n-type side of the junction, the region with the electron excess, will be
discussed. The solution procedure can be applied analogously for the p-type
side of the junction.
In general the following assumption will be used: First, the doping concen-
tration is spatially independent, assuming a uniform doping. Second, the
dopants are fully ionized, so all free carriers at the junction have arranged
themselves. Third, the donor concentration ND is higher than the acceptor
concentration NA because the solution of the n-type region will be discussed:
ND � NA. Thus the charge carrier density can be written as

ρ(x) = q(ND − n(x)) (2.2)

with n(x) is denoting the local electron concentration. The local electron dis-
tribution evolves exponentially with the difference between the position de-
pendent conduction band and the Fermi level,

n(x) = NA · exp
(

EC(x)− EF

kT

)
. (2.3)

In the neutral region without any band bending x −→ −∞, the electron con-
centration n(x −→ −∞) equals n0,D = ND. Thus the electron concentration
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n(x) can be rearranged to

n(x) = ND · exp
(
−EC(x)− EC(x −→ −∞)

kT

)
. (2.4)

In a next step, the band parameter A(x) is defined as

A(x) =
EC(x)− EC(x −→ −∞)

kT
. (2.5)

Now, n(x) and therefore ρ(x) can be rearranged and then substituted into
equation 2.1, yielding

d2A(x)
dx2 =

q2ND

εskT
·
(

1− e−A(x)
)

. (2.6)

This is a non-linear differential equation. For small band bending, the e−A(x)

term can be approximated by 1− A(x). Therefore the differential equation
2.6 can be simplified to

d2A(x)
dx2 =

q2ND

εskT
· A(x) . (2.7)

This is a second order differential equation and hence has two linearly inde-
pendent solutions

A(X) ∝ exp
(
± x

LD

)
=⇒ EC ∝ exp

(
± x

LD

)
, (2.8)

with LD the Debye length defined as LD =
√

εkT
q2ND

. In conclusion it is shown
that for small band bending regions, the conduction band and the valence
band bend exponentially.

2.4 Hard X-ray photoelectron spectroscopy

Hard X-ray photoelectron spectroscopy (HAXPES) is a variant of the the con-
ventional photoelectron spectroscopy (XPS) and is based on the photoelectric
effect. The photoelectric effect describes the process of the emission of elec-
trons or other free carriers when light hits a material. It was first observed
by H. Hertz and correctly described by A. Einstein [36, 37]. Electrons emit-
ted by this process are referred to as photoelectrons. In XPS measurements
the target material in question gets illuminated with ideally monochromatic
X-rays while simultaneously the kinetic energy of the escaped electrons from
the surface is recorded with an electron energy detector. The main difference
between XPS and HAXPES is the energy of the X-rays. In HAXPES measure-
ments X-rays within an energy range of E = 2− 12 keV are used which are
usually produced at synchrotrons.
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Figure 2.8: Relation between the energy levels of the sample and the XPS
spectrum are shown. Adapted from [39]

One simplified description of the photoelectric effect is given by the "three-
step-model" [38]. In the three-step-model the whole process describes the
emission process in a single electron picture divided in consecutive three
steps in order to understand the recorded photoelectron spectra. In figure
2.8 a sketch of the photoelectric effect described by the three-step-model and
a resulting XPS spectrum is displayed.
In the initial step the single electron gets excited from the initial state into an
unoccupied final state above the Fermi level EF by absorption of the high en-
ergetic light hν. The excitation follows the law of conversation of energy and
momentum. The probability of the excitation in dependence of the photon
energy in given by Fermi's golden rule shown in equation ??. Fermi's golden
rule was discussed during the description of the XAS's working principle in
chapter 2.5. In contrast to the XAS the final state must have enough energy
so that the electron can escape the solid.
In the second step the excited electron travels to the surface of the solid.
Thereby the electron can undergo two types of scattering: elastic and inelastic
scattering. Elastic scattering changes the path of the electron. Inelastic scat-
tering however transfers energy to the solid's lattice and thus the information
of the core level's binding energy is lost. The binding energy is element - se-
lective and is also sensitive to chemical changes of the element. The electron
might still escape the solid and get detected and then contributes to the back-
ground of the XPS spectrum. The distance an electron can travel before any
inelastic scattering event is limited. It is described by the inelastic mean free
path (IMPF). Consequently, only surface - near electrons are detected with
full information of the core levels and thus limit the information depth of the
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Figure 2.9: Photon
energy dependence
of the inelastic mean
free path of 41 ele-
mental solids. Data
are taken from [40].

XPS measurement technique.
In the third and last step the electron escapes the solid into the vacuum.
Therefore it has to overcome the threshold energy, which is called working
function Φ. At the interface between solid and vacuum, the electron gets
diffracted. Thereby the perpendicular part of the electron wave vector is al-
tered. Hence the detected kinetic energy of the photoelectron is the initial
absorbed photon energy reduced by the binding energy of the core level and
reduced by the work function of the sample.

2.4.1 Depth sensitivity & information depth

Electrons travelling through a solid will scatter with the material. The scat-
tering process is quantified by the inelastic mean free path (IMFP), which
describes the average distance an electron can travel through a material with-
out a collision. Therefore, the IMFP is material dependent and it depends on
the kinetic energy of the incident light. IMPFs of 41 elemental solids and
their energy dependence are shown in figure 2.9. Despite the IMPF's evident
material dependence, all IMPFs show a similar behaviour in dependence of
the kinetic energy. This is generally referred as "universal curve" and allows
to estimate the depth sensitivity of a XPS measurement roughly. However,
because it does not describe the elastic scattering effect as well, it is inde-
pendent of the experimental set-up. This is also the reason why attenua-
tion length determined by experimental measurements are not necessarily in
agreement with the IMFP. In order to circumvent this issue, the emission of
electrons from solids is described by the depth distribution function (EDDF)
Φ(z, cos(α)) [41]. The EDDF calculates the probability that a photoelectron,
which originates from a depth z normal to the surface, leaves the sample sur-
face under an angle α. If elastic scattering is negligible, an EDDF deduced
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Figure 2.10: Example diagram for band alignment between to semiconduc-
tors and a metal in contact. Adapted from [43]

from the Boltzmann transport equation describes the information depth cor-
rectly [42]. The resulting EDDF equation given by equation 2.9

Φ(z, cos(α)) = W(Ψ) · exp
(

−z
λIMFP · cos(α)

)
. (2.9)

Here W(Ψ) is the differential photoelectron cross section, Ψ is the angle be-
tween the direction of the incident X-rays and the direction of the photo elec-
tron emission from the surface and λIMFP is the IMPF of the material. With
the EDDF, an information depth I can be derived. The information depth I
is defined as the probing depth from which a certain percentage P of elec-
trons originate. In general, a percentage of P = 95 % is used. The following
formula is obtained∫ I(P)

0 Φ(z, cos(α))dz∫ ∞
0 Φ(z, cos(α))dz

=
P

100
⇐⇒ I(P) = −λIMFP · cos(α) · ln(1− P/100) .

2.4.2 Band alignment in HAXPES - Kraut's model

A photoemission method for heterojunction band alignment is attributed to
Kraut et al. [44]. Kraut's model is based on the fact that in photoemission
experiments, the energy difference between the valence band maximum and
a core level is a physical quantity for any given material. Thus, any shift
in the valence band maximum will also result in a shift of the core levels. In
figure 2.10 a band-aligned band structure based on the simplified band struc-
ture picture between a semiconductor substrate, a semiconductor film and a
metal is shown. The symbols ECL, EV and EG refer to the conduction band
minimum, valence band maximum and the band gap respectively. It can be
deduced that if the energy difference between the valence band and the core
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level (ECL) are measured, the band alignment in the valence bands ∆EV can
be determined according to the following equations for a semiconductor(A)
- semiconductor(B) - junction,

∆EV = EB
V − EA

V , (2.10)

∆EV = (EA
CL − EA

V)ref − (EB
CL − EB

V)ref − (EA
CL − EB

CL)int . (2.11)

The terms in the first and second parentheses refer to the difference between
the core level and the valence band maximum in reference materials while
the third term in parentheses is the difference in the core level positions of
the heterostructure. If furthermore the band gap of the reference materials is
known, then the band alignment in the conduction band can be deduced by

∆EC = EA
g − EB

g + ∆EV . (2.12)

In case of a semiconductor - metal - junction, the potential barrier height ΦB
is given by

ΦB = EM
F − EB

V , (2.13)

ΦB = (EB
CL − EB

V)ref − (EM
CL − EM

F )ref − (EB
CL − EM

CL)int . (2.14)

In case of the metal, the main difference is that the valence band maximum
in the second term is replaced by the position of the Fermi level. Using these
equations, it is possible to extract a simplistic flat band structure of a het-
erostructure based on band alignment.

2.4.3 Bend bending in HAXPES

If the oxides in heterostructures are insulators or semiconductors, their sur-
faces, films and buried interfaces can also exhibit band bending. This band
bending can be measured by photoemission spectra (PES) in terms of shifts
and broadening of core levels if compared to the bulk reference spectra, pro-
vided that the core peaks are sufficiently sharp. The direction of the resulting
core level shifts are consistent with the direction of the band bending. Hence
a shift towards higher/lower binding energies are a result of downward/ up-
ward band bending. In figure 2.11, originally published by Chambers et al.
[45], a flat band picture of the (4 u.c.)LaAlO3 (LAO)/STO interface is shown
with (top) and without (bottom) band bending. Next to the flat band pictures,
the corresponding XPS spectra of the Ti 2p3/2 are shown. As highlighted the
two Ti 2p3/2 peaks show a different width of 0.39 eV. In order to quantify the
band bending, Chambers et al. first estimated the information depth and the
length of the depletion region at the LAO/STO interface. Based on the per-
ovskite unit cell of STO, the information depth could be divided in nine TiO2
layers. Four of these TiO2 layers are in the depletion region and are there-
fore affected by the band bending. Chambers et al. furthermore assumed
that these four TiO2 have a fixed potential step in between, which results in
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Figure 2.11: Band bending in the LaAlO3/SrTiO3 heterostructure taken
from [45]. a) HAXPES spectra of the Ti 2p3/2 peak as a function of the band
bending. b) In comparison a not band-bent HAXPES spectra of the system.

a constant energy shift between the next neighbour TiO2 layer. With this in-
formation, the XPS spectrum is built of nine reference Ti 2p3/2 peaks, four of
them shifted and all of them decreased in intensity according to the sensitiv-
ity depth. This procedure successfully recreated the observed XPS spectra.
In the scope of this thesis a synchrotron hard X-ray light source was used.
The large information depth of 20-30 nm in oxides HAXPES enables the pos-
sibility to measure core level of the buried interfaces directly. However, the
trade off is that the band bending region of a few nm has not such a huge
intensity advantage over the not band bended region due to the high infor-
mation depth. Thus, the band bending effect has a smaller influence on the
HAXPES spectra. However, it is possible to profile the band bending region
by changing the X-ray incident angle. Claessen et al. have shown at various
buried interfaces that by changing the X-ray incident angle the effective in-
formation depth in the material is changed [46, 47]. This is based on the fact
that at grazing incidence, the detected electrons mostly travel parallel to the
surface before they escape into the vacuum. Therefore, although the travel
length of electrons without scattering is unchanged, the depth of their origin
does change. Thus, a smaller confined region can be probed with high ener-
getic X-rays and high resolution. This technique trades off information depth
and signal intensity for profiling buried interfaces.
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2.5 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) describes an experiment at which the
absorption of an X-ray beam as a function of photon energy hν through a ma-
terial is recorded. This transmission process is quantified by the absorption
coefficient µ, the initial intensity I0, and the thickness d of the sample. Thus
the transmission intensity drops exponentially. The absorption coefficient µ
can then be deduced from the following formula

I(hν) = I0(hν) · exp(−µ(hν) · x)⇔ µ(hν) =
1
x
· ln

(
I0(hν)

I(hν)

)
.

However this transmission experiment is limited to thin samples because the
signal of I falls below the detection limit for thick samples. Therefore the
photon absorption process is detected by secondary processes in XAS mea-
surements. Two different methods have been established. One possibility is
to measure the sample fluorescence called the Fluorescence Yield (FY). The
other possibility is based on the detection of secondary electrons called the
Total Electron Yield (TEY). Both techniques are based on the recombination
process at which the excited electrons fall back into the ground state and the
energy is released. In the FY, the intensity of the fluorescence light is mea-
sured. The advantage is that the light has the same attenuation length as the
incident light and thus an information depth of several µm can be achieved.
Therefore this method is also called "bulk sensitive". In the TEY, the excited
electrons (Auger electrons) can travel towards the sample surface and es-
cape the sample. On the way through the sample they can excite secondary
electrons which can also escape, thus forming an electron cascade. Since the
electrons leave the sample, they leave a positively charged sample. If the
sample is conducting the current between the ground and the sample can be
measured. This current is directly related to the absorption coefficient µ(hν).
This method is limited to the mean free path of the excited electrons and thus
the information depth spans only a couple of nm. Therefore this method is
considered as more "surface sensitive".

2.5.1 Fermi's golden rule

In order to understand XAS spectra in terms of shape and intensity of white
lines, the photoexcitation process has to be understood. The photoexcitation
process describes the interaction between light and matter, an excitation of an
electron in a solid by an incoming photon. In the initial state, all electrons in
the solid are in their ground state, which is the energetically preferred state.
If a photon probes an electron from an atom the electron will get excited into
an energetically higher unoccupied state and leaves an atom in an excited
state, the final state. Theoretically, the process can be described by Fermi' s
Golden Rule. Fermi's golden rule describes the quantum mechanical process
from transferring a system from an initial state into a final state. The state is
calculated via solving the many body Hamiltonian for the electron system of
the solid. If the electrons are non-interacting this Hamiltonian can be broken
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down into a sum over single electron Hamiltonians. The incoming light is
represented by an electromagnetic wave. This electromagnetic wave can be
treated as a perturbation in the many body system of the solid. Thus the
transition can be treated by perturbation theory, which can be found in the
standard textbooks [48, 49]. Fermi' s Golden Rule shown in equation 2.15
sums up the whole calculation process up.

W ∼ |〈Φ f |T|Φi〉|2 · δ(E f − Ei − hν) (2.15)

In equation 2.15, W is the transition probability, Φi and Φ f are the initial and
final state of the electronic system and T is the transition operator between
two states. The delta function satisfies the law of the energy conservation, i.e.,
the difference in energy between the initial and the final state has to equal the
photon energy hν. Thus it is clear that the excitation probability is highly de-
pendent on the initial and final state. One result of Fermi' s Golden Rule are
the dipole selection rules. The dipole rules only cover direct transitions. They
state that only transitions between the initial and final states are allowed with
certain quantum numbers: ∆J = 0,±1, ∆MJ = 0,±1, ∆S = 0.
This theoretical picture holds because in the core level spectroscopy mostly
deeply bound core electrons are probed. These core electrons are are strongly
localized and do nearly not overlap with the neighbouring atoms. These se-
lective core electron excitations make the XAS (and XPS) an element selective
measurement technique which is advantageous for the investigation of com-
plex oxide systems.

2.5.2 XMCD

An extension of the X-ray absorption spectroscopy is represented by the X-
ray magnetic circular dichroism (XMCD) measurement technique: If a ferro-
magnetic material is probed with circularly polarized light, the XAS spectra
recorded with reversed magnetization or reversed polarization of light will
differ. In normal XAS with unpolarized X-rays the probing photons have
a random oriented spin momentum Jz. Thus, any coupling effects between
the spin momentum of the incoming photon and the angular momentum of
the probed atom are averaged. In XAS with circularly polarized light the
incoming photons have a well defined spin angular momentum with mag-
netization axis parallel to the beam direction. The following XMCD process
can be described in a two step model which is schematically displayed in a
single electron picture in figure 2.12 [50]. First the photon's angular momen-
tum is transferred to the core electron. In case the core electron is subject to
spin-orbit coupling, which is true for any shell except the s-shell, the angular
momentum of the photon is transferred to the electron. Thus, the generated
photoelectron is spin polarized. In the second step the spin polarized electron
occupies an empty state. However, the transition obliques Fermi's golden
rule and its derived selection rules. Therefore polarized photoelectrons can
only occupy states with the same spin orientation. In a ferromagnetic ma-
terial the bands are spin split, e.g. there are more empty states for one spin
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Figure 2.12: Schematic
representation of the
XMCD process. First
the polarized X-rays
create spin-polarized
photoelectrons. In the
second step the photo-
electrons are detected
by the exchange split

valence shell.

direction than the other. Thus, the accepting, unoccupied band acts as a spin
detector.
In the experiment, the XMCD signal is recorded by taking two XAS spectra
with either reversed helicity of the X-rays or reversed magnetization of the
sample. Experimentally these two sets of XAS spectra are identical. In order
to detect and cancel out artefacts in the XMCD measurement, both XMCD
signals can be recorded and compared to each other. The XMCD signal is
then given by the difference between the two XAS spectra:

µXMCD(hν) = µ−(hν)− µ+(hν)

This magnetization detection technique has the advantage that it can detect
magnetic moments element - selectively. Because XAS spectra are environ-
ment sensitive the XMCD spectra are environment - sensitive as well. Thus,
samples can be studied in terms of different cation species, cation distribu-
tion and stoichiometry in a given complex system.

2.6 Proximity effect

In the most general words: "The proximity effect refers to the influence that
an ordered state has on a nearby system." taken from [51]. In other words,
the proximity effect is a general term for the effect of emerging or transfer-
ring physical properties observed at heterointerfaces. Hetereointerfaces are
interfaces formed by two different materials. One prominent case is the 2D
electron gas formed at the interface of the two insulating materials LaAlO3
(LAO) and SrTiO3 (with a TiO2 terminated surface), which was found by A.
Ohtomo and H.Y. Hwang in 2004 [5]. The 2D electron gas was found to be
stable against oxygen annealing and further TEM studies confirmed ultra -
high sharp interfaces with low ion intermixing [52, 53]. The explanation up
until now is that the 2D electron gas is formed due to the transition of a polar
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material to a non-polar material, a result of the proximity effect [54]. In order
to compensate for the polar discontinuity, i.e. the build-up of potential in the
LAO film, an electronic reconstruction introduces electrons into the titanium
3d band of the STO confined at the interface.
Another well studied and still investigated proximity effect is the so called
"magnetic proximity effect". It covers several different types of interfaces
which all involve at least one magnetically ordered system. A highly promis-
ing system for the spintronic community is the Pt/Y3Fe5O12 (YIG) system.
YIG is a ferromagnetic insulator and platinum is a metal with a strong spin-
orbit coupling. The exchange mechanisms at the interface results in induced
spin polarization of the electrons in the platinum [55, 56]. Another high inter-
est interface group are the superconducting - ferromagnetic interfaces. One
example is the YBa2Cu3O7(YBCO)/LSMO multilayer system at which, due
to charge-transfer driven orbital ordering at the interface, the magnetic mo-
ments in the LSMO are reduced and a magnetic moment is induced into the
Cu of the YBCO [51, 6].
The proximity effect can also be tracked down in oxide heterostructures. For
example the EuO/STO heterostructure exhibits a proximity effect [57]. The
insulating EuO is a Heisenberg ferromagnet below Tc = 70 °C and STO is
diamagnetic and insulating. However, in the growth process, just Eu metal is
deposited on top of the STO. The Eu is a very powerful reducing agent. Thus,
oxygen is removed from the STO to build EuO, leaving oxygen vacancies
which introduces free electrons in the 3d band of the titanium. As a result of
the proximity effect the ferromagnetic EuO induces a magnetic moment into
the titanium of the STO's interface.
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Chapter 3

Experimental methods

In this chapter, the main experimental methods used to fabricate and inves-
tigate the complex oxide heterostructures (Au/) NiFe2O4/ SrTiO3 and (Pt/)
La0.3Sr0.7MnO3/ SrTiO3 are presented. This chapter is divided into two sec-
tions. The first section presents laboratory experimental set-ups and the sec-
ond section presents the experimental methods, that are performed at syn-
chrotons.

3.1 Laboratory methods

The laboratory methods depicted in this section are used to fabricate and
characterize the samples in order to optimize the oxide film quality. Short
descriptions of the general working principle and the main parameters will
be presented.

3.1.1 Pulsed Laser Deposition

Complex thin oxide film growth was obtained by pulsed laser deposition
(PLD). The set-up of the PLD growth chamber provided by the PGI − 7 is
shown in figure 3.1a) and a schematic growth process is illustrated in fig-
ure 3.1b). During PLD, the target material, which is usually a pressed, sto-
ichiometric ceramic disc of the desired film material, gets ablated by high

Figure 3.1: a) The pulsed laser deposition set-up in the PGI-7 lab taken from
[16]. b) Schematic illustration of the pulsed laser deposition and its growth

parameters.
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energetic nanosecond laser pulses. The deposition process takes place in con-
trolled vacuum conditions with a base pressure of the chamber of 8·10−7 mbar.
Oxygen and Argon gas can be mixed and adjusted to chamber pressures of
10−2 to 10−5 mbar. The laser pulses are generated with a nanosecond 50 W
KrF-laser with a wavelength of λ = 248 nm, pulse length of 25 ns and an ad-
justable repetition rate of f = 1− 50 Hz. The laser spot on the target material
is adjusted via a beam cutter and a lense outside of the chamber to a rect-
angular spot of 0.8 mm x 3.5 mm. The laser pulse is dampened by the lense
and the entry window by 50%. The laser energy measured before entering
the lense and the entry window provide a energy range of 50 mJ to 150 mJ.
These laser pulses generate a plasma plume of neutral and ionized particles
of the target. The particles of the plasma plume nucleate on the surface of
the substrate, which is placed at a distance of 5.5 cm from the target. The
substrates are glued with silver paste on top of a heater which make tem-
peratures between room temperature and 750 °C available. Thus, the ther-
mal energy of the heated substrate provides for a sufficient mobility of the
atoms to move on energetically favoured positions, which results in an or-
dered growth. More details on the growth process can be found in Ref. [58].
The growth parameters have a strong impact on the growth and the proper-
ties of the complex oxide thin films. Thus, the laser fluence Fdep, the growth
pressure pdep, the gas mixing ratio, the substrate temperature Tdep and the
laser pulse repetition rate f have to be optimized for each new material sys-
tem.

3.1.2 Electron beam physical vapor deposition

The Electron Beam Physical Vapor Deposition (EBPVD) is used to fabricate
the structure for the in-situ biasing HAXPES measurements of the oxide he-
terostructures in chapters 6 and 7. In figure 3.2, a sketch of the EBPVD ex-
perimental set-up is shown. Via a electric current of I = 1− 300 mA, which
runs through the tungsten filament, an electron beam is given off and the
intensity is adjusted. A magnetic field controls the direction of the electron
beam in order to hit the the target material and heat it. The target material is
positioned on a water cooled holder to cool the ceramic pot and the material
gets evaporated into the top direction. When the pressure in the chamber
is low the target material can move freely with little collisions to the sub-
strate material. The chamber pressure was held below p = 10−6 mbar for the
EBPVD. A Quadrapole Mass Spectrometer (QMS), which is placed near the
substrate in the deposition path, measures the deposition rate and thus the
thickness of the depositioned material is controlled. By using masks on top
of the substrates it is possible to structure samples.

3.1.3 Atomics force microscopy

Atomic force microscopy (AFM) is used to monitor the surface properties of
substrates and deposited films. The AFM images taken in this thesis were
recorded in the AC-Air tapping mode of the Asylum Cypher AFM with non
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Figure 3.2: Sketch of the experimental set-up of the electron beam physical
deposition taken and altered from [59].

conducting and non magnetical tips [60]. The scan parameters were always
set to 5µm × 5µm scan size with 512 scan lines, a repetition rate of 5 Hz and
a free amplitude of 1 V. The AFM raw data images are analysed with the
Gwyddion software. The raw data are treated with mean plane subtraction,
row aligning and a 3-point level to the largest terrace. The RMS of the largest
terrace is readout as roughness. A false colour-scale from black to white is
used to display the recorded z-range of the AFM images.

3.1.4 X-ray lab source measurements

X-ray lab measurements are essential tools for studying the structural prop-
erties of thin film heterostructures. The three techniques X-ray diffraction
(XRD), X-ray reflectivity (XRR), and "rocking curve" were utilized at the four
cycle goniometer Philips MRD Pro provided by PGI-7. The X-ray anode is
monochromatized and uses a Cu anode. Through the monochromator Cu
Kα1 and Cu Kα2 radiation with wavelength of λ1 = 1.540059 Å and λ2 =

1.541070 Å is transmitted. The intensity ratio of the Cu Kα1 and Cu Kα2 radi-
ation is 2:1.

X-ray diffraction

X-ray Diffraction (XRD) was performed in the 2Θ - Θ Bragg-Bretano geome-
try. Full scans were taken from 10° to 110° in order to identify the structure
and ensure the single crystallinity of the grown thin films. Due to the struc-
ture factor of the materials symmetries not all reflexes are allowed. In the
case of the perovskite structure of single crystalline (001) SrTiO3 only (00l)
reflexes are allowed while for spinel structure of the single crystalline (001)
NiFe2O4 (00l) with l restricted to even numbers are allowed. In addition to
the full XRD scans, detailed XRD scans around the STO (002) and NFO (004)
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reflex were measured taken from 39° to 51°. The scans were corrected to the
(002) peak of the STO Cu Kα1 line. After extracting the reflex position of the
NFO (004) reflex by fitting a Gaussian to the peak the out-of-plane lattice con-
stant was calculated by using the Bragg's law shown in equation 3.1 [61]. The
symbol n denotes the order of the reciprocal lattice vector of the correspond-
ing reflex and equals 1 for the chosen reflexes. Due to the broadness of NFO
reflexes, the two Cu Kα lines cannot be dissolved. Thus, a weighed mixed
wavelength is used with λ = (2λ1 + λ2)/3. In equation 3.2, the inverse lat-
tice spacing dhkl and its dependence of the Miller indices (for a cubic system)
are displayed.

n · λ = 2 · dhkl · sin(Θ) (3.1)

d−1
hkl =

√
h2

a2 +
k2

b2 +
l2

c2 (3.2)

Rocking curve

In order to record a rocking curve of a reflex, the 2Θ is fixed to the ideal po-
sition and the ω angle is scanned. In theory, for an ideal single crystal with
perfectly ordered atomic planes, only the set of 2Θ − ω with ω = Θ ful-
fils Bragg's law and gives a result. Thus, the rocking curve would be a delta
function. In reality, even for a perfect crystal, the width of the rocking curve is
determined by the beam geometry and the spectral width of the source. De-
fects, such as dislocation density, mosaicity, curvature, misorientation, and
inhomogeneity, lead to additional broadening related to more 2Θ− ω com-
binations fulfilling Bragg's law. Therefore, the width of the rocking curve is
directly linked to the quality of the single crystal thin films.

X-ray reflectivity

The X-ray reflectivity (XRR) of a heterostructure reveals the thickness of the
thin layers of thicknesses in the range of approximately 2 nm to 100 nm. XRR
are recorded in the 2Θ − ω configuration with small incident angles in the
range of 2Θ ≈ 0− 7. The X-rays are reflected from the interfaces between
layers because of the difference in optical density. The reflected beams in-
terfere with each other and produce a characteristic oscillation the Kiessig
fringes in the intensity. The angle difference between two interference max-
ima can be used to obtain the thickness by the relation

d =
λ

2 · sin(∆Θ)
. (3.3)

In this thesis, the software X’Pert reflectivity and GenX are used to determine
the thickness of the oxide layer. Both programs need the information of the
beam geometry, the assumed materials of the heterostructure, layer iteration,
roughness and material densities in order to simulate the XRR. The rough-
ness is extracted from the AFM measurements of substrate and deposited



3.1. Laboratory methods 29

film and the material densities are taken from the literature. Layer iteration
and beam geometry are known.

3.1.5 Superconducting quantum interference device

For the characterization of the magnetic response of the NFO films, the Su-
perconducting Quantum Interference Device (SQUID) is used. With a mag-
netic resolve of signals down to 10−7 emu, an MPMS XL SQUID by Quan-
tum Design, provided by the JCNS-2/PGI-4, is used. The sample chamber
can be cooled down to 2 K. In figure 3.3, a schematic experimental setup of
the SQUID magnetometer is shown. The sample is positioned between two
pick-up coils and a superconducting magnet. Above and below a counter-
clockwise wound loop are positioned as second derivative coils. The coils
consist of one superconducting wire and are configured to be a second deriva-
tive gradiometer. Thus, a magnetic background noise, which is measured by
all four coils, will be cancelled. The sample is positioned so that the film
in-plane direction is parallel to the magnetic field. The sample is moved
through the pickup coils. The magnetic moment of the sample induces local
changes of the magnetic flux. The SQUID acts as a linear current to voltage
converter that allows to detect this change in magnetic flux as variation of the
SQUID output-voltage utilizing two Josephson junctions. The voltage is then
recorded as a function of the sample position. The resulting voltage curve is
fitted with the theoretical curve of an ideal dipole and the magnetic moment
of the sample can be extracted.

Figure 3.3: Schematic experimental setup of the SQUID magnetometer al-
tered from [16, 62].
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3.2 Synchrotron methods

The Synchrotron measurement methods described in this section are used to
investigate the chemical composition, occupation and interface of the NiFe2O4
/SrTiO3 heterostructures. Short descriptions of the beamline setup and the
main parameters will be presented.

3.2.1 BESSY II - HAXPES

The KMC-1 beamline at BESSY II, Berlin is equipped with a hard X-ray pho-
toelectron spectroscopy (HAXPES) endstation called HIKE. Photon energies
of hν =2 keV up to 10 keV are used to probe the sample and excite photo-
electrons with high kinetic energy. The monochromator of the beamline is
a double-crystal monochromator with Si (111), Si (311) and Si (422) crystals
[63]. The monochromator achieves an energy resolution of ∆E =200 meV at
6 eV with the Si (422) crystal and ∆E =50 meV using Si (333) [64].
In the scope of this thesis, HAXPES measurements were performed at pho-
ton energies hν =4 keV with the Si (311) crystals. An energy resolution of
the ∆E =150 meV was achieved. The sample was mounted in normal emis-
sion configuration geometry. Passing energy was 200 eV, energy step size of
0.1 eV and depending on the core level a set number of sweeps, which were
automatically added up and averaged.

3.2.2 DIAMOND - X-ray magnetic circular dichroism

X-ray absorption spectra (XAS) were recorded at the high field magnet sys-
tem endstation of the I10 beamline at the DIAMOND Light Source, Didcot.
Magnetic fields of B = ±14 T and temperatures between T = 2 − 420 K
can be applied to the samples. The magnetic field is directed along the di-
rection of the X-ray beam [65]. Circular polarized X-rays with energies of
E = 400− 1600 eV are available and enable the possibility to measure dichro-
ism effect, namely the X-Ray Magnetic Circular Dichroism (XMCD). In order
to minimize the error due variations of the photon energies or film damage,
multiple XAS with switching polarization are recorded. XAS are detected by
total electron yield (TEY) and fluorescence yield (FY) simultaneously. The
TEY is mostly surface sensitive. This is achieved by grounding the electri-
cally isolated sample through a sensitive current amplifier. The FY gives
more sensitivity to the bulk of the sample. This is achieved with two X-
ray fluorescence diodes in back-scattering geometry close to the sample. The
near grazing incidence geometry R =80° is chosen, as the thin oxide films are
expected to have a mostly in-plane easy axis of magnetization. Hysteresis of
the samples can be recorded by automatically sweeping the magnetic field
and switching the X-ray polarization at each point from positive to negative
for a given photon energy of strongest dichroic signal and background noise.
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3.2.3 PETRA III - monochromatic reciprocal space mapping

Monochromatic reciprocal space maps (RSM) and XRDs were recorded at the
High Resolution Diffraction beamline P08 at PETRA III, DESY, Hamburg by
Florian Bertram [66]. This beamline is built to suit for investigation of bulk
samples, surfaces and interfaces. A sample can be investigated with photon
energies between 5 keV and 30 keV and a scanning interval of 100 eV. In the
scope of this thesis the high precision 6-circle diffractometer is used. High
precision measurements of strain, stress, and lattice distortions relative to
the lattice parameter can be probed with variations of 10−4 to 10−6.

3.2.4 PETRA III - in-operando HAXPES

In the scope of this thesis, in-operando hard X-Ray photoelectron spectroscopy
(HAXPES) was measured at the HAXPES endstation P09 at PETRA III, Ham-
burg. Since 2018 the HAXPES endstation has been relocated at the P22 beam-
line at PETRA III. The endstation is specifically set up to make use of HAX-
PES in an energy range from 2.4 keV - 10.5 keV [67]. This technique is ide-
ally suited to investigate complex material systems and buried interfaces of
multilayer heterostructures. The HAXPES is recorded with a SPECS Phoibos
225 HV wide angle lens option (± 30°) electron spectrometer. The Omicron
5-axis manipulator has an integrated Helium-cryostat. Therefore tempera-
tures of 45 K to 400 K are achievable. Typical energy resolution ranges from
100 meV to 400 meV.
In figure 3.4 a), the manipulator head with the four contact screws is shown
taken from [68]. This four screws are connected with wires that lead out of
the high vacuum chamber outside the hutch. The wires in the chamber have
a current limit of I ≤ 2 A. These wires can then be connected to the Agilent
B2961A/B2962A6.5 Digit Low Noise Power Source (Agilent) [69], which is used
as a voltage source. In figure 3.4 b) a sketch of the in-situ biasing holder and

Figure 3.4: a) Manipulator head with 4-contact sample holder compartment
[68]. b) Sketch of the in-situ biasing holder. Three samples top electrodes
are connected via copper wires to the screw contacts. The fourth contact is

used to background contacting via a Pt(30 nm)/MgO plate.
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three contacted samples is shown. One of the contacts is set to ground, con-
tacting the back side of the oxide heterostructures. In order to set the back
sides of all oxide heterostructures to ground with a single contact and de-
couple it from the ground of the whole measurement set-up, the backside
of the oxide heterostructures is glued via silver paste to a highly insulating,
10 mm × 10 mm MgO substrate with 30 nm of platinum (Pt(30 nm)/MgO)
on top. Thus, if the platinum plate is contacted all the backsides of the het-
erostructures are automatically grounded. The three other contacts are used
to contact the top electrodes of three separated heterostructures. They are
contacted via three gold needles and copper wires to three electrically de-
coupled screw-copper-blocks. A constant voltage is applied between the top
electrode and the backside electrode of the oxide heterostructures. Given that
the backside of the sample is always grounded the voltage gets always ap-
plied to the top electrode. With applied voltage the HAXPES measurement
is then recorded, termend "in-operando" HAXPES. In the scope of this thesis,
the in-operando HAXPES was performed with a photon energy of hν =6 keV
at room temperature in the normal emission geometry. The energy resolution
was set to 0.1 eV.

Top-electrode structuring

The structuring is a two step process: With a first mask, a 4 nm × 2 mm ×
3.6 mm metal patch is grown with a film thickness of 4 nm. In the next step
the sample is removed of the EBPVD and the mask is changed ex-situ for the
second mask. In figure 3.5 a), the dimensions of the finger structure is dis-
played. The fingers are 1.5 mm long and the center fingers and the space be-
tween the fingers have a width of 0.2 mm. This finger structure is deposited
on top of the first deposited metal rectangular patch with a width of 40 nm.
In figure 3.5 b) a structured and uncut oxide heterostructure is displayed.

Figure 3.5: a) Finger structure dimensions. b) Finished structured oxide
heterostructure of a not broken substrate.
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Chapter 4

Growth of thin NiFe2O4 films

This chapter deals with the pulsed laser deposition (PLD) growth and the
characterization of ultra thin NiFe2O4 (NFO) films grown on SrTiO3 (STO).
Ideally, the NFO thin films on STO should maintain bulk-like properties, in
particular ferrimagnetic and insulating behaviour. The complex spinel struc-
ture of NFO is highly sensitive to structural and chemical disorder that can
strongly alter its properties [70, 71]. Thus, the growth of NFO on STO is a
special challenge as the NFO has a lattice constant of 8.338 Å which is more
than double the size of the STO lattice constant with 3.905 Å. This results in a
compressive strain of 6.8%, which can introduce defects and may also influ-
ence the chemical composition and occupation.
The chapter can be divided into two parts. In the first parts, the growth
conditions of NFO, which were found by M. Hoppe et al. at the same PLD
set-up, are rechecked and optimized if needed [72].
In the second part of this chapter, the optimized NFO/STO heterostructures
are checked by hard X-ray photoelectron spectroscopy (HAXPES) recorded
at BESSY II and DESY, as well as by X-Ray absorption spectroscopy (XAS)
recorded at DIAMOND. Both techniques are element selective and give in-
sights to the cation valence and the occupation of the spinel structure sites in
the NFO films.

4.1 NiFe2O4 PLD growth optimization

M. Hoppe et al. established a single crystalline and stoichiometric growth of
NiFe2O4 (NFO) on-top of SrTiO3 (STO) at the same PLD set-up, which is used
in this thesis. Hence, the growth conditions temperature, laser frequency,
and growth pressure can be assumed to be unchanged from the previous
findings, which are discussed in detail in [16].
Thus, they are kept constant at

• T = 635 °C,

• p = 3.9 · 10−2 mbar,

• f = 2 Hz,

• 90 minutes annealing at growth pressure & temperature.
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This leave to be set the growth conditions of laser fluence and growth pres-
sure composition, which will be altered systematically from the starting point
F = 1.4 J

cm2 and 25:75 Ar:O2 ratio. The resulting NFO films are probed with
a variety of lab methods in order to find the optimal set of growth condi-
tions that yield high quality NFO films with the desired properties in surface
morphology, crystallinity and magnetic behaviour.

4.1.1 Preparation of TiO2 - terminated SrTiO3 substrates

In this thesis, single crystalline SrTiO3 (STO) substrates in (001) orientation
with a Nb doping of 0.1 % and 0.5 % are used. The substrates are supplied by
Crystec GmbH, Berlin with polished surfaces and a miscut angle to the orien-
tation of 0.05° to 0.1°. Due to the miscut angle and the perovskite structure,
which is formed by layers of SrO and TiO2 in the (001) direction, the STO
comes with a characteristic step surface. However, the substrates, as they
are received, have an unordered step surface consisting partially of TiO2 and
SrO atom configurations. In order to get a defined surface, which is built
up largely of a closed TiO2 surface, the Nb:STO has to undergo an etching
procedure with buffered hydrofluoric acid (BHF) and an annealing step.
This etching procedure consists of two main steps. The first step is to rinse the
samples with water. The SrO has a higher water affinity than TiO2 and forms
stable Sr(OH)2 [73, 74]. Thus, the etching with BHF becomes more effective
on the SrO layers than on the TiO2 layers. The second step is the etching
itself. The main point is to choose the right etching time. A too short etching
time can result in an incomplete TiO2 - surface termination and thus to a non -
smooth step surface. A too long etching time produces deep etching holes of
several nm [75, 76]. The 0.1%Nb:STO are etched for 90 seconds. The resulting
surface morphology in the 5x5 µm AFM image of figure 4.1 a) shows a flat
surface with uniformly evolving steps of consistent height of one STO unit
cell, but it has also some etch holes. The depth of the etch holes was found
by investigating line scans of the AFM image. The line scan in figure 4.1 b)
shows consistent step heights of 3.9 Å, the height of the STO unit cell. The
line scan includes an etch hole which is reflected in a deep dip of ≈ 2.6 nm.
These uniformly flat STO surfaces are ideal for growth studies, but the deep
etch holes can lead to short circuits in electrical devices. Thus, 0.5%Nb:STO
was etched for 30 seconds only. The resulting surface morphology is shown
in figure 4.1 c). The steps evolve more unevenly, but still have a consistent
height of one STO unit cell. In contrast, the etch hole depth, measured in
the line scan in figure 4.1 d), is only 0.9 nm making electrical devices more
feasible.
The annealing step is the second main step in achieving a TiO2 terminated
ordered STO surface. If the temperature is too high or the annealing time
is too long, step bunching will occur, i.e. a step surface with step height
of more than one STO unit cell height. Is the temperature too low or the
annealing time too short it will lead to unordered steps and even island are
possible. The optimal annealing conditions for the doped STO samples with
the orientation miscut angle of 0.05° to 0.1° are found to be a temperature
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Figure 4.1: a)/c) Surface morphology of a 0.1%Nb:SrTiO3/ 0.5%Nb:SrTiO3
substrate after etching for 90 seconds/30 seconds and annealing recorded
with the Cypher AFM. In yellow the position of the line scan is marked.
b)/d) Line scan of the 0.1%Nb:STO/ 0.5%Nb:STO substrate averaged over 5
lines. In black the height of a STO unit cell is marked. In blue the height of

an etch hole is marked.

of 950 °C and an annealing time of 2.5 hours at atmosphere with an ramping
time of 1.5 hours.

4.1.2 Laser fluence: Stability of NiFe2O4

First the influence of the laser fluence used in the PLD growth process on
the surface, structural and magnetic properties of the NFO films are inves-
tigated. In general, it is desired that the stoichiometry of the target material
is transferred to the oxide film. But this is highly dependent on the right set
of growth parameters as well as the target material. In some cases, it is even
favourable to use a target material of a different stoichiometry and structure
than the film. For example, Fe3O3 thin films grown on STO can be obtained
by using a ceramic target of α-Fe2O3 [1, 77]. The laser fluence is one growth
parameter that influences the strength of the ablation of the target material
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and, in combination with the background growth pressure, also the cation
scattering in the laser plume. One prominent example for the influence of
the laser fluence can be found in the homoepitaxial growth of STO on STO
where the kinetic energy of the ablated species contributes significantly to
the stoichiometry of the STO films [78].
The laser fluence depends on the energy of the pulsed KrF Laser and on the
spot size on the target material. The laser energy is measured before the
optics and in regular time intervals in the chamber. This ensures that the
measured energy can be related to the effective energy in the chamber after
passing through a lens and the laser entry window. Thus, the laser fluence is
gained by dividing the measured energy before the chamber by the spot size
and multiply it with the ratio between the actual energy reference inside the
chamber to the reference energy outside. A laser fluence series was grown
at constant conditions of p = 3.9 · 10−2 mbar, T = 635 °C, f = 2 Hz, Ar:O2
of 25:75 and a post-annealing procedure of 90 minutes in vacuum. The laser
fluence range from 1.29 J/cm2 to 1.52 J/cm2. The resulting films are slightly
increasing in thickness for increasing laser fluence from 20.5 nm to 23.0 nm.

Surface morphology

For the in-situ biasing study, which is represented in chapters 6 and 7, an
atomically sharp film surface is crucial in order to diminish effects due to
intermixing of film and metal electrode at the interface and varying film
thickness. Thus, after the deposition of the NFO, the surface properties are
measured with the Asylum Cypher atomic force microscope (AFM). The AFM
scans are performed in squares of 5 µm x 5 µm AFM images in the AC-Air
mode. In figure 4.2 AFM images of the fluence series are shown. They are
ordered from the lowest laser fluence in a) of F =1.29 J/cm2 to the highest in
d) of F =1.52 J/cm2. Within the laser fluence series all samples have in com-
mon that the characteristic step surface from the STO is transferred to the
film and that the film surface is closed despite the 6.8% compressive strain
from the substrate. The Root Mean Square (RMS) of the surface is taken at
of the broadest step and is used as a representation of the surface rough-
ness. The RMS for the two samples with the high fluencies is the same as the
roughness of the STO substrates. A slightly increasing of the roughness can
be seen with decreasing laser fluence. Especially for the lowest laser fluence
the higher roughness is reflected in a softened step edges compared to the
substrates and the other films.

Structural and crystallinity study

The structure and the crystallinity of the deposited NiFe2O4 thin films of the
fluence series are studied by rocking curves and X-ray diffraction (XRD) in a
2Θ−Θ configuration with the scattering vector parallel to the surface. XRD
surveys are taken from 2Θ =20° to 100°. All samples of the fluence series
show only two film reflections at 2Θ ≈ 43 and 2Θ ≈ 95, which correspond
to the (004) and (008) NFO reflection for a NFO film grown in (001) direction.
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Figure 4.2: Surface morphology of (22± 1) nm NiFe2O4/SrTiO3 heterostruc-
tures, which are grown at different laser fluences. The laser pulse frequency,
the growth pressure and the gas mixture composition of Ar:O2 are kept con-
stant. The laser fluence increases from a) to b). The fluence and the rough-

ness is shown in each image.

Thus parasitic phases can be excluded in the NFO and all samples are con-
sidered as single crystalline. In figure 4.3 the XRD spectra of the NFO/STO
heterostructure of the fluence series are shown. The XRD spectra are nor-
malised to the (002) reflex of STO. The STO (002) reflex is composed of two
peaks. This two peaks correspond to the Cu K α1 and Cu K α2 wavelengths
from the Cu anode of the Phillips MRD Pro diffractometer and therefore can
only be resolved for bulk single crystalline materials. From bottom to top the
laser fluence increases for each spectra. Next to the (002) reflex of STO sub-
strate all films show the (004) reflex of the NFO. The film peak position for
a bulk NFO (004) reflex is indicated with the black line. Clearly all the NFO
film peaks are shifted from the ideal bulk NFO position. After applying the
Bragg equation 3.1 to the (004) NFO film peaks' positions the out-of-plane
lattice constant is obtained and displayed in the inset of figure 4.3. Through-
out the laser fluence series, all NFO films show a larger out-of-plane lattice
constant than the NFO bulk. Even though the NFO films are 22 nm thick and
should be fully relaxed, the NFO films are still influenced by the compressive
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Figure 4.3: XRD scan
of the (004) reflex of
NiFe2O4 films, which
are grown at various
laser fluences, and the
(002) reflex of SrTiO3
substrate. The laser
fluence increases from
bottom to top. The calcu-
lated out-of-plane lattice
constant are shown in

the inset.

strain the STO substrate exerts. Within the fluence series, no trend in the out-
of-plane lattice constant can be found. Additionally the absence of the Laue
oscillations are a sign of lack of structural homogeneity and an indication for
a rough interface.
In order to investigate the influence on the amount of defects rocking curves
of the fluence series NFO films have been recorded. In theory for an ideal
single crystal with perfectly ordered atomic planes only the set of 2Θ − ω
with ω = Θ satisfies the Bragg equation and gives a result. Thus, the rocking

Figure 4.4: Rocking
Curve of the (004)
NiFe2O4 reflex of
NiFe2O4 films grown at
various laser fluences.
The laser fluence in-
creases from bottom
to top. The FWHM of
the rocking curves are

shown in the inset.
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curve would be a delta function. However, defects like dislocation or mo-
saicity create disruptions in the perfect parallelism of the atomic planes. In
this case more 2Θ−ω sets fulfil the Bragg equation and thus the width of the
rocking curve increases. Therefore, the width of the rocking curve is directly
linked to the quality of the single crystal. In figure 4.4 the rocking curves of
the fluence series with increasing laser fluence from bottom to top are dis-
played. The thin peaks in the center of the rocking curves can be attributed
to (002) STO substrate rocking curve. The FWHM of the rocking curves of
each NFO film of the fluence series was determined by fitting a Gaussian to
the Rocking Curve. The obtained FWHM are plotted against the laser fluence
in the inset of figure 4.4. The FWHMs scatter from 1.22 to 1.35 without any
trend in the laser fluence. The FWHMs of the NFO films are quite broad and
reflect the high distortion due to the increased lattice match. Still this result
is consistent with NFO grown on STO in literature [72, 79, 80].

Magnetic response

In order to detect the magnetic behaviour of the NFO films of the fluence
series, magnetic hysteresis were measured at SQUID. In figure 4.5, the sub-
strate - corrected normalised magnetic hysteresis loops of the NFO films of
the fluence series are displayed in the magnetic field range of B = ±25 kOe,
which emphasize the ferrimagnetic nature of NFO. The hysteresis were taken
at a temperature of T = 6 K, magnetic fields of B = ±40 kOe parallel to (100)
in-plane direction. The diamagnetic contribution of the substrate was sub-
tracted from the hysteresis loops and the remaining signal was normalised
to the film volume. The detailed procedure is shown in appendix B. The

Figure 4.5: Magnetic
hysteresis loops of the
NiFe2O4 fluence series
taken at T = 6 K and
the magnetic field range
of B = ±40 kOe. The
saturation magnetization
is displayed in the inset.
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jumps in the hysteresis loops at magnetic fields of B ≈ ±10 kOe are an arte-
fact of SQUID, which fails to measure the region of the zero magnetic mo-
ment intercept. Within the fluence series, the coercivity stays constant with
Hc = 870 Oe, which is in line with previous reported coercivity for NFO thin
films [81]. The saturation magnetization of the NFO films of the fluence series
is shown in the inset of figure 4.5. A slight trend towards higher saturation
magnetization with lower laser fluence can be seen. However, compared to
the 2 µB/f.u. of ideal bulk NFO, all the NFO films show a diminished sat-
uration magnetization of Ms =1.3-1.5 µB/f.u.. This can be seen as a direct
result of the high defect density of dislocations and anti-phase boundaries in
the NFO films due to the high strain from the STO substrate and due to the
growth process itself. A high density of dislocations results in stacking disor-
ders and thus the superexchange interaction is suppressed and the magnetic
response is weakened. Anti-phase boundaries on the other hand are formed
during growth. The spins located at the boundaries of phases with different
orientation are highly frustrated and thus can only align at strong magnetic
fields. Therefore, the magnetic signal is dampened and the slope of the hys-
teresis is reduced. Combined with the observation of the missing fluence
dependency of the rocking curve, it can be deduced that the defect density,
mostly the density of dislocations, is quite stable while the density of the
anti-phase boundaries slightly decreases with decreasing laser fluence.

Summary

In summary, the variation in laser fluence yields only small changes in the
physical properties of the resulting NFO thin films. The NFO films are single-
crystalline and grow along the c axes in (001) direction of the STO. The ab-
sence of Laue oscillations in the XRD and the broad rocking curves are a re-
sult of a high density of defects. Hysteresis loops measured by SQUID show
ferrimagnetic behaviour in all NFO films. However, the saturation magne-
tization slightly reduces and the slope towards saturation magnetization be-
comes more shallow with increasing laser fluence. It follows from the rocking
curves and the SQUID measurement that the defect density of primary dis-
locations only changes minimally with no trend in laser fluence. However,
the density of anti- phase boundaries may decrease with decreasing laser flu-
ence. AFM images show that the closed terrace surface of the STO substrate
surface is transferred to the NFO films. However, the RMS roughness of the
NFO films slightly increases with decreasing laser fluence. Thus, there is a
trade-off in saturation magnetization for surface smoothness. Therefore an
intermediate laser fluence of

F = 1.41 µB/f.u.

is used in the following experiments.
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Figure 4.6: Surface morphology of NiFe2O4/SrTiO3 heterostructures grown
at a) 25:75 Ar:O2 and b) 0:100 Ar:O2 growth gas mixture. The growth pres-
sure is kept constant at p = 3.9 · 10−2 mbar. The roughness is shown in each

image.

4.1.3 Background pressure composition probe

The background pressure has a high impact on the growth process. If chosen
poorly the growth can result in off-stoichiometric, polycrystalline or even
amorphous oxide films. It acts as an oxygen supply for the growing oxide
films and as a kinetic energy regulator. In simple terms if the growth pressure
is high, it reduces the kinetic energy of the laser plume species and increases
the number of chemical reactions between the laser plume and gas molecules.
Thus, the growth pressure also influences the stoichiometry. This is a highly
non-equilibrium process. In addition the laser plume dynamics is affected by
the type and pressure of the gas [82]. One possibility to partially decouple
the influence of growth pressure and oxygen supply from the background on
the growth of oxide is to use a gas mixture. In the case of the NiFe2O4 (NFO)
growth, M. Hoppe et al. identified a gas mixture of argon and oxygen with
a ratio of 25:75 as optimal [72]. In the following, the background pressure
is kept constant and the influence of a gas mixture ratio of 25:75 Ar:O2 is
compared to 0:100.

Surface morphology

After the growth procedure, the NFO films' surface properties were recorded
by AFM. The AFM scans were performed in squares of 5 µm x 5 µm and in
the AC-Air mode. In figure 4.6 a) and b), the AFM images of NFO films are
shown which were grown at an Ar:O2 growth pressure gas mixture of 25:75
and 0:100 respectively. Again both samples show the characteristic step sur-
face which was transferred to the film from the STO substrate. Also, the sur-
face is closed despite the 6.8% compressive strain from the substrate. Both
samples show some etching holes with similar depths of ≈2 nm. In addi-
tion one small and one huge contamination was measured (see figure 4.6 b)).
Inhomogeneous contamination of the surface is usually not related to the
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Figure 4.7: XRD scan
of the (004) reflex of
NiFe2O4 films, which
are grown at the Ar:O2
growth pressure com-
positions of 25:75 and
0:100, and (002) reflex
of SrTiO3 substrate are
shown. The calculated
out-of-plane lattice con-
stant are displayed in the

inset.

growth process but rather related to an unfortunate sample exposure to the
environment. A close look on the 0:100 Ar:O2 gas mixture sample reveals a
somehow perforated surface, especially if compared to the 25:75 Ar:O2 NFO
sample. This perforated surface is directly linked to an incompletely grown
layer, i.e. the growth stopped before the last layer was finished. The Root
Mean Square (RMS) of the surface, which is used as a representation of the
surface roughness, is identical for both films. Thus, from the surface mor-
phology point of view the gas mixture composition ratio Ar:O2 of 25:75 and
0:100 yield similarly smooth and stepped surfaces.

Crystallinity Study

The quality of the crystallinity of the 25:75 and 0:100 Ar:O2 growth gas mix-
ture NFO films are investigated and compared to each other via XRD and
rocking curve measurements. In figure 4.7, the (002) STO and the (004) NFO
XRD reflex of the 25:75 Ar:O2 growth gas mixture in orange and of the 25:75
Ar:O2 in blue are presented. Both XRD spectra are normalised to the posi-
tion of the STO (002) reflex. The inset shows the determined out-of-plane
lattice constant. For both growth pressure composition NFO films the out-
of-plane lattice constant is identical, coop = (8.365± 0.005)Å within errors.
This corresponds to an enlargement in lattice constant of 0.3%. Although the
NFO films are mostly relaxed, the films still react to the strong compressive
strain of the STO substrate with a slightly enhanced out-of-plane lattice con-
stant. The strongest difference in the two XRD spectra are the appearance
of the Laue oscillations of the (004) NFO reflex in the 0:100 Ar:O2 growth
gas composition. The Laue or thickness oscillations are a sign for a signifi-
cantly improved structural homogeneity and crystal order [83]. Comparing
the (004) NFO reflexes to each other reveals that the 0:100 Ar:O2 sample has
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Figure 4.8: Rocking
Curve of the (004)
NiFe2O4 reflex of
NiFe2O4 films grown
at the Ar:O2 growth
pressure compositions
of 25:75 and 0:100. The
FWHM of the rocking
curves are shown in the

inset.

a broader reflex. The 0:100 Ar:O2 growth time has been adjusted to yield
20 nm thickness according to the growth time of the 25:75 Ar:O2 film. How-
ever, the XRR analysis of the 25:75 Ar:O2 reveals a film thickness of 15.2 nm,
a decrease of 24%. This is reflected in the broadening of the (004) NFO re-
flex. Therefore the growth rate must have been dropped. In general, the
growth rate evolves during the PLD deposition. For NFO it was observed
that the growth rate is the highest for film thicknesses below ≈10 nm, and
then continuously slightly decreases until ≈30 nm. This does not fit to the
XRD observation of the 0:100 Ar:O2. Thus it is related to the change in the
growth pressure composition, i.e. the change in the disequilibrium plume
dynamics and the oxygen supply during growth. This is not surprising as
it is well known that the growth pressure strongly affects the growth overall
[84, 85, 86]. Therefore changing partially the gas species will also have a high
impact on the whole process.
Rocking curves were recorded in order to investigate the influence of the
growth gas composition on the defect density of the NFO thin films. Due to
the fulfilment requirement of Bragg's law the width of the rocking curve is
linked to the defects like dislocation or mosaicity, which creates disruptions
in the perfect parallelism of the atomic planes. Therefore a higher rocking
curve width is linked to a higher defect density. In figure 4.8 the NFO films'
rocking curves grown at the Ar:O2 growth pressure compositions of 25:75
in orange and 0:100 in blue are displayed. The thin peaks in the centre of
the rocking curves can be attributed to (002) STO substrate rocking curve.
The rocking curves' FWHM of each NFO film were determined by fitting a
Gaussian to the rocking curves. The obtained FWHMs are plotted against the
growth gas composition in the inset of figure 4.4. The rocking curves of the
NFO films are quite broad and reflect the high distortion due to the increased
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Figure 4.9: Magnetic
hysteresis loops of the
NiFe2O4 grown at the
Ar:O2 growth pressure
compositions of 25:75
and 0:100. The hystere-
sis loops were taken
at T = 6 K and the
magnetic field range
of B = ±40 kOe. The
saturation magnetization
is displayed in the inset.

lattice match. However, the FWHM of the Ar:O2 growth pressure composi-
tions of 25:75 is with 1.34° obviously larger than the 1.15° of the Ar:O2 of
0:100. Thus, the defect density of the Ar:O2 of 0:100 NFO film must be de-
creased and the film homogeneity improved. This is consisting with the pre-
vious observed Laue oscillations of the XRD measurements. Thus, from the
crystallinity quality point of view the gas mixture composition ratio Ar:O2 of
0:100 yield a clearly improved NFO thin films.

Magnetic response

In order to detect the magnetic response of the NFO films, magnetic hystere-
sis loops were measured by SQUID. The hystereses were taken at a temper-
ature of T = 6 K, magnetic fields of B = ±40 kOe which were set parallel
to the (100) in-plane direction. The diamagnetic contribution of the substrate
was subtracted from the hysteresis loops and the remaining signal was nor-
malised to the film volume. The detailed procedure is shown in appendix
B. In figure 4.9, the NFO films' hysteresis loops grown at the Ar:O2 growth
pressure compositions of 25:75 in orange and 0:100 in blue are displayed in
the magnetic field range of B = ±25 kOe, which emphasize the ferrimag-
netic nature of NFO. Again the jumps in the hysteresis loops at magnetic
fields of B ≈ ±10 kOe are an artefact of SQUID like discussed in the laser flu-
ence study. For both growth gas mixtures the coercivity stays constant with
Hc = 870 Oe which is in line with the discussed findings in the fluence series
and with previous reported coercivity for NFO thin films [81]. The saturation
magnetization of the NFO films is shown in the inset of figure 4.9. The NFO
film which was grown in pure oxygen has a higher saturation magnetization
of Ms =1.6 µB/f.u. than the NFO film grown at Ar:O2 25:75 gas composition
of Ms =1.4 µB/f.u.. This can be understood as a direct result of the decreased
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defect density of dislocations and anti-phase boundaries in the NFO film. A
lower density of dislocations result in less stacking disorders and thus the
magnetic exchange in the NFO is less disturbed. The density of anti-phase
boundaries, which are formed during growth, is also correlated to the slope
of the hysteresis loop of the NFO films. The reason is that the spins located at
the boundaries of phases with different orientation are highly frustrated and
thus can only align at strong magnetic fields. Thus the magnetic signal gets
damped and the slope of the hysteresis is reduced with respect to the density
of the anti-phase boundaries. Therefore a decreased density of anti-phase
boundaries leads to a steeper slope of the magnetic hysteresis like observed
for the NFO film grown in pure oxygen. The improved magnetic behaviour
fits well with the findings of improved crystallinity by the XRD and rocking
curve.

Summary

In summary the change in growth gas composition from 25:75 Ar:O2 to 0:100
Ar:O2 result in improved NFO thin films. The NFO films are single-crystalline
and are grown along the c-axes in (001) direction of the STO. However, the
appearance of Laue oscillations in XRD and the decreased width of the rock-
ing curve of the NFO film grown in pure oxygen are the result of a decreased
defect density. On the other hand the growth rate is decreased by 24% if
the NFO is grown in a pure oxygen environment. Hysteresis loops mea-
sured by SQUID show ferrimagnetic behaviour in both NFO films. The mag-
netic behaviour confirms the improved film quality of the 0:100 Ar:O2 grown
NFO film. The saturation magnetization and the slope of the hysteresis loops
are increased for the NFO film grown in 100% oxygen environment. AFM
recording show that the closed terrace surface of the STO substrate surface
is transferred to the NFO films independent of the growth gas composition.
Also there is no difference in the surface roughness for the NFO film grown
in 0:100 or 25:75 Ar:O2 growth gas composition. In conclusion the improved
crystallinity and the improved magnetic response of the NFO film grown in
pure oxygen leads to a clear choice for the growth gas composition Ar:O2 =
0:100.
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4.2 Synchroton study: Chemical composition and
occupation of thin NiFe2O4 films

After the NiFe2O4 (NFO) PLD growth conditions are adjusted to achieve
high quality thin NFO films, the chemical composition and the chemical
site-occupation within the NFO thin films are investigated. For this, the
NFO/STO heterostructures were taken to the Synchrotrons BESSY II and DI-
AMOND Light Source. At the HIKE beamline KMC-1 of BESSY II at the HIKE
end station HAXPES measurements of thin NFO films were taken. HAXPES
is an element selective probing method with a probing depth at hν =4 keV
of approximately 20 nm to 30 nm for oxides. The energy resolved recording
of the photoelectrons are sensitive to the chemical information of the probed
material. At the I10 of the DIAMOND Light Source, circularly polarized XAS
of the NFO thin films were measured. In the surface sensitive TEY mode
XAS measurements have a probing depth limited to approximately a couple
of nanometres. The core electrons are excited to unoccupied higher energetic
final states by the absorption of high energetic and high flux light. The ini-
tial and final states are strongly sensitive to chemical changes and change
in the chemical environment. Thus, HAXPES and circularly polarized XAS
are both powerful tools in order to investigate the chemical composition and
site-occupation of thin films.

4.2.1 HAXPES study of thin NiFe2O4 films

One possibility to get the information about the chemical composition of thin
oxide films is by analysing the hard X-ray photoelectron spectroscopy mea-
surements (HAXPES). The HAXPES spectra of the NFO thin films were taken
at the HIKE beamline at the BESSY II. The beam's photon energy was set to
hν= 4 keV with the monochromator Si crystal set to Si (311). This results in
a total resolution of ∆E= 0.15 eV [63]. The incident beam was 5° off normal
to the sample which ensures to probe the whole film [46]. After each set of
NFO HAXPES spectra, the Au 4f was recorded as well. Au 4f core level were
used to correct the energy axis to account for energy shifts of the beam.
In figure 4.10, the Fe 2p HAXPES spectrum of a 23 nm optimized NFO thin
film is displayed in red. The experimental Fe 2p is compared to background
free theoretical simulations of Fe2+ and Fe3+ cations contributions at the oc-
tahedral and tetrahedral sites of the spinel structure of Fe3O4 taken from [87].
The experimental NFO Fe 2p spectrum shows an Fe 2p3/2 peak at 711.0 eV
and a Fe 2p1/2 broad peak at 724.6 eV. The experimental Fe 2p positions
match with the theoretical simulations of the Fe3+ residing on octahedral
and tetrahedral sites. There is no indication of a Fe2+ shoulder at 709 eV at
the low binding energy flank of the Fe 2p3/2 peak. Each theoretical Fe cation
line has a satellite at higher binding energies. The satellite of the experimen-
tal NFO's Fe 2p3/2 is located at approximately 719.4 eV and the satellite of the
Fe 2p1/2 is located at approximately 733.6 eV. This satellite peaks are classi-
fied as shake-up satellites. They originate in the multi-electron nature of the
target material. They generally involve a one photon transition in which one
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Figure 4.10: In red a Fe 2p HAXPES measured at a photon energy of hν=
4 keV of a 23 nm thin NFO film is displayed. Simulated Fe 2p spectra for

Fe3O4 taken from [87] are shown in dashed lines.

electron is ionized while another electron is excited to a different orbital at the
same time [43]. The result is a final ionic and excited state with a higher en-
ergy ground state. These satellites are also sensitive to chemical changes and
occupation in the crystal lattice. In the case of NFO, the Fe 2p3/2 satellite is an
often used indicator for the chemical state and the occupation [88, 1]. The po-
sition of the satellite of the Fe2+ on the octahedral site is roughly 716 eV while
the Fe3+ satellites at octahedral and tetrahedral sites are at 718 eV and 720 eV
respectively. In comparison there is no indication of a Fe2+ satellite in the
experimental NFO Fe 2p3/2 line. The NFO film Fe 2p3/2 satellite is located in
the region of the two Fe3+ satellites. From this it follows that there is no ev-
idence of Fe2+ in the 23 nm NFO film and that Fe3+ ions occupy tetrahedral
and octahedral sites of the spinel. This is in agreement with the expectation
of the occupancy in the inverse spinel structure.
In figure 4.11, the Ni 2p HAXPES spectrum of a 23 nm NFO thin film is dis-
played and compared to Ni 2p HAXPES spectrum of Ni metal and of the
NFO PLD target taken from [17]. The Ni 2p HAXPES spectrum of the NFO
thin film consists of the Ni 2p3/2 peak at 855.1 eV and of the Ni 2p1/2 peak at
872.5 eV. The Ni 2p3/2 line has a sharp satellite at 861.8 eV and the Ni 2p1/2
line has a broad satellite at approximately 880 eV. The pre-edge of the Ni 2p
core level at the low binding side is formed by the shoulder of the Fe 2s core
level.
First the comparison to the Ni metal Ni 2p core level show a clear shift of
2.5 eV towards higher binding energies. This fits well with the expectation
that the Ni is clearly existent as Ni2+. Also in the NFO thin film, no shoulder
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Figure 4.11: In red the Ni 2p HAXPES spectrum measured at hν= 4 keV of
a 23 nm thin NFO film is displayed. Blue dashed line is the Ni 2p HAXPES
spectrum of Ni metal is taken from [90]. Black dashed line is the Ni 2p

HAXPES spectrum of the NFO PLD target taken from [17].

or small peaks arise at the metal Ni 2p3/2 or Ni 2p1/2 positions. Therefore
the formation of Ni metal clusters due to a high oxygen deficiency can be
excluded [89]. The Ni 2p HAXPES spectrum of the NFO thin film are in
accordance with the Ni 2p HAXPES spectrum of the stoichiometric NFO PLD
target. The core level positions, the distance of core level to satellite and the
intensity ratio of core level to satellite are in agreement. Consequently in the
NFO film the Ni is only existing as Ni2+.

4.2.2 XMCD study of thin NiFe2O4 films

X-ray absorption spectroscopy (XAS) is a powerful tool, which can give ac-
cess to information about the composition of oxide thin films and the occu-
pation of the ion species on the lattice sites. XAS spectra are element selective
and they are sensitive to the chemical environment of the probed element. If
left and right circularly polarized light is applied, the XAS spectra become
spin sensitive. Subtracting the left and right circularly polarized XAS spec-
tra from each other yields the X-ray circularly magnetic dichroism (XMCD)
spectra see subsection 2.5.2. XMCD spectra are like an element selective fin-
gerprint for a magnetic material. Given that the NFO is supposed to be fer-
rimagnetic, the XMCD spectra of Fe and Ni will be investigated in terms of
ion valency and occupancy of the ions species.



4.2. Synchroton study: Chemical composition and occupation of thin
NiFe2O4 films 49

Figure 4.12: Top: Fe L edge XMCD spectrum of a 6.1 nm NFO thin film
taken at B = −1 T and T = 10 K. Bottom: Fe L edge XMCD simulations
of divalent and trivalent Fe ions on octahedral and tetrahedral sites of the
spinel structure. These simulations were taken from [16] where they were

computed by LFM calculations utilizing the software CTM4XAS.

The XAS spectra were taken at the I10 beamline of DIAMOND Light Source.
The temperature of the sample was set to T = 10 K and a magnetic field
of B = −1 T was applied to the sample. The beam was adjusted to hit the
sample at near grazing incident of 80° off-normal because thin films are ex-
pected to have an in-plane easy axis of magnetization. The XAS spectra were
recorded in the surface sensitive total electron yield (TEY). The recorded left
and right circularly polarised XAS spectra of the Ni and Fe L edge were nor-
malised to zero at the pre-edge and to one at the post-edge. Then the XMCD
spectra were obtained by subtracting the left and right circularly polarized
XAS from each other.
In figure 4.12, the Fe L edge XMCD of a 6 nm NFO thin film is shown in black
at the top and calculations of site- and valency-specific Fe L edge XMCD
taken from [16] are shown at the bottom. The main focus will be at the Fe
L3 edge XMCD because it has the strongest features. The experimental Fe L3
edge XMCD has mainly three recognition features. A negative peak at the
photon energy of 708.6 eV (A), a positive peak at 709.8 eV (B) and a smaller
negative peak at 710.6 eV (C). In the literature, these features are often used
to determine the iron species according to the occupation site and in case of
Fe3O4 to even determine the cation ratio [1, 91]. The features A,B and C are
compared to the calculated Fe L edge spectra. In case of features C and B
the identification is quite clear given that only one Fe L edge spectrum has a
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matching feature. Feature B is identified with the main peak of Fe3+ at octa-
hedral sites of the spinel structure and feature C is identified with the main
peak of Fe3+ at tetrahedral sites. Feature A cannot be assigned clearly. At
the position of peak A, the calculated XMCD of Fe2+ at tetrahedral site (Fe2+

(Td)) has its strongest feature. The calculation of the Fe2+ at the octahedral
site can be excluded as it has a high and broad positive feature at the po-
sition of A. This applies also to the Fe3+ at the octahedral site which has a
small positive tail at this position. But the calculations of Fe3+ (Fe3+ (Td)) at
tetrahedral site has a small negative peak at the position as well. Thus, the
peak positions of the calculation are not a criterion for exclusion. Thus, the
shape of feature A will be compared to the calculated shapes. The calculated
XMCD of the Fe3+ (Td) is a smooth small bump and has the rising shoulder
of the main feature at higher photon energies. The calculated XMCD of the
Fe2+ (Td) has a sharp peak at energy position A, a small negative bump at
lower photon energies and a shoulder at higher photon energies indicating
a weaker overlapping peak. While the small negative bump of the Fe2+ (Td)
XMCD is not present in the experimental XMCD of the NFO thin film, the
shape of the main feature with the shoulder at higher energies matches the
shape of feature A. Therefore a Fe2+ contribution of the tetrahedral site of
the spinel structure is quite likely. This is not in agreement with the theoret-
ical expectation that the NFO should only consist of trivalent Fe ions. It also
contradicts the results of the HAXPES measurements of a 23 nm thick NFO
film at which no indications for Fe2+ cations were found. In the literature,
feature A is always observed in PLD-grown NFO thin films and mostly inde-
pendent of film thickness and growth procedure [16, 92, 93]. One reasonable
explanation is that Fe2+ is only formed in small amounts at the surface of the
film. HAXPES measurements of thick samples and in the normal emission
configuration are bulk sensitive. Therefore if the total amount of the Fe2+

is too small and accumulated solely at the surface, the Fe2+ signal will get
screened of by the Fe3+ for the thick NFO films. On the other hand if Fe2+

is at the surface even in small amounts it will most likely always be detected
independently of the thickness by the surface sensitive XAS measurement in
TEY mode.
Similar to the Fe L edge XAS spectra, the Ni L edge XAS spectra are also
sensitive to the octahedral and tetrahedral crystal environment of the spinel
structure [95]. Therefore the Ni L edge XMCD has as well its own unique
magnetic fingerprint and will be used to determine the site occupation of
the Ni2+ ions. In figure 4.13, the Ni L edge XMCD of a 6 nm NFO thin film
is displayed in black at the top and calculations of site-specific Ni L edge
XMCD taken from [94] are displayed at the bottom. The main focus will
be at the Ni L3 as it has the most distinct features [96]. The experimental
Ni L3 edge consists of a negative sharp peak at 853.2 eV called feature A
and a positive sharp peak at 854.8 eV called feature B. The XMCD spectra
of Ni2+ at tetrahedral site and octahedral site both show a distinct negative
peak near to the energy position A with the main difference in the intensity.
However, at the energy position of feature B the theoretical L edge XMCD
of the Ni2+ at tetrahedral site has a negative contribution while the one of
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Figure 4.13: Top: Ni L edge XMCD spectrum of a 6.1 nm NFO thin film
taken at B = −1 T and T = 10 K. Bottem: Ni L edge XMCD calculations of
divalent Ni ions on octahedral and tetrahedral sites of the spinel structure.
The calculations were taken from [94] where they were computed by using

first-principles configuration interaction calculations.

the Ni2+ at octahedral site has a positive peak. Therefore the divalent Ni
ions are mostly occupying the octahedral sites. This is in agreement with the
theoretical expectation of the inverse spinel structure occupation.

4.3 Summary

This chapter covered the PLD growth parameter optimization and the char-
acterization of the resulting NFO thin films grown on top of the STO. The
growth parameter foundation was taken from M. Hoppe et al. [72]. An NFO
film series was grown with variation of the laser fluence and one with a vari-
ation in growth gas composition. The grown NFO films were investigated
by AFM, XRD, rocking curves and magnetic hysteresis in order to probe the
surface roughness, the crystallinity, the defect density and the magnetic re-
sponse of the NFO films. The laser fluence influence is minimal and no trends
could be identified within the probed range of laser fluence. The growth gas
composition on the other hand clearly affects the NFO film quality. If the
growth gas composition is changed from 25:75 Ar:O2 ratio to 0:100 Ar:O2 the
crystallinity, defect density and the magnetic response are improved. There-
fore the PLD growth conditions for high quality thin NFO films are found to
be:
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• T = 635 °C,

• p = 3.9 · 10−2 mbar,

• f = 2 Hz,

• 90 minutes annealing at growth pressure & temperature,

• F = 1.41 J
cm2 ,

• Ar : O2 = 0 : 100.

Next the optimized thin NFO films have been investigated in terms of cation
identification and site occupation by means of HAXPES and XMCD. Ni 2p
and Fe 2p HAXPES measurements of a 20 nm NFO film have been measured.
It has been found that the NFO film consists of Ni2+ and Fe3+ cations, that
is in agreement with the theoretical expectations. Ni L edge and Fe L edge
XMCD spectra have been derived from circularly polarized XAS measure-
ments in TEY mode of a 6 nm NFO thin film. It has been confirmed that
the NFO film consists of Ni2+ cations that occupy the octahedral sites of the
spinel structure which agrees with the theoretical expectations. Fe3+ cations
have been found to occupy tetrahedral and octahedral sites of the spinel
structure which is in line with the theory. However, also a weak signal of
Fe2+ residing on tetrahedral sites have been found which was not detected
by HAXPES measurements. This phenomenon has been mentioned in the lit-
erature. Therefore it is highly possible that the Fe2+ accumulates at the film
surface and is not distributed evenly throughout the film.
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Chapter 5

Magnetism of the NiFe2O4/SrTiO3
heterostructure

In chapter 4 it was shown that the saturation magnetization of the NiFe2O4/
SrTiO3 (NFO/STO) heterostructure could be optimized by the adjustment of
the growth conditions. In order to extract the saturation magnetization, the
magnetic response of the entire sample was measured via SQUID. However,
the SQUID technique is only bulk sensitive. The element-selective magnetic
response can be measured via X-Ray Magnetic Circular Dichroism (XMCD).
Thus, in this chapter, the origin of the magnetization in NFO can be inves-
tigated. Furthermore the interface of the NFO/STO heterostructure can be
investigated.

5.1 XMCD of NiFe2O4 thin films

The element-selective magnetic response of the optimized NFO thin films has
been investigated at the DIAMOND Light Source at the beamline I10. The
X-ray Absorptions Spectra (XAS) have been recorded with soft X-rays at a
temperature of T = 10 K and in the Total Electron Yield (TEY) measurement
mode. The magnetic field has been set to either B = +1 T or B = −1 T
and has been aligned to the incident beam and thus to the sample's in-plane
vector (100). In order to measure the magnetic signal, the samples have been
probed with left (negative) and right (positive) circularly polarized (cp) light.
Figure 5.1 shows the circularly polarized XAS (cp XAS) spectra of the Fe and
Ni L edge for an NFO film with a thickness of d = 6.1 nm and an applied
magnetic field of B = −1 T. The left cp XAS in blue and the right cp XAS in
red are compared to each other. For both L edges, the left and right cp XAS
vary in intensity distribution. In case of the Fe L edge, even the peak energy
positions of the L3 edge are distinct. For materials with zero net magnetic
moment, left and right cp XAS are expected to be identical. In contrast, if the
material has a non-zero net magnetic moment, the left and right cp XAS show
distinct different intensity distributions, called dichroic behaviour. Thus, the
cp XAS confirm the already known fact that the NFO thin films have a net
magnetic moment.
In subsection 2.1.1, the magnetism in ideal NFO is explained to have its origin
in the ferromagnetic coupling of the Ni2+ cations, which are residing at the
octahedral sites, and in the antiferromagnetic coupling of the Fe3+ cations,
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Figure 5.1: In blue the left and in red the right circularly polarized XAS of
a d = 6.3 nm NiFe2O4 film. The film was measured at a magnetic field of

B = −1 T. a) Iron L edge b) Nickel L edge.

which are residing at the tetrahedral and octahedral sites. In order to extract
the information of the element specific magnetic contribution to the net mag-
netic moment, the magneto optical sum rules can be applied to the Ni and
the Fe cp XAS. The general XMCD sum rules were derived for quantum me-
chanical dipole transitions of ferro- or ferrimagnetic materials by Thole et al.
in 1992 and Carra et al. in 1993 [97, 98]. The sum rules displayed in equa-
tions 5.1 and 5.2 show the special case for dipole transitions from the p- to
the d-states and are in this form taken from C. T. Chen et al. in 1995 [99].

morb = −2q
3r
· Nh , (5.1)

mspin =
2q− 3p

r
· Nh ·

(
1 +

7〈Tz〉
2〈Sz〉

)−1

, (5.2)

r =
1
2

∫
L3,2

(µ+ + µ−) dE p =
∫

L3

(µ+ − µ−) dE q =
∫

L3,2

(µ+ − µ−) dE .

(5.3)

The morb and the mspin refer to the orbital and the spin moment contribution
to the net magnetic moment. The Nh is the number of holes in the d bands
and has to be known in advance. The integral over the XMCD signal of the
L3 edge is p and the integral over the XMCD signal of the total L edge is q.
The integral over the unpolarized L edge is r, which is proportional to the
number of 3d valence states and usually can assumed to be the mean value
of left and right cp XAS for not surface dominated ultra thin films [100]. The
expectation value of the total spin is 〈Sz〉. The 〈Tz〉 is the expectation value of
the magnetic dipole operator and allows for correction of the distortion of the
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spin cloud by crystal field effects. For cubic, non distorted magnetic systems
like ideal NFO, this term is close to zero and thus will be neglected [101]. The
XMCD sum rules can be applied in case that the following conditions apply:

1. restrict to p- to d-orbital dipole transitions

2. strong spin-orbit coupling

3. no hybridization of the l shells, i.e. clear separation of L3 and L2 edge

The heavy 3 d transition metals iron, cobalt and nickel have shown to meet
these conditions [102].
In order to apply the XMCD sum rules properly as described in [16, 99], it
is crucial to determine and subtract the background of the unpolarised XAS
spectra. Furthermore, the unpolarised and polarised XAS pre-edges have to
be normalised to zero and the post-edges have to be normalised to one. The
analysis will be discussed separately for the Fe and the Ni cations.

5.1.1 Analysis of the Fe3+ L edge XMCD

In section 4.2 it was qualitatively confirmed by HAXPES and XAS that the
Iron cations of the NFO thin films are mostly Fe3+ and are occupying the oc-
tahedral as well as the tetrahedral sites of the inverse spinel structure. Thus,
the Fe3+ cations in the NFO thin films will be treated like the Fe3+ cations of
non-defective bulk NFO in the analysis.

Background correction of Fe3+ XAS

The unpolarised XAS background can be divided into two parts. The first
part consists of the pre-edge background which has its origin from edges at
lower energies. If the edges at lower energies are not close to the L edge and
the signal of the L edge is rather large in comparison then it can be treated like
a linear background and just be subtracted, which automatically sets the pre-
edge to zero. For the NFO/STO heterostructure both conditions are fulfilled
and the pre-edge is corrected like this. In a next step, the post edge is set to
one which results in a normalised unpolarised XAS. The second part of the
background are onsets of p states to the s states transitions. The most basic
approach to determine this background is a fit of a two step background
to the XAS L edge, where the step position corresponds to the edge peak
position and the width corresponds to the FWHM of the edge. For the Fe L
edge, the height of those two steps is generally set to the L3:L2 ratio of 2:1 as
the total number of non-dipole transitions from the p states are expected to
be of the same ratio [99].
Background modelling was performed with the software Unifit 2016. The
detailed function and the modelling result is described in Appedix C. The
position of the L3 edge is found to be 710.6 eV and the L2 edge is found to
be at 723.4 eV. For both edges a FWHM of 2 eV was set. Those settings fit
to results in the literature [16]. At energies larger than 735 eV of the post-
edge, the background increases again. In order to model this for background
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Figure 5.2: a) Unpolarised XAS of the Fe L edge of a 6.1 nm NiFe2O4 film
measured at T = 10 K and B = 1 T with an angle of 80° of normal. The
blue dashed line indicates the integral over the background corrected un-
polarised XAS. b) XMCD spectra of the normalised polarised Fe XAS at the
L edge of the same NiFe2O4 film. The pink dashed line corresponds to the

integral over the XMCD spectrum.

removal, one additional step was implemented at the post edge at 735.5 eV
with a large FWHM of 5 eV. The modelled background in brown solid line
together with the unpolarised XAS in red solid line are shown in figure 5.2 a).
As blue dashed line, the integral r of the background corrected unpolarised
XAS is shown. It is constant after the edge and the vertical arrow at 735.5 eV
indicates were r is taken.



5.1. XMCD of NiFe2O4 thin films 57

Orbital moment Fe3+

In figure 5.2 b), the XMCD signal obtained by subtracting the normalised and
background corrected cp XAS from each other is displayed as a green solid
line. As shown in section 4.2.2, the shape of the XMCD signal is characteristic
for the Fe3+ cations in the spinel enviroment of the NFO. The integral over
the XMCD signal is displayed as well in figure 5.2 b) as a pink dashed line.
In order to determine the orbital momentum morb, the integral q has to be
calculated, which is the total integrated magnetic signal of the L edge. Here it
is taken between the energies 703 eV of 735.5 eV. After this energy the integral
is nearly constant. Thus, the integral up to 735.5 eV includes all magnetic
contributions of the L edge. In order to evaluate equation 5.1, the number of
holes Nh in the d band of Fe3+ has to be known. In general this number can
be deduced by subtracting the number of electrons in the d bands and from
the total number of available d states, Nh = 10− Ne. DFT calculations for
ideal bulk NFO yield Nh ≈ 9.4 µB

f.u. [92]. Thus, applying the sum rule shown
in equation 5.1 results in an orbital momentum of

morb = (0.07± 0.02)
µB

f.u.
.

Spin moment Fe3+

In order to determine the Fe3+'s spin magnetic moment mspin of the NFO
film, the integral p over the XMCD has to be calculated. The integral p will
be taken from the pre-edge of the L3 edge to the minimum between the L3
and L2 edge in the XAS or rather to the zero point of the XMCD near to the
L2 edge. In figure 5.2b), this point is indicated with an arrow. In combination
with the previously determined integrals, q and r, the spin momentum sum
rule shown in equation 5.2 results in an Fe3+ spin momentum of

mspin = (0.08± 0.02)
µB

f.u.
.

5.1.2 Analysis of the Ni2+ L edge XMCD

In section 4.2 the Ni XAS, XMCD and HAXPES data were investigated in
terms of occupation of octahedral and tetrahedral sites of the spinel structure
and the valency of the Ni cations. It was qualitatively confirmed that only
Ni2+ cations are observed and that those Ni2+ cations are exclusively occu-
pying the octahedral sites like expected for ideal NFO. Thus, the Ni2+ XAS
and XMCD will be treated like the Ni2+ of non-defective bulk NFO in this
analysis.



58 Chapter 5. Magnetism of the NiFe2O4/SrTiO3 heterostructure

Background correction of Ni2+

The background of the Ni L edge will be calculated similar to the Fe L edge. A
linear background will be subtracted from the pre-edge, which automatically
sets the pre-edge of the unpolarised XAS to zero. The post-edge is normalised
to one. However, the two-step background model for purely ionic and dipole
transitions in not sufficient for the background of the Ni L edge XAS of NFO
given that there is an additional continuum step at 867 eV. This continuum
step refers to transitions from 2p to 4s like states [103]. These transitions are
not taken into account in the derivation of the sum rules and thus will give
false results if included in the sum rules. Therefore, the two-step model is
modified with an additional step at the continuum step. The detailed func-
tion and the modelling result is described in appendix C. The FWHM of the
L edges are set to 2 eV and the FWHM of the continuum step was found to
be 2.2 eV. The positions of the L3 and L2 edges are found to be 854.0 eV and
871.8 eV, which matches the values found in literature [95, 103]. At the post-
edge with energies larger then 785 eV, the background increases again. In
order to model this one additional step was implemented at the post-edge at
885 eV with a large FWHM of 4 eV. The modelled background in brown solid
line together with the unpolarised XAS in red solid line is shown in figure 5.3
a). The integral r of the background corrected unpolarised XAS is shown in a
blue dashed line. It is constant after the edge. The arrow at 884 eV indicates
were r is evaluated.

Orbital moment Ni2+

In figure 5.3 b), the XMCD spectrum obtained by subtracting the normalised
and background corrected cp XAS from each other is displayed as a green
solid line. In subsection 4.2.2, the shape of the XAS signal and the XMCD sig-
nal were confirmed to be mostly from Ni2+ cations in the spinel environment
of NFO. The integral over the Ni XMCD signal is shown in figure 5.3 with a
pink dashed line. An arrow indicates the energy position after the L edge
where q is evaluated. After this energy the XMCD integral is constant until
890 eV after which it is slowly decreasing again. In the literature, the integral
q is taken at higher energies of 910 eV [16]. The reason for this is that the mag-
netic extended fine structure (MEXAFS) of the L3 edge is superimposed with
that of the L2, resulting in an additional dichroic signal that would lead to a
falsified result with the sum rules [104]. However, the MEXAFS is decreased
at high excitation energies and the MEXAFS signal for L3 and L2 have op-
posite signs. Thus, if a large integration range is used, the MEXAFS signal
of the L3 and L2 will cancel each other [16, 105]. Unfortunately, the energy
ranges, which were chosen for the experiment at the DIAMOND beamline
I10 are too small in order to correct this MEXFAS signal. However, if the data
from the dissertation of M. Hoppe [16] are taken as a basis, then the integral q
is overestimated by approximately (15±2) %. Thus the qext can be estimated
with this.
In order to apply the sum rule from equation 5.1 the number of holes for the
Ni2+ has to be known. Many-body perturbation theory combined with LDA
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Figure 5.3: a) Unpolarised XAS of the Ni L edge of a 6.1 nm NiFe2O4 film
measured at T = 10 K and B = 1 T with an angle of 80° off normal. The
blue dashed line indicates the integral over the background corrected unpo-
larised XAS. b) XMCD spectra of the Ni L edge of the same NiFe2O4 film.
The pink dashed line corresponds to the integral over the XMCD spectra.

correlation calculations for ideal bulk NFO give numbers of Nh ≈ 2.23 µB
f.u. in

[106]. Thus, applying the sum rule results in an orbital momentum of

m∗orb = (0.07± 0.02)
µB

f.u.
.

Spin moment Ni2+

In order to determine the spin magnetic moment mspin of Ni2+ of the NFO
film the integral p over the XMCD signal originating in the L3 edge has to be
evaluated. In figure 5.3 b), an arrow indicates the position between the L3
and L2 edge where the XMCD becomes zero and the integral is constant near
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to the L2 edge. In combination with the previous determined q and r integral,
the sum rules shown in equation 5.2 results in a spin momentum of:

m∗spin = (0.44± 0.02)
µB

f.u.

5.1.3 Discussion of the XMCD of NiFe2O4 thin film

Spin and orbital magnetic moment of Fe3+

In subsection 2.1.1 the electronic configuration of the Fe3+ cation with 3d5 is
described in detail. The d shells are half-filled and all spins are aligned par-
allel in the eg and the t2g states. In addition, the Fe cations are expected to
occupy the antiparallel aligning tetrahedral and octahedral sites of the spinel
structure equally. Thus, the spin magnetic moments of Fe cations are ex-
pected to compensate each other and should be zero [16].
The orbital magnetic moment on the other hand is highly dependent on the
potential of the surrounding oxygen ions. In NiFe2O4 the Fe3+ cations are
enclosed in an oxygen ions octahedral or tetrahedral. Due to the rotational
symmetry, the potential of these oxygen environments can be expanded in a
series of spherical harmonics. The expansion will only have nonzero terms if
the quantum number m is an integer multiple of q = 4 octahedral and tetra-
hedral symmetry. As a result, the potential only couples orbital momentums
states with quantum numbers mL1 and ml2 such that mL2 −mL1 = n · q in so
far they exist. For the d-electrons there are only two states available that fulfil
the conditions, mL = ±2. However, in the cubic environment of the NiFe2O4
both states contribute with the same weight. Thus, the orbital momentum is
expected to be quenched [50]. However, due to the two site occupation states
in the spinel structure a XMCD signal should exist.
In figure 5.2, a distinct XMCD signal is shown. When applying the sum rules
for the spin and the orbital magnetic moment, small magnetic moments are
obtained of morb = (0.07 ± 0.02) µB

f.u. and mspin = (0.08 ± 0.02) µB
f.u. . It was

shown in section 4.2 that NFO thin films mostly consist of Fe3+. However,
small amounts of Fe2+ cannot be excluded. This small amount of Fe2+ can
be the root of the non zero spin moment because with antiparallel alignment,
the moments of Fe2+ and Fe3+ cations do not compensate each other. The
Fe2+ can also be the cause for a non vanishing orbital magnetic moment. The
additional electron undergoes strong Coloumb interactions with the other
electrons thus unquenching the orbital moment partially [107]. Another pos-
sibility is that the density of defects present in NFO thin films causes the non-
vanishing spin and orbital magnetic moment in the Fe. The introduction of
anti phase boundaries and mosaicity into the films due to the high strain of
the substrate breaks the symmetry of the NFO locally. Thus, the magnetic
coupling mechanisms get weakened and the symmetry based arguments of
the origin of the magnetism in NFO does not hold true unambiguously.
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Spin and orbital magnetic moment of Ni2+

As described in subsection 2.1.1, the electronic configuration of the Ni cation
in NFO is 3d8. The t2g states are all occupied and do not contribute to either
spin or orbital momentum. The spins of the two remaining electrons align
parallelly in the eg states. Due to the octahedral symmetry and the equal
weight of the two degenerated states in the eg from the atomic level view,
the orbital magnetic moment should be quenched to zero. The two parallelly
aligned spins should result in a non-zero spin magnetic moment, which is
the source of the macroscopically observed ferrimagnetism in NFO [16].
When applying the sum rules for spin and orbital magnetic moments, we
obtain of morb = (0.07 ± 0.02) µB

f.u. and mspin = (0.44 ± 0.02) µB
f.u. . The non-

zero spin magnetic moment agrees with the model presented in subsection
2.1.1. However, the orbital magnetic moment is also non zero and the ratio
between orbital magnetic moment and spin magnetic moment is 16% ± 5%.
This is in agreement within the error of the previously reported 12% ± 2%
[96].

Total magnetic moment of NiFe2O4

The evaluation of the L edge cp XAS and the XMCD of the Ni and Fe cations
with the sum rules give a total magnetic moment of

mtotal = mFe
orb + mFe

spin + mNi
orb + mNi

spin ,

mtotal = (0.07 + 0.08 + 0.07 + 0.44)
µB

f.u.
,

mtotal = (0.67± 0.04)
µB

f.u.
.

This total magnetic moment is approximately half of the saturation magne-
tization observed in optimized 20 nm thick NFO films via SQUID measure-
ments. One reason for the low total magnetization is that the XMCD was
taken at a magnetic field of B = 1 T at which the NFO is not saturated. This
magnetic field was chosen in order to save time between switching magnetic
field and switching the samples, because the measurement time was highly
restricted. However, NFO is a ferrimagnet and saturates at fields of B & 3 T as
shown in sections 4.1.2, 4.1.3 and in literature [17, 108]. Thus, the achievable
magnetization at B = 1 T is m = (1.1± 0.01) µB

f.u. . This corrected expectation
value is still 40% higher than the total magnetic moment from the XMCD
analysis. Another explanation can be found in the derivation of the XMCD
rules. Those only apply for non-hybridized shells and dipole transitions from
l to d shells. Literature studies about the reliability of the XMCD sum rules
showed that they underestimate the ground state properties of 3d8 systems
by up to 30% [101]. Even if taken the error of the XMCD sum rules into ac-
count, the difference of the expected value to the moment of the XMCD sig-
nal do not match. Apart from internal experimental errors, the sample itself
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seems to have a reduced moment. The studied sample had a film thickness
of 6.1 nm≈ 7.3 u.c.. One possibility could be that the reduced dimensionality
of the film causes a decrease in the magnetic interactions throughout the film.
Another explanation could be that the broken symmetry at the surface leads
to a decreased magnetic exchange resulting in a decreased magnetic moment
for the surface layer. This would of course have a higher impact on thinner
films. However, in order to find a final answer, further studies have to be
undertaken.

5.2 Magnetic response of the NiFe2O4/SrTiO3 in-
terface

In the previous section, the element-selective magnetic response of the op-
timized NFO thin films has been investigated by means of XMCD analysis
utilizing circularly polarized soft X-Ray absorption spectra. The cp XAS have
been recorded at the DIAMOND Light Source at the beamline I10. The Total
Electron Yield mode of this measurement set up is rather surface sensitive
with an exponential decay in probing depth of only a few nanometers [109,
110]. Thus, it is well suited to study thin NFO films with d < 8 nm as a
whole. However, this exponential decrease in probing depth makes it pos-
sible to study explicitly the interface layers of the underlying substrate. The
thicker the top NFO film, the less information from deep bulk STO layers
contribute to the signal. However, also the substrate signal itself decreases
significantly and, which necessitates a higher number of repetitions in order
to reduce the background noise. Therefore in this section, first the interface
XAS of Ti L edge of the STO substrate will be investigated and then the mag-
netic response via X-Ray magnetic circularly dichroism will be checked. All
recorded XAS and the resulting XMCD spectra were recorded at a tempera-
ture of T = 10 K and an in-plane magnetic field of B = ±1 T.

5.2.1 Thickness dependency of the titanium L edge XAS

This section focusses on the investigation of the NFO/STO interface, in par-
ticular the substrate STO's Ti L edge. The valence of the Ti cation is of im-
portance for the properties of the STO as discussed in subsection 2.1.3. In
the perovskite structure of bulk STO, the valence of the Ti cation is expected
to be Ti4+, which leads to a 3d0 electronic configuration with no free elec-
trons. Thus, the STO is insulating and diamagnetic [29]. If oxygen vacancies
are introduced into STO, an additional electron will get transferred to the Ti
electronic configuration and thus Ti4+ will convert to Ti3+. This altered 3d1

electronic configuration has a delocalized electron which changes the STO be-
haviour from insulating to conducting [111]. This process is often observed
at the interface of oxide/STO heterostructures [112, 113].
In figure 5.4, the measured Ti L edge of a (6.1 nm) NFO/STO is shown in
blue. The measurement has been taken with left cp light. Four main ab-
sorption lines can be clearly identified. The two signals on the lower energy
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Figure 5.4: In blue averaged and aligned left circularly polarized Ti L edge
XAS of a 6.1 nm NFO/STO heterostructure measured at T = 10 K and B =
1 T. In dotted lines XAS L edge reference spectra for a Ti3+ (pink) and Ti4+

(green) are displayed. Reference spectra are taken from [114].

spectrum refer to the L3 edge and the two at the high energy spectrum refer to
the L2 edge. Each L edge is split into two energetically well separated levels
which identify with the t2g and eg states at low and high energies respec-
tively. However, on the low energy site of the L3 eg and the L2 eg, a shoulder
rises. In dotted lines reference spectra of Ti3+ XAS in pink and Ti4+ XAS in
green are shown, which are modelled by Lee et al. utilizing multiplet calcu-
lations by the CTM4XAS software [114]. The modelled Ti4+ shows crystal
field split L3 and L2 absorption signals. The small peaks in the pre-edge of
the Ti4+ XAS originate in particle-hole coupling [115, 116]. The Ti3+ the XAS
is formed by more and broader absorption lines. This is due to the Coloumb
interaction of the single electron for the absorption process, which partially
lifts the degeneracy of the eg and the teg levels. When the experimental data
are compared to the modelled data, the four main absorption lines fit to the
Ti4+ model XAS while the shoulders are evidence for existing Ti3+. Obvi-
ously, the interface near to the 6.1 nm thick NFO consists of a mixture of both
Ti4+ and Ti3+.
Next the Ti3+ evolution in dependence of film thickness will be investigated.
In order to do this, four films with a film thickness of 2.5 nm, 3.5 nm 4.8 nm
and 6.1 nm are compared to each other. All of them were grown with the
same growth parameters shown in chapter 4 and the thickness was evalu-
ated via XRR. In figure 5.5, pre-edge corrected and zero-one normalised left
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cp XAS of the four heterostructures are shown from bottom to top with in-
creasing thickness. Black vertical lines mark the position of the Ti4+ L3 eg
absorption line and the position of the main Ti3+ L3 eg absorption line. One
general observation is that the titanium signal to background ratio decreases
with increasing NFO film thickness, which is expected due to the thicker
overlaying film. However, the Ti3+ to Ti4+ ratio increases with increasing
overlaying film thickness. For the sample with the thinnest film, the Ti3+

is not detectable. The Ti XAS reflects the XAS of a purely Ti4+. In contrast
the sample with the thickest film on top has the strongest Ti3+ signal. This
evolution can have two main origins. First possibility is that thinner films
lead to an enhanced probing depth into the substrate. Thus, more of the bulk
like STO contributes to the Ti XAS, which has a valence of 4+. The other
possibility is that the overall amount of Ti3+ increases with increasing film
thickness. The interface between two oxides during the growth process is
thermodynamically not in equilibrium. Even though a post annealing step is
applied for the oxide heterostructure to minimize oxygen vacancies in film
and substrate, it can not exclude that the NFO film also takes oxygen from
the substrate during the growth process. Thus, the NFO growth introduces
oxygen vacancies to the substrate interface, which has also been observed
for other oxides in the literature [1, 117]. While the first option definitely is a
reason for the underestimation of the Ti3+ content at the interface, it would
be quite unlikely to cover all of the Ti3+ because the probing depth is only a
few nm [109]. Thus, a mixture of both explanations is most likely.
For the further investigation of the STO substrate's magnetic response, the
NFO/STO heterostructure with the thickest film and thus the highest Ti3+ to
Ti4+ ratio will be used, i.e. the 6.1 nm NFO/STO heterostructure.

5.2.2 Magnetic response of the titanium L edge

In order to observe the magnetic response of the substrate, the Ti L edge of the
(6.1 nm)NFO/STO heterostructure will be measured with left and right cir-
cularly polarized light and with switching the magnetic field from B = +1 T
to B = −1 T at T = 10 K. Only a small signal is expected due to the mea-
surement mode and thus a high repetition rate is needed in order to lower
statistically the noise of the background. Thus, for each magnetic field and
each polarization, 32 Ti L edge XAS were recorded in a sequence of right-left-
left-right cp XAS. The raw data and the averaging and aligning process are
shown in the appendix D.
In figure 5.6 a), averaged and aligned left and right cp XAS measured at
B = 1 T of the (6.1 nm)NFO/STO heterostructure are shown. It is appar-
ent from the picture that the left and right cp XAS are background aligned to
each other. The right cp XAS has slightly smaller intensities in the L eg states
than the left cp XAS, which might be a sign of a magnetic dichroic signal. The
XMCD of the Ti L edge can be found by subtracting the left cp XAS from the
right cp XAS. In figure 5.6 b), the XMCD for positive and negative magnetic
field in red and blue are displayed. One can see a clearly on-zero XMCD
signal for both field directions. Although the XMCD signal of the Ti L edge
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Figure 5.5: Titanium left circularly polarized XAS of the L edge for the thick-
ness series of 2.5 nm to 6.1 nm measured at B = 1 T and T = 10 K. Marked

are the L3 eg edge positions of Ti3+ and Ti4+ cations.

is more than two orders of magnitude smaller than the XMCD signal of the
NFO film, the signal flips when flipping the direction of the magnetic field.
This is in general a strong proof for a true magnetic signal. However, if the
magnetic field directions are compared to each other with regard to positive
and negative XMCD signals, then both magnetic directions yield mostly pos-
itive signals, which raises the question, whether the XMCD signal is a true
XMCD signal. Two effects have to be considered and both are related to the
size of the XAS and the XMCD signal. The XAS in figure 5.6 a) clearly has
a strong dominance of the background, which is reflected in the strength of
the slope of the pre-edge. Those pre-edge slopes are in general dominated
by the extended X-ray absorption fine structure of edges at smaller energies
which themselves can have a dichroic signal here, e.g. the K edge of carbon
compounds formed at the film surface [118, 119]. For strong XAS, this back-
ground slope can mostly be treated like a linear background resulting only
in a small error. However, for small XAS a linear background subtraction
would yield a high error. Thus, the pre-edge related linear background sub-
traction is applicable. In summary, the background itself can have an effect
on the XMCD signal. Another point of view comes from the experiment it-
self. Ideally, the left and right polarized light has the same intensity but in
the real experiment a tiny difference in intensity always remains [120]. Again
for strong signals, this in not an issue but for small signals like this titanium
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Figure 5.6: a) In orange(pink) right(left) cp XAS of the Ti L edge of a 6.1 nm
NiFe2O4/SrTiO3 heterostructure measured at T = 10 K and B = 1 T is dis-
played. b) In red the Ti XMCD spectrum measured at B = 1 T and in blue
the XMCD spectrum measured at B = −1 T are displayed. The XAS were

recorded at T = 10 K.

XAS, the tiny boost for one polarization direction can shift the overall XMCD
signal slightly to all negative or all positive, regardless the direction of the
magnetic field.

Another tool to test the reliability of the XMCD signal is to compare it to the-
oretical XMCD signals. In figure 5.7 b), the experimental XMCD signal is dis-
played in red of the 6.1nm NFO/STO measured at B = 1 T. Above in figure
5.7 a), theoretical reference XMCD signal for Ti3+ in pink and Ti4+ in green
taken from Lee et al. are displayed, which are the result of multiplet calcula-
tions by the CTM4XAS software [114]. The experimental XMCD signal has
four positive peaks covering the complete XAS energy range and one nega-
tive peak in the region of the Ti L2 edge. Neither the theoretical Ti4+ nor the
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Figure 5.7: a) Reference XMCD spectra taken from [114]. In green Ti4+ mul-
tiplied with 100 and in pink Ti3+. b) Ti XMCD signal obtained of the 6.1 nm
thick NiFe2O4/SrTiO3 heterostructure measured B = 1 T and T = 10 K. c)

Superposition of the XMCD reference spectra taken from [114].

Ti3+ can reproduce the experimental result entirely. This is not unexpected
because it was shown in subsection 5.2.1 that the Ti L edge is a composition
of Ti4+ and Ti3+. In figure 5.7 c), a superposition of 3.5· Ti4+ XMCD and 0.08·
Ti3+ XMCD from the reference XMCD signals shown in figure 5.7 a) is dis-
played. Although in the superposition the cross section of each Ti valency
is not taken into account and the XMCD of the two valence states are only
accurate for purely 3+ and 4+ valance titanium, the superposition of them
reproduces the main features of the experimental XMCD signal.

The flipping of the Ti L edge XMCD signal while flipping the direction of the
magnetic field and the good agreement with the superposition of the theo-
retical XMCD signal with strong Ti4+ part and small Ti3+ part both strongly
suggest, that the Ti XMCD signal is a true XMCD signal, despite its small
size. This non-vanishing XMCD signal of the Ti L edge contradicts the dia-
magnetic behaviour expected from ideal bulk STO. However, because of the
small size of the Ti XAS and XMCD signal and the mixing of the Ti valence,
the sum rules are not applied to the Ti XMCD to obtain the magnetic moment.
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Figure 5.8: a) XMCD of a 6.1 nm NiFe2O4/SrTiO3 heterostructure nor-
malised to pre-edge XMCD signal for magnetic fields between B = ±7 T
of Ni(cyan), Fe(blue) and Ti(red) measured at T = 10 K. b)-d) XMCD sig-
nal of Fe, Ni and Ti measured at B = 1 T and T = 10 K. The XAS energy

positions for figure a) are marked in brown.

5.2.3 Magnetic field dependency of the NiFe2O4/SrTiO3 het-
erostructure magnetic response

The nature of the magnetic response of the Ti at the interface of the NFO/STO
heterostructure needs to be investigated. In contrast to the SQUID measure-
ments of section 4.1.2 and 4.1.3, where the macroscopic magnetic response
of the whole sample is measured, the magnetic field dependent XMCD can
show the magnetic response element selectively. However, the full XMCD
measurement for each magnetic field is time consuming, especially for the
underlying STO substrate signal. Thus, instead of measuring the evolution
of the total XMCD signal a energy position at which the XMCD signal is
the strongest is chosen. In order to account partially for the background off-
set, also an energy position at the pre-edge is measured. The pre-edge XAS
signal is then subtracted from the XMCD position XAS signal for each polar-
ization direction. The energy positions, that are used for the XMCD and for
the pre-edge are marked in the XMCD spectra of the L edge of Fe, Ni and
Ti in figure 5.8 b)-d). They were chosen according to the expected highest
XMCD signal. Again by subtracting the left cp XAS signal from the right
cp XAS signal the XMCD is obtained. This difference is then divided by the
sum of left and right cp XAS which results in the asymmetry. At the I10
beamline in DIAMOND, magnetic fields of B = ±14 T are achievable, which
is appropriate for NFO that is ferrimagnetic and thus saturates at high mag-
netic fields. On the other hand this strong magnet has a permanent non zero
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field when it should be zero. This makes it impossible to measure the impor-
tant magnetic field region around zero in detail which decreases the possi-
ble information gain. Thus reasonably, only a half hysteresis was measured
and is displayed in figure 5.8 a). The half hysteresis was recorded between
B = ±7 T at which the SQUID hysteresis of NFO shows only a small increas-
ing slope. The XMCD half hysteresis shows the same behaviour, neither Ni
nor the Fe are saturated yet. In the region of B = +1 T to B = −1 T the Ni
as well as the Fe show a jump. Both characteristics fit to the ferrimagnetism
observed in NFO [17, 121]. In red and multiplied by ten the Ti magnetic de-
pendent XMCD is shown. It is quite obvious that in the region of B = +1 T to
B = −1 T the Ti XMCD does not go through zero at zero magnetic field but
instead mimics the jump from the Ni and Fe. Also in high magnetic fields,
the Ti XMCD does not seem to be saturated yet which is identical to the Ni
and Fe observation. This can be explained by the proximity effect in which
one material can transfer its characteristics to a second material via exchange
coupling at the interface. In the literature, the proximity effect was observed
e.g. at the EuO/SrTiO3 interface which is a ferromagnetic/diamagnetic in-
terface at which Ti3+ are generated in the growth process and that these Ti3+

cations show the same ferromagnetic behaviour as the EuO [57]. However, a
proximity effect was also observed at a diamagnetic/diamagnetic interface,
the LaAlO3/SrTiO3 interface in which the coupling of oxygen vacancies and
magnetic impurities are seen as the cause for the stabilized magnetic order-
ing [54]. Both cases might apply to the NFO/STO interface. On the one
hand the Ti XMCD's magnetic field dependency shows the same magnetic
behaviour as the one of the NFO XMCD which strongly supports the induc-
ing magnetism at the magnetic/non-magnetic interface. On the other hand
it is possible during the growth process, that a small amount of the Ni and
the Fe might have immigrated into the STO. Thus, the magnetic order in the
STO can get stabilized via coupling of the migrated NFO cations to oxygen
vacancies and thus coupling to the Ti. In order to find a final answer, the
cation distribution at the NFO/STO interface has to be investigated in detail,
for example by transmission electron microscopy.

5.3 Summary

This chapter covered the in-plane XMCD investigation of NiFe2O4/SrTiO3
(NFO/STO) heterostructures measured at the I10 beamline at the DIAMOND
light source. In section 5.1, the XMCD signal of the Ni and Fe L edges of a
6.1 nm NFO were analysed and the sum rules were applied. The analysis
revealed that the Fe contributes with small non vanishing orbital and spin
magnetic moment to the total moment. This was related to non-perfect sto-
ichiometry, i.e. small amounts of Fe2+. The orbital moment for Ni is nearly
completely quenched. But the spin moment of the Ni contributes heavily
to the total magnetic moment of the NFO thin film which is in agreement
with the theoretical expectation. However, the total magnetic moment is of
mtotal = (0.67± 0.04) µB

f.u. is roughly 40% lower than the expected value at the
applied magnetic field of B = −1 T. This cannot be explained by the natural
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error of 30% coming from the sum rules themselves and thus more investiga-
tion of the film properties are needed in order to understand this deviation.
In section 5.2, the substrate XMCD signal specifically the Ti L edge was stud-
ied. Due to the surface sensitivity of the TEY recording mode, all findings
are related to the interface near substrate. The Ti L edge XAS exhibit fea-
tures of Ti4+ and Ti3+ cations from which only the first one is expected to be
found in bulk STO. Furthermore, Ti XAS with different thick NFO top lay-
ers showed that for thicker NFO top layers the Ti3+ signal in the XAS gets
stronger. This observation suggests an accumulation of Ti3+ at the interface
as well as that the NFO uses the STO substrate as an oxygen reservoir during
growth. The Ti L edge XMCD of the 6.1 nm NFO/STO sample was looked
into in detail. It was found that the small non-zero XMCD signal flips di-
rections when the direction of the magnetic field is flipped. The comparison
with theoretical XMCD spectra of Ti3+ and Ti4+ yield that the XMCD signal
is a mixture of the Ti3+ and Ti4+. Both results support that the Ti signal is a
true signal. The magnetic field dependent investigation of the XMCD signals
shows that the Ti XMCD signal mimics the ferrimagnetic behaviour of the Ni
and Fe of the NFO. This is explained by the proximity effect at which the fer-
rimagnetic NFO transfers the magnetic ordering to the Ti3+ of the otherwise
diamagnetic STO and thus stabilizes the magnetic ordering throughout the
substrate interface i.e. also in Ti4+. However, deeper investigations specifi-
cally of the cation distribution throughout the interface is needed in order to
find the origin of the physical properties at the NFO/STO interface.
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Chapter 6

In-operando HAXPES of the
Au/NiFe2O4/SrTiO3
heterostructures

In 1980 Kraut et al. showed that a shift of the valence band maximum in
semiconductors is directly translated into a shift of the atomic core level (cl)
in XPS measurements [44]. Since then laboratory XPS and synchrotron HAX-
PES measurement, that are usually used in order to determine the chemical
fingerprint of a sample, enable also the possibility to measure the band align-
ment and band bending at buried oxide interfaces [122, 123, 124]. In the oxide
community, this technique is often applied in resistive switching studies of
oxide devices at which first the samples are switched from a high resistive
state into a low resistive state (or vice versa) and then the chemical element
selective fingerprint and the new band alignment is studied at the buried ox-
ide interfaces [11]. Thus, the relationship between the electrical behaviour,
the element valency and the oxide band alignment can be studied. For new
complex oxide arrangements, the interaction at buried interfaces are often
unknown and theoretical calculations and descriptions are usually not avail-
able at first. Therefore HAXPES band alignment studies are an even more
valuable tool to get a first description of the oxide working principles [125].

At the Petra III P09 beamline (since June 2018 P022), the band alignment stud-
ies go one step further: The chemical fingerprint, band alignment and band
bending can be observed while a voltage is applied to the device, called in-
operando HAXPES measurements. Thus, voltage driven chemical changes,
as observed in resistive switching devices, can be studied in-operando and
thus random artefacts and time driven relaxation effects can be minimized
and for most samples even excluded [126]. In the field of ferroelectric com-
plex oxide devices the polarization is influenced or even switched with ap-
plying high voltages and can be read out at low voltages. The in-operando
HAXPES measurements give access to determine ferroelectric polarization
changes and their effect in the band alignment [127, 128].
In the scope of this thesis, more precisely in this chapter and in chapter 7,
the focus is to study the voltage dependence of the band alignment and band
bending at the Au/ NiFe2O4/ SrTiO3 heterostructures and Pt /La0.7Sr0.3MnO3/
SrTiO3 heterostructure.
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6.1 Sample fabrication process & in-operando HAX-
PES measurement procedure

The successful measurement of in-operando HAXPES requires firstly the sam-
ples to be contacted and therefore be structured and secondly a measurement
routine that does not directly destroy the samples. The fabrication process
consists of three main steps: First the fabrication process of the substrates,
second the oxide growth and third the structuring process.

6.1.1 Substrate preparation

Single crystal (001) 0.5%Nb:SrTiO3 with a size of 0.5 mm × 10 mm × 10 mm
from Crystec GmbH, Berlin were used as substrates. The etching and anneal-
ing follow the procedure described in section 4.1.1. In a next step a 9 mm ×
4.5 mm patch of 500 nm thick SiO2 layer is sputtered on top of one half of the
substrates. The sputtering was performed by the PGI-6 technician Thomas
Jansen. A sputtering rate of 0.2 Å/s was applied. Next the substrate is cut
into three approximately 0.5× 3× 10 mm3 pieces by a diamond saw. The cut
pieces are cleaned in Acetone and Isopropanol in the ultra sound bath for a
couple of minutes. The cleaned and cut substrate pieces were controlled via
AFM to ensure a clean surface.

6.1.2 Oxide growth

On top of the prepared substrates, thin layers of NiFe2O4 (NFO) are grown.
Two NFO films have been investigated: a 10 nm NFO oxide film and a 2 nm
NFO oxide film. The NFO films were grown with the PLD technique accord-
ing to the growth optimization performed in chapter 4.

6.1.3 Structuring procedure

After the NFO films are grown, a gold contact is deposited on-top. The gold
is deposited with the Electron Beam Physical Vapor Deposition (EBPVD)
technique. Via the Quadrapole Mass Spectrometer (QMS) a deposition rate
of 0.2 Å/s for gold was adjusted. The gold electrode spans half over the SiO2
and half over the NFO/STO oxide side. The structuring pattern of the top-
electrode is shown in detail in subsection 3.2.4.

6.1.4 Measurement Routine

Two Au/NFO/STO heterostructures from hereon names as "HtStr", one with
a film thickness of 2 nm and one with a thickness of 10 nm, were probed
with the in-operando biasing HAXPES. The HAXPES spectra were recorded
in normal emission configuration, at room temperature and at a vacuum of
p < 5 · 10−10 mbar at the P09 HAXPES endstation at Petra III, Hamburg.
The measurement position was adjusted to a region between the 40 nm gold
fingers of the top electrode. After the measurement position is optimized, the
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measurement routine is started. First the HAXPES spectra of Au 4f, Fe 2p,
Ni 2p, Sr 3d, Ti 2p and the valence band is recorded without applying any
voltage. Next, a voltage is set by the Agilent voltage source, the core level(cl)
regions are adjusted to the applied voltage and the whole set of HAXPES
spectra and the electrical current I flowing through the device are recorded.
Next the voltage is switched in sign and the measurements are repeated. In
order to minimize the chance of short-outing the HtStrs, the applied voltage
was stepwise enhanced and with each step the whole set of HAXPES spectra
were measured. The step size of the thin 2 nm NFO HtStr is U =1 V until
U = |4|V and U = 2 V for higher voltages. The step size of the 10 nm NFO
HtStr is U =3 V. In addition, a reference sample of gold, a 20 nm NFO film
and a STO substrate was recorded for further comparison.

6.2 The electrical fingerprint of Au/NFO/STO het-
erostructures

At each voltage step of the in-operando HAXPES measurement the electrical
current flow through the Au/NFO/STO heterostructures (HtStr) is observed
in case the sample would short out. However, the information of the electri-
cal behaviour is a side product of this measurement. If the voltage is turned
on, the electrical current that flows through the HtStr, will stabilize after two
to three seconds. This behaviour was observed voltage independently. For
each voltage step, the stabilized current was read out from the Agilent voltage
source and was recorded. One set of in-operando HAXPES spectra took three
hours of measurement time. The current read-out slightly decreases from be-
ginning to end of the HAXPES recording by 5% - 15%. However, no abrupt
jumps were observed, which indicates a slow discharging effect. The result-
ing IV-curve and the wiring are shown in figure 6.1 a). The Au/NFO/STO
IV-curves are asymmetric. Especially for the 2 nm NFO HtStr the current
slowly increases for positive voltages and strongly increases for the negative
voltages. For voltages of |U| < 2, the current response is a plateau with
only small changes in current. The 10 nm NFO HtStr's IV-curve has a similar
behaviour. The current rises faster with negative voltage than with positive
voltage. However, the expansion of the plateau is reduced.
The observed IV curves resemble the electrical behaviour of diodes. In figure
6.1 b), a sketch of a bipolar diode is presented. In the forward direction (red),
the current rises slowly until a threshold voltage. If the threshold voltage is
exceeded, the current will rise strongly i.e. small variations in the voltage
translate to big variations in the current. Ideally, in the backward blocking
direction (blue) the electrical current flow would be zero. However, due to
imperfections, a small leakage current is observed with increasing voltage. If
the voltage exceeds a breakdown threshold, an avalanche current will occur
and rise sharply with small voltage increase. The forward direction in the
Au/NFO/STO HtStrs is identified with the negative voltage direction and
the blocking direction is identified with the positive voltage direction. The
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Figure 6.1: (a) Stabilized current I measured at each voltage step of the 2 nm
(blue) and 10 nm (red) NFO heterostructures. (b) Sketch of an IV-curve of a

diode.

question arises why the Au/NFO/STO system acts like a diode and why
there are differences between the 2 nm and the 10 nm thick NFO systems.
The two most basic diode systems are build up from an n-type semiconduc-
tor in contact with a metal called a Schottky-diode and an n-type semicon-
ductor in contact with a p-type semiconductor called a pn-diode. Obviously,
the gold in the Au/NFO/STO systems is a metal. Usually, the STO is an
insulator. However, due to the Niobium doping the STO is conducting and
thus can be treated like a heavily doped n-type semiconductor. In contrast,
the NFO is expected to be an insulator with a minority spin channel direct
band gap of 2.1 eV [21]. Yet the presence of defects and the thickness of the
layer weakens the insulating behaviour of the NFO films and thus the NFO
thin films can be treated as a semiconductor. Therefore, the two interfaces
Au/NFO and NFO/STO both have the possibility to create a Schottky bar-
rier. The analysis of the recorded HAXPES cl in terms of band alignment and
band bending at those two interfaces might give information about the origin
of the diode like behaviour of the Au/NFO/STO HtStrs.
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6.3 Band alignment study of the Au/NFO/STO het-
erostructure

A photoemission method to measure heterojunction band alignment was
provided by Kraut et al. [44]. This method is based on the fact that for a given
material the energy difference between a core level (cl) and the valence band
maximum is a physical quantity. Thus, any shift in the valence band maxi-
mum will also result in an equivalent shift of the cl. The method is shortly
pictured in section 2.4.2 and covered by HAXPES specialised literature [43].
The bulk sensitive in-operando HAXPES measurements can be used to de-
termine the change in band offsets of buried interfaces. Kraut's model uses
the simplified flat band picture to describe the material system electronically
and assumes the interfaces of the heterojunctions respectively to be abrupt.
Furthermore Krauts's model does not account for inhomogeneous materials.
The sharpness of oxide interfaces in general is focus of many device oriented
HtStrs as the ion intermixing at the interface or dead layers can affect the
quality of hetero oxide devices. In the case of PLD growth, it has been shown
that even multi-layers of alternating perovskite oxides can achieve atomic
flat interfaces, however it strongly depends on the set of growth parameters
and the material system used [129, 130]. One requirement of these sharp in-
terfaces is always that the virgin substrate is atomically flat to begin with.
In section 4.1.1, it has been shown that the STO substrate treatment ensured
such atomically flat and clean surfaces. Furthermore it has been shown in
chapter 4 that atomically smooth NFO films have been achieved via PLD
growth and that the step like surface structure of the STO was transferred
to the NFO films. Therefore, it can be assumed that the interface between
the NFO and the STO is abrupt. The gold on top of the NFO is used as an
electrode. Noble metal electrodes on oxides are mostly used to prevent the
electrode to oxidise and provide a good conductance. However, ion inter-
mixing might still be an issue. Structural homogeneity of the NFO film was
checked via XRD measurements. The stoichiometric homogeneity has been
proofed via HAXPES measurements.
Now the band alignment and the evolution of the band alignment with ap-
plied bias of the Au/NFO/STO HtStrs will be analysed with Kraut's model.
Each sample has two interfaces of interest. The first is the NFO/STO inter-
face at which the semiconductor spinel NFO is connected to the semiconduc-
tor perovskite STO. The second one is the Au/NFO interface at which the
gold metal is connected to the spinel NFO semiconductor. For each interface,
Kraut's method will be applied separately. According to this model, the va-
lence band maximum of the reference materials will be determined in a first
step. In the second step the positions of the cl of the reference material and
the HtStrs will be determined and then the band offset will be deduced based
on equation 2.11 - 2.14.
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Figure 6.2: a) Valence band spectrum of a virgin Nb:STO substrate. b) Va-
lence band spectrum of a reference 20 nm NFO film. The blue line indicate
the edge line fit and the zero line fit. The intersection of these two fits is used
as the valence band maximum. c) Valence band spectra of the 50 nm gold
reference sample and the two Au/NFO/STO systems with NFO film thick-
ness of 2 nm and 10 nm. In dashed lines the STO and NFO valence band

spectra are presented.

6.3.1 Valence band maximum determination

An important aspect of Kraut's model is the accurate determination of the
valence band maximum. A simple solution is found for metals, as the inflic-
tion point of the Fermi edge is the Fermi level by definition. However, for
semiconductors the density of states at the Fermi level is is zero because the
Fermi level normally lies in the band gap. Thus the situation is more com-
plex. In the literature, two different approaches to this problem are used:
One approach is based on fitting the valence band spectrum with a theoreti-
cal density of states which accounts for experimental effects by implementing
a broadening function. This is highly precise in describing the composition
of the valence band spectrum [131]. The disadvantage is that it also needs
a high information intake: the material specific energy dependent photoe-
mission cross-sections for each band involved in the valence band and the
precise knowledge of the experimental broadening effect based on the ex-
perimental set-up. For complex oxides, these data are hard to get the hands
on as the density of state is also strongly affected by oxygen deficiency and
cation stoichiometry. In this thesis, the second approach is used which deter-
mines the valence band maximum by extrapolating a line from the valence
band edge. Although this simplification can introduce a high uncertainty of
the valence band maximum, it has the advantage that it is easily accessible
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and can be used as a first hands-on approach to investigate new and complex
material systems.
In figure 6.2, the valence band maximum determination of the reference STO,
NFO and gold are shown. In order to determine the valence band maximum
of the virgin STO substrate (fig. 6.2 a)) and the reference 20 nm NFO film
(fig. 6.2 b)), the valence band edge was fit with a line and the zero offset
was fit with a line. The crossing point of these two fits are the valence band
maximums of the reference materials. For STO the valence band maximum
is ESTO

v = (3.7 ± 0.1) eV and for the NFO the valence band maximum is
ENFO

v = (1.7 ± 0.1) eV. While the STO obviously has no measured density
of states near the Fermi level at EB = 0 eV the case is different for the NFO.
The NFO valence band has a long tail towards the Fermi level which hits
the Fermi level with a very small density of state. This does not fit into the
picture of the NFO insulator. However, the investigation of the Fe 2p cl of this
specific reference sample yields that the Fe3+ cations of the NFO films were
partially replaced by Fe2+. Thus this sample is slightly off-stoichiometric
and the non-zero density of states at the Fermi level is most likely a result
of this off-stoichiometry. Because of this fact the NFO tail is not taken into
consideration for the determination of the valence band maximum.
Figure 6.2 c) shows the valence band of the 50 nm Au reference and the va-
lence bands of the two Au/NFO/STO HtStrs with NFO films of 2 nm and
10 nm film thickness. The infliction point of the Au reference Fermi foot's
kinetic energy was used to determine the total photon energy in the exper-
iment. All HAXPES cl are corrected and normalised to this measurement
wherefore the Fermi level of the Au valence band is E f = 0 eV. As expected,
the Au/NFO/STO HtStrs are dominated by the gold valence band and no
contribution of the NFO or the STO valence band can be directly observed.
However, the intensity ratio between the first main feature at Eb ≈ 7 eV and
the second main feature at Eb ≈ 3 eV shifts towards a higher contribution of
the first main feature. At this position the STO and the NFO valence band
spectra have their strongest features, which indicates that this change in in-
tensity ratio may be a result of a STO and NFO contribution.

6.3.2 Determination of the Au 4f binding energy positions

One requirement of Kraut's model is that the investigated core level (cl) are
chemically stable, i.e. there are no energy shifts of cl shape changes related
to a change in the element's valency. However, the in-operando HAXPES
recordings of the Au 4f cl are conspicuous. With applying voltage the Au
4f cl split. If the voltage source is turned off, the Au 4f splitting disappears
again. Therefore the observed splitting is not a chemical shift. In figure 6.3,
the in-operando HAXPES Au 4f spectra of the Au/(10 nm)NFO/STO and the
Au/(2 nm)NFO/ STO HtStrs are displayed. The measurement sequence of
the in-operando HAXPES is displayed from bottom to top. In the case of the
10 nm NFO sample the splitting occurs for positive as well as for negative ap-
plied voltages. The green arrows in figure 6.3 point to the Au 4f7/2 cl with the
stronger shift and the pink arrows point to the Au 4f7/2 cl with the smaller



78 Chapter 6. In-operando HAXPES of the Au/NiFe2O4/SrTiO3
heterostructures

Figure 6.3: Au 4f HAXPES core level of the Au/(10 nm)NFO/STO and the
Au/(2 nm)NFO/STO heterostructure in the in-operando measurements are

shown. From bottom to top the measurement sequence is displayed.

shift. Within the measurement series the Au 4f7/2 with the smaller shift has
always a higher intensity. Until the voltage step of U = −6 V, the splitting
difference seems to correlate with increasing voltages. However, at the next
voltage step of U = 6 V, the splitting is strongly reduced and although the
splitting increases for the U = 8 V voltage step, the splitting does not exceed
to the splitting difference of the U = −6 V. In the case of the 2 nm NFO sam-
ple, the splitting only occurs with negative applied voltages. In addition, the
intensity ratio between the split cl changes. At U = −2 V, the more strongly
shifted Au 4f7/2 has the higher intensity, at U = −4 V the tables are turned:
The less shifted Au 4f7/2 has the higher intensity and at U = −6 V the more
strongly shifted Au 4f7/2 has the higher intensity again.
In order to understand the origin and behaviour of the observed Au 4f split-
ting, the shifting distance of the Au 4f cl with respect to the U = 0 eV position
was determined and compared to the shifts from the NFO and the STO cl. In
figure 6.4, the cl shifts of the Au/(10 nm)NFO/STO sample in a) and of the
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Figure 6.4: In-operando core level shifts from origin position with re-
spect to the applied voltage of the a) Au/(10 nm)NFO/STO and b)
Au/(2 nm)NFO/STO heterostructure. The core level investigated for both

heterostructures were Au 4f7/2, Fe 2p3/2, Ni 2p3/2, Ti 2p3/2 and Sr 3d5/2.

Au/(2 nm)NFO/STO sample in b) are plotted against the applied voltage.
The black line is a guide for the eye as it indicates the maximum cl shift pos-
sible with respect to the applied voltage, the "on-potential line". In the 10 nm
NFO sample the cl shifts of the NFO film and the STO substrate are the same
within the error and are noticeably decreased from the on-potential-shift line.
This is already a strong sign for the absence of a strong voltage dependent
band alignment at the NFO/STO interface. For clarity and due to the fact
that the Au 4f5/2 and the Au 4f7/2 cl show similar behaviour with nearly
identical difference values the Au 4f5/2 core level is not included in figure
6.4. In case of Au 4f splitting, the less shifted cl is presented with the green
diamond and the more strongly shifted cl is presented with a pink cross. The
cl shift of the less shifted Au 4f cl is in agreement with the NFO and the STO
cl shifts while the cl shift of the strongly shifted Au 4f cl fits the on-potential
line for the most part. Similar behaviour is observed at the 2 nm NFO sample
with the only difference that the the NFO and the STO cl shifts for positive
voltages are following the on-potential-shift line as well. But for both HtStrs
the following rule applies: One Au 4f cl is on the same potential as the NFO
and STO and one Au 4f cl is (for the most parts) on the potential of the voltage
source. Thus it appears that two types of gold contacting are observed. One
is contacted via the gold finger of the gold electrode and is at the potential of
the voltage source. One is not connected to the gold fingers but is in contact
to the NFO. The thin 4 nm gold layer in between the fingers, the position at
which the HAXPES spectra are recorded, is not a closed surface. This expla-
nation is also in agreement with the missing splitting of the Au 4f spectra at
positive voltages of the 2 nm NFO sample. The NFO and STO cl are at the
same potential as the gold electrode. Thus the gold film connected to the gold
fingers experiences the potential of the gold electrode and the gold film not
connected to the gold fingers but to the NFO experiences the potential of the
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NFO film. A literature search confirms the theory as closed ultra thin gold
films are mostly only observed down to a thickness of ≈ 7 nm [132]. Thus
for the calculations of the potential barrier height between the valence band
maximum of NFO and the Fermi level of Au the "more strongly shifted" Au
4f7/2 cl is used.

6.3.3 Au/NFO & NFO/STO interface

In order to determine the band alignment by Kraut's method, in a next step
the core level (cl) positions of the reference materials and of the heterostruc-
tures (HtStr) have to be identified. In a first step the cl of interest were back-
ground corrected. For the Au/NFO/STO HtStr the background correction
of the Fe 2p cl was more complex because the Fe 2p background was highly
influenced by the Au 4s and the Au 4p1/2 cl. The background was modelled
with a Lorentz function fitted to the low binding energy flank of the Au 4s
and a linear dependence fitted to the pre-edge of the Fe 2p cl. The detailed
procedure is described in appendix E. In the second step the cl of interest
were fitted with a Gauss function in the region around the peak. Although
for Kraut's model a single material specific cl is sufficient, two cl were chosen
for the NFO and the STO. Thus the cl of interest are Au 4f7/2, Ni 2p3/2 and
Fe 2p3/2, Ti 2p3/2 and the Sr 3d5/2 as this cl are sharp and have the strongest
intensity signal. An example of the fitting process is shown in appendix F.
While undertaking the fitting procedures, the cl spectra are checked for any
sign of chemical change as the latter would lead to a falsified result in the
band alignment determination. Neither the Ni 2p and Fe 2p in the NFO nor
the Ti 2p and Sr 3d cl spectra of STO show any sign of a chemical change.
Therefore, within the detection limit of the HAXPES measurements, the NFO
and STO are chemically stable and Kraut's model can be applied to them as
well.
Now the general equations from section 2.4.2 of Kraut's model will be ap-
plied and thus the potential barrier height ΦB at the Au/NFO interface and
the valence band offset ∆EV at the NFO/STO interface will be determined as
follows

ΦB = (EAu
Cl )ref − (ENFO

CL − ENFO
V )ref + (ENFO

CL − EAu
CL )int ,

∆EV = (ESTO
CL − ESTO

V )ref − (ENFO
CL − ENFO

V )ref − (ESTO
CL − ENFO

CL )int .

The brackets marked with "ref" refer to the cl and valence band maxima of the
reference material and the brackets marked with "int" refer to the cl measured
in the HtStr. The formula of ΦB is compromised because the Fermi level of
gold was set to zero as normalization. ΦB and ∆EV could be calculated with
any cl combination of the involved materials. Therefore the potential barrier
height ΦB is calculated once by the cl combination of Ni 2p3/2 - Au 4f7/2
and once by the Fe 2p3/2 - Au 4f7/2. In case of the valence band offset ∆EV
determination, two cl of the NFO, namely the Fe 2p3/2 and the Ni 2p3/2, and
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two cl of the STO, namely the Sr 3d5/2 and the Ti 2p3/2, are available which
results in four possible cl combinations. The calculated ΦB and ∆EV are then
just averaged to get a final result. One important aspect is the significance
of the calculated potential barrier and band offset value. The Gauss fitting
routine of the cl positions resulted in position errors in the range of 0.01 eV
to 0.08 eV depending on the sharpness and the overall noise of the probed
cl. However, this fitting error is below the experimental energy resolution of
the HAXPES spectra of δE = 0.1 eV, which is the lower limit for an error on
the energy scale. Thus, the error of the cl position is set to σCL = 0.1 eV. By
error propagation calculation the error on ΦB and ∆EV for one cl combination
thus is 0.24 eV. Thus, the error on the averages is then σΦB = 0.17 eV and
σ∆EV = 0.12 eV.
The conduction band offset, also known as the Schottky barrier height, can
be deduced from the valence band offset and the band gaps of the probed
materials. In the literature, the band gap of STO is found to be an indirect
band gap at the Γ point with Eg = 3.25 eV [29]. However, a literature search
for stochiometric ideal NFO gave a variety of theoretical results for the size
of the direct minority band gap. It varies from as little as 1 eV [22] over 1.6 eV
[106] towards as much as 2.1 eV for the minority electrons [21]. But the the-
oretically determined NFO band gap values do not scatter arbitrarily in the
literature. In general it can be observed that the more recent the published
paper is, the higher the NFO band gap. Naturally, it is expected that the the-
oretical predictions improve over time as more experimental information on
the physical characteristics of a system can be used to confirm and improve
the theoretical calculations. Thus, the band gaps used for the calculation of
the conduction band offset are taken from K. Dileep et al. [21] with the band
gap of the minority electrons EMin

g = 2.1 eV and the band gap of the majority

electrons EMaj
g = 2.7 eV.

In figure 6.5, the voltage dependent results for the potential barrier height
and the valence band offset of the Au/(2 nm)NFO/ STO and Au/(10 nm)NFO
/STO HtStrs are displayed. The overall voltage dependence of the physical
quantities does not change with the NFO film thickness. Starting with the
valence band offset between the valence band maximum of STO and NFO
(VBO): The four cl combinations lead to valence band offsets that are in agree-
ment with each other within the error. The average value is shown in black.
Neither the 10 nm nor the 2 nm NFO HtStr show a voltage dependence in the
VBO. This indicates already that the interface between the NFO and STO is
stable and electrically robust. In a conventional pn-junction, the band align-
ment and band bending occur in order to account for the charge neutrality.
Electrons flow from the n-type (donor) region into the p-type (acceptor) re-
gion and vice versa the holes. This leaves oppositely charged localized ions
in the respective region and a static electric field appears. This electric field
and the charge redistribution cause local band alignment and band bend-
ing. However, if an external electric field is applied, another force pulls the
electrical charge carriers, reduces or enhances the internal electric field at the
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Figure 6.5: Top to bottom: Voltage dependent potential barrier
height and valence band offset calculated by Kraut's model of the
Au/(10 nm)NFO/STO in the left and the Au/(2 nm)NFO/STO heterostruc-

ture in the right are shown.

interface. Therefore a change in the band alignment and band bending is ob-
served. As mentioned before this behaviour is not observed at the NFO/STO
interface. Therefore it can be excluded that there is a strong polarized deple-
tion region at the NFO/STO interface. The negative algebraic sign of the VBO
indicates that the STO valence band maximum lies below the NFO valence
band maximum.
The potential barrier height ΦB between the valence band maximum EV of
NFO and the Fermi level EF of gold shows voltage dependent behaviour.
For both NFO films, the barrier height first increases with small negative
voltages and then saturates at high negative voltages. With positive volt-
ages the 10 nm NFO film's barrier height first decreases and then saturates
at high positive voltages, too. In case of the 2 nm NFO the barrier height
decreases only marginally. Another difference between the 10 nm and the
2 nm NFO film is the saturation barrier height. For positive voltages the 2 nm
NFO film saturates at approximately 1.3 eV while the 10 nm NFO saturates
at much lower barrier heights of nearly 0 eV. If the breakdown at U = −8 V
is excluded the 10 nm and 2 nm NFO film saturate for negative voltages at
nearly the same potential barrier height of approximately 3 eV. This voltage
dependence clearly indicates that the electronic behaviour is mediated at the
Au/NFO interface and therefore that the electrode has a significant influ-
ence. There is a strong polarized depletion region at the Au/NFO interface
that adjust to external applied electrical fields. Thus, the difference in ΦB
evolution between the 2 nm and the 10 nm NFO HtStr is also influenced by
the quality of the gold film. Like discussed before the gold electrodes are not
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Figure 6.6: a) Sketch of the band alignment of the 10 nm NFO heterostruc-
ture for U = 0,−6, 6 V. b) Sketch of the band alignment of the 2 nm NFO

heterostructure for U = 0,−4, 4 V.

closed. Although the sample preparation was done thoroughly, slight dif-
ferences in gold film thickness might lead to a 'more' closed surface and thus
cause slightly changes in the electronic behaviour. The positive algebraic sign
of the ΦB means that the Fermi level is above the valence band maximum.
In figure 6.6, the band alignment of the two Au/NFO/STO HtStrs is illus-
trated with a flat band diagram at zero voltage and the highest positive and
highest negative applied voltage for each system. The dashed black line
marks the position of the Fermi level EF throughout the HtStr. The red line
is the valence band maximum EV of the STO and NFO respectively. The
green line is the reconstructed position of the conduction band minimum EC
in STO. In NFO, the green line marks the position of the EC of the minority
charge carriers and the pink line marks the position of the EC of the majority
charge carriers. The flat band diagram at U = 0 V of the two Au/NFO/STO
HtStrs shows the same configuration. The EV of NFO lays below the Fermi
level and the EV of the STO lays below the EV of NFO. Furthermore, the
NFO's EC of minority and majority charge carriers lay above the Fermi level.
The EC of STO is located close to the Fermi level. The last fact is attributed to
the donor doping of the STO, which induces donor states near the conduction
band into the band gap of STO. Although for both HtStrs the EF lies in the
band gap, the EF in the 2 nm NFO HtStr is near to the EC while the EF in the
10 nm NFO HtStr is located in the centre of the band gap. Thus the Schottky
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barrier height which is defined as the energy difference between the EC and
the EF is higher for the 10 nm NFO HtStr. The higher film thickness and the
higher Schottky barrier of the 10 nm NFO HtStr might lead to the conclusion
for the electron transport that electron tunnelling through the film or induc-
ing electrons into the conduction band of the NFO should be more difficult.
But the IV curve of both NFO HtStrs showed the similar trend for applied
negative voltages, at which the electrons move from the gold electrode into
the STO. For positive voltages, at which the electrons move from the STO into
the gold electrode, it was even shown that the 10 nm NFO HtStr has an even
lower voltage onset and thus a better electrical conductivity. The result of the
IV curves are in agreement with the observed band alignments with applied
voltage, which were determined with Kraut's model. For negative voltages
the potential barrier ΦB increases which results in conduction bands falling
below the Fermi level EF. This results in a conducting channel. For positive
voltages and 10 nm NFO film thickness the potential barrier ΦB is decreased
nearly to zero. Thus the Fermi level EF and the valence band maximum are
on one energy level and together with the in gap states of the Nb dopant in
the STO create again a conducting channel. For positive voltage and 2 nm
NFO film thickness the band alignment stays constant within the error and
thus no conducting channel is formed. While the IV curves and the band
alignments are in agreement with each other the question still stands why
this samples are different, in particular why does the 10 nm NFO HtStr show
better conductivity than the 2 nm NFO HtStr?

Chemical changes can be excluded as an explanation as there is no evidence
for a chemical difference between the two HtStrs in the HAXPES data. One
possibility is that the gold electrode produces this effect. In case that the 2 nm
NFO HtStr has less gold surface "in-contact", the thinner NFO film might
experience less of the electrical field. This can result in a weaker distinct
depletion region at the Au/NFO interface and therefore minimize the band
alignment. Thus the conduction channel might not be achieved. However,
in the Au 4f HAXPES spectra the gold "in-contact" has a big contribution and
in the band alignment determination only the gold "in-contact" is of inter-
est. Therefore it is highly unlikely that the worse diode like behaviour of
the 10 nm NFO HtStrs is solely based on the electrodes. Another possibil-
ity is that the quality of the 2 nm NFO film is better than the quality of the
10 nm NFO film, i.e. the defect distribution is different or different types of
defects are on hand. This is a quite uncommon thought because electric de-
vices based on thin oxide films tend to have a lower breakdown voltage with
decreasing film thickness. It is commonly excepted that the reason for this
is an increased defect density in ultra thin film and that this defects connect
to each other and form a destructing conducting channel between the anode
and the cathode [133, 134, 135]. However, there is no breakdown observed in
the 2 nm NFO film. Instead the IV curve shows a well pronounced diode-like
behaviour which is expected for a metal-insulator-metal device.
So let us assume for the moment there is a difference in the defect distri-
bution or in defect types. The 10 nm NFO film has more defects that create
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states within the band gap. Thus, the electrons do not have to be injected
into the conduction band of the NFO or tunnel through the whole NFO film
thickness. Instead they have to overcome the energy to get into the in gap
defect states. Thus, with respect to the defect density the electrons are either
just directly injected into the defect density band (high defect density) or they
tunnel from one defect state to the next defect state (low defect state) which
is often referred to as Poole-Frenkel-emission [136]. In total this would result
in an enhanced probability of electrons to travel through the NFO film. In
case of the 2 nm NFO film the diminished defect density only allows for the
conventional electron injection into the NFO conduction band or tunnelling
through the NFO film. Therefore the thin NFO acts as a barrier and a more
pronounced diode-like electronic behaviour is observed.
The question arises, why should there be less defects and or different defect
types in the ultra thin film? It can be safely assumed that the defects of the
first layer unit cell are created in order to accommodate the growth of NFO
on STO. Thus, defects like anti phase boundaries or interstitials should be
present in 2 nm as well as in the 10 nm NFO film. Because of the gold elec-
trode on top of NFO, it can also be assumed that the same amount of defects
should be found in the last NFO layer in both samples. The main differ-
ence should be found in between the interface layers. Obviously there are
not many "in-between" layers in the 2 nm NFO film and there are definitively
more in the 10 nm NFO film. Just due to the longer growth time alone, more
defects like interstitials, foreign ions or misplaced cations can form in the
NFO. Another factor is that one-dimensional and two-dimensional defects
like dislocations, stacking errors or mosaicity have just more space to evolve.
Also the huge lattice mismatch between the NFO and its STO substrate may
affect the defect distribution. In order to relax the film and reduce the energy
build-up due to the compressive strain of the substrate, the film incorporates
defects. The NFO films relax fully at film thicknesses beyond 2 nm. Thus,
it might be possible that the 10 nm film has different and even more defects
than the 2 nm film. However, there is no direct proof of any of these the-
oretical thoughts yet. More experiments are recommended to focus on the
reliability of the gold electrode for example with AFM measurements and on
the reproducibility of the samples and their IV curve. Further steps should
be taken to measure the defect d ensity and identify the types of defects and
their densities with respect to NFO film thickness. This might be achieved
with tunnelling electron microscopy.
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Figure 6.7: In-operando Fe 2p3/2 and Ni 2p3/2 core level comparison to
NFO bulk reference spectra: a) for the Au/(2 nm)NFO/STO and b) for the

Au/(10 nm)NFO/STO heterostructure.

6.4 Band bending study of the Au/NFO/STO het-
erostructure

Band bending can occur at any material interface due to the necessity of
charge neutrality and energy conservation law. Due to the very short elec-
tron screening length in metals the band bending region is very small. Thus
band bending is almost always observed and investigated in semiconductors
or insulators.
In the following sections the band bending of the NFO electronic bands at
the Au/NFO and at the NFO/STO interface as well as the band bending of
the STO electronic bands at the NFO/STO interface is studied and presented.

6.4.1 Band bending in NFO

In order to identify the band bending that occurs in the NFO thin films the
in-operando HAXPES spectra are compared to NFO reference spectra of bulk
like thick NFO films in which the band bending at the NFO/STO interface
has only a negligible contribution. In figure 6.7 a) and b), the comparison
with the NFO HAXPES reference spectra of representative Fe 2p3/2 and Ni
2p3/2 core level (cl) of the 10 nm NFO and the 2 nm NFO HtStr are shown.
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The HAXPES cl with positive in-operando voltage are shown in red and the
ones with negative in-operando voltage are shown in blue. The reference
spectra of a 25 nm NFO film are shown in black. For comparison reasons the
in-operando HAXPES spectra are shifted to the position of the reference spec-
tra. The energy shifts are discussed in subsection 6.3.2. A slight difference in
the Fe 2p3/2 pre-edge of the 2 nm NFO sample can be attributed to the noisy
background. Also the height shift in the Fe 2p satellite of the 2 nm NFO sam-
ple is consistent with the varying and increasing background contribution
towards higher binding energies.
A clear sign of band bending is the occurrence of peak broadening, shoul-
ders or even additional peaks which cannot be related to a change in valency
of the respectively cl. As shown in subsection 4.2.1, a reduction of Fe iron
valency would result in a strong change of the Fe 2p3/2's satellite peak and
it would result in a rising shoulder at the low binding energy region. The
same argumentation applies to the Ni 2p3/2 cl. Neither the Fe 2p3/2 cl nor
the Ni 2p3/2 cl show any sign of broadening, change in satellite, or rising
shoulders in the probed HtStrs. In fact they could be fitting mirror images
of the reference spectra within the sensitivity of the HAXPES measurement.
Therefore it can be concluded that the band bending at either interface of the
NFO electronic bands is negligible or possibly even vanishing. Also there is
also no evidence for a voltage dependency of any band bending. The NFO
electronic bands can be assumed to be flat throughout the entire film and for
any applied voltage.

6.4.2 Band bending in STO

Analogously to the previous band bending study in the NFO film, firstly
any band bending in the STO at the NFO/STO interface has to be identified.
Therefore the Ti 2p cl of the Au/NFO/STO HtStrs are compared to a STO
substrate reference Ti 2p HAXPES cl in order to detect any change in the cl
shape. In figure 6.8, the Ti 2p cl of the two Au/NFO/STO samples at posi-
tive in-operando voltage (red) and at negative in-operando voltage (blue) are
compared to the STO substrate reference Ti 2p HAXPES spectrum (black).
For comparison reasons, the in-operando HAXPES spectra are shifted to the
position of the reference spectra. The energy shifts are discussed in subsec-
tion 6.3.2.
Both Au/NFO/STO HtStrs have Ti 2p spectra for the positive and negative
in-operando voltages, which are identical within the sensitivity of the HAX-
PES measurements. However, they show a clear change in shape of the Ti 2p
cl. While the high binding energy side of the Ti 2p3/2 cl is still matching the
Ti 2p3/2 of the reference, the low binding energy side gets broad. In contrast
to the symmetric STO reference Ti 2p cl, the Ti 2p cl of the Au/NFO/STO are
obviously asymmetric. This asymmetry is not the result of a Ti3+ contribu-
tion, as the energy position of the Ti3+'s Ti 2p3/2 peak would be at a lower
binding energy of 457.9 eV [137]. Therefore the Ti 2p cl's shape change is true
evidence of the band bending. But the observed band bending is voltage in-
dependent within the sensitivity of the HAXPES measurement. This fits to
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Figure 6.8: In-operando Ti 2p core level comparison to STO substrate
HAXPES spectra: Left for the Au/(10 nm)NFO/STO and Right for the

Au/(2 nm)NFO/STO heterostructure.

the observed voltage independent band alignment at the NFO/STO interface
as shown in the previous section.
In order to determine the band bending region size and the band bending
strength in the STO, the Ti 2p cl of the HtStr will be remodelled. The model
is based on three main assumption:

1. The band bending is the strongest at the interface and zero in the bulk
of the material. It decreases exponentially. Derivation see section 2.3.

2. A measured HAXPES cl spectrum is the sum of HAXPES cl of each unit
cell within the detection depth [45].

3. The 1 unit cell HAXPES cl spectrum is identical to the HAXPES cl of the
pure bulk reference.

Thus, any HAXPES cl I(E) can be written as

I(E) =
detection depth

∑
j=0

Imat ref(E + BBshift) · exp
(
− j · amaterial

λmaterial

)
. (6.1)

The intensity spectrum Imat ref(E + BBshift) is the reference bulk HAXPES cl,
in this case the Ti 2p HAXPES cl of a clean STO substrate. Furthermore the ith
contribution is weakened due to the path the photo electrons have to travel
towards the surface (see section 2.4.1). This is expressed by the exponential
part in equation 6.1, that includes the travelled path of the photo electrons
j · amaterial, with amaterial the lattice constant, and the material specific inelastic
mean free path (IMFP) λmaterial. The lattice constant of STO is aSTO = 3.905 Å.
Within the groups of oxides the IMFP at a specific photon energy does not
vary strongly [138]. Therefore for the purpose of the band bending modelling
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a IMPF for STO of λSTO = 9 nm is used. Within Kraut's model any shift in the
valence band maximum energy position is directly mirrored in a energy shift
of the HAXPES cl (see 2.4.2). The band bending is a depth dependent shift of
the valence band maximum and conduction band minimum. This translates
into a depth dependent band bending shift BBshift of the cl,

BBshift(j) = EBB max · exp
(
− j · amaterial

λBB

)
. (6.2)

The band bending shift is the strongest with EBB max at the interface with
i = 0 and the band bending shift becomes negligible small for distances d
from the interface of d > 3 · λBB. The λBB defines the strength and depth of
the band bending shift. Hence three main parameter have to be optimized
to get a model that fits optimally to the band bended HAXPES cl: The maxi-
mum band bending shift EBB max, the size of the band bending region 3 · λBB
and the detection depth. In the case of the Ti 2p cl modelling the detection
depth is strongly decreased due to the 4 nm Au film and the NFO film on
top. For the 10 nm NFO HtStr roughly 50% of the intensity is lost due to the
short IMPF of λ(6000eV) = 5 nm in the gold film and roughly another 30%
of the intensity is lost due to the film thickness which is assumed to be nearly
the same as the IMPF for oxides with λoxide = 9 nm. Furthermore a small
experimental intensity loss cannot be excluded. The result is an upper limit
for the detection depth at the 10 nm NFO HtStr of roughly 7 nm. A similar
argumentation can be applied to the 2 nm NFO HtStr, with the only differ-
ence that the thinner NFO film results in a smaller intensity loss. Therefore
the upper limit of the detection depth is given by 10 nm.

The modelling had to be performed for each HtStr once because of the volt-
age independence of the Ti 2p cl. Table 6.1 shows the parameter which yield
the best modelling result.
The detection depth of for the 2 nm NFO HtStr is found to be more than
two times higher with 22 u.c.≈ 8.6 nm than the detection depth of the 10 nm
NFO HtStr with 10 u.c.≈ 3.9 nm which matches the expectations. The max-
imum band bending EBB max differs only slightly between the samples and
the negative sign of EBB max corresponds to upward band bending. However,
the size of the band bending region differs strongly. With a λBB of 2.5 nm
in the 2 nm NFO HtStr, the electronic bands relax slower towards the bulk
band alignment value and the band bending region extends approximately

detection depth [# u.c.] EBB max [eV] λBB [nm]

Au/(2 nm)NFO/STO 22 (≈ 8.6 nm) -1.1 2.5
Au/(10 nm)NFO/STO 10 (≈ 3.9 nm) -1.2 1.5

Table 6.1: Voltage independent band bending modelling results for the Ti
2p core level at the Au/NFO/STO heterostructures.
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Figure 6.9: (a) Au/ (10 nm)NFO/ STO and (b) Au/ (2 nm)NFO/ STO: The
band bending modelled Ti 2p core level (black) are presented together with
the band bending shifted single unit cell core level contributions. The mod-
elled Ti 2p core level is compared to one positive (red) and one negative

(blue) in-operando HAXPES measurement. The core levels are scaled.

3 · λBB = 7.5 nm in to the STO substrate. With a λBB of 1.5 nm in the 10 nm
NFO HtStr the electronic bands relax faster towards the bulk band alignment
value and the band bending region extends approximately 3 · λBB = 4.5 nm
in to the STO substrate.
In figure 6.9, the band bending modelled Ti 2p HAXPES cl (black) are pre-
sented together with the shifted single unit cell HAXPES cl contributions for
the respective NFO HtStrs. The modelled Ti 2p HAXPES cl are compared to
one positive (red) and one negative (blue) in-operando HAXPES measure-
ment. In order to make the comparison, the Ti 2p cl are shifted to the en-
ergy position of the modelled Ti 2p cl. The one modelled Ti 2p cl for each
HtStr matches in shape and width the positive and negative in-operando
HAXPES measurements of the respective sample. This supports the obser-
vation of a voltage independent band bending at the NFO/STO interface and
that in fact the band bending can be modelled using Kraut's theory and as-
suming that the HAXPES measurements can be seen as a sum of single unit
cell contributions. Although the band bending strength for both NFO Ht-
Strs is nearly the same, the larger λBB of the 2 nm NFO HtStr means that the
band bending extends further into the STO. In figure 6.9 this translates into
smaller energy shifts between the single unit cell contributions. The black
vertical lines in figure 6.9 indicate at the low binding energy position the
strongest band bending shifted unit cell contribution and at the high binding
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energy position relaxed STO energy position without band bending influ-
ence. The summed up modelled Ti 2p cl energy position is near to but not
exactly the relaxed STO energy position. Therefore it can be assumed that
the band alignment calculations of the previous section are influenced by the
band bending. Thus, the band alignment should be treated as a local aver-
aged band alignment of the STO that is near to the interface. The dotted red
and blue cl represent the not- shifted HAXPES measurements. For both NFO
HtStrs, the energy shift between the positive in-operando Ti 2p measurement
and the modelled Ti 2p is larger than the energy shift between the negative
in-operando Ti 2p measurement and the modelled Ti 2p. For the 10 nm NFO
HtStr, the energy shift is below the applied in-operando voltage. In the 2 nm
NFO HtStr, the energy shift of the positive in-operando voltage measurement
is at the potential while the energy shift of the negative in-operando voltage
measurement is also below the the applied in-operando voltage. This fits to
the observation of the NFO band alignment section figure 6.4. Within Kraut's
model, this observed voltage driven energy shift translates into a valence
band maximum shift in the respective direction. Thus, although the band
alignment between the NFO and STO is constant within the error, the total
valence band maximum shift is in fact not constant and is voltage dependent.

6.5 Summary

Section 6.3 of this chapter focussed on the determination of the voltage de-
pendent band alignment at the buried interfaces of the Au/NFO/STO Ht-
Strs. By consequently applying Kraut's model, the band alignment at the
Au/NFO and the NFO/STO interface was extracted from the HAXPES spec-
tra at each voltage step. It has been shown that the band alignment at the
NFO/STO interface is voltage independent. In contrast, the band alignment
at the Au/NFO interface has been shown to be voltage dependent. Further-
more, the voltage dependent band alignment at the Au/NFO interface is in
agreement with the diode like Au/NFO/STO IV-curves for each HtStr. This
supports the ansatz that the NFO and STO electronic bands can be described
in a first approximation with a semiconductor flat band model. Thus the
diode like electronic behaviour is a result of the voltage dependent Schottky
barrier at the Au/NFO interface and the properties of the Au electrode and
the NFO oxide film. Surprisingly, the band alignment at zero voltage lacks
the possibility to predict the electronic behaviour or the voltage dependency
of the band alignment at a HtStr. Moreover the NFO film thickness, qual-
ity of the electrode and the quality of the NFO thin film determine the elec-
tronic behaviour and change the observed band alignments. Especially the
Au/(10 nm)NFO/STO HtStr is supposedly dominated by the defect density
and defect chemistry of the NFO thin film while the Au/(2 nm)NFO/STO
HtStr is dominated by the film thickness and the insulting properties of NFO.

Section 6.4 of this chapter investigated the voltage dependent band bending
at the buried interfaces of the Au/NFO/STO HtStrs. First the NFO film of
the Au/NFO/STO HtStrs were checked for any sign related to band bending
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by comparing the Ni 2p and Fe 2p HtStr cl to NFO bulk reference cl. It was
found that neither the 2 nm nor the 10 nm NFO HtStr shows cl broadening
or a shoulder rising. In fact they fit to the bulk reference cl. Thus there is no
band bending in the NFO films and their electronic bands are flat. In contrast
to the NFO film the Ti 2p cl of the STO substrate are clearly broadened in
both samples. However, the observed band bending is voltage independent,
which is in agreement with the observation of the band alignment studies.
In a next step, the Ti 2p cl were modelled by using a sum of exponentially
shifted, depth dependent single unit cell contributions. The resulting Ti 2p cl
correspond to an upward band bending and are in agreement with the Ti 2p
measurements in both NFO HtStrs. The band bending strength in the STO is
the same in both NFO HtStrs. However, the band bending region of the 2 nm
is 3 · λBB = 7.5 nm and thus clearly larger than the band bending region of
the 10 nm NFO HtStr with 3 · λBB = 4.5 nm.
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Chapter 7

In-operando HAXPES of the
Pt/La0.67Sr0.33MnO3/SrTiO3
heterostructure

In the previous three chapters of this thesis, the NFO/STO complex oxide
system was investigated in terms of NFO thin film properties and NFO/STO
interface properties. More precisely, the dependencies of the growth condi-
tions, of the magnetic field, and of the electric field were probed. In this chap-
ter, a second material system, namely the La0.67Sr0.33MnO3/Nb:STO (LSMO/
STO) heterostructure, is probed with the in-operando HAXPES measurement
technique. LSMO is a versatile material that can change its physical charac-
teristics with film thickness, substrate strain, temperature, oxygen vacancy
density and with the La/Sr ratio (overview in sec. 2.1.2). Due to its physical
properties it is a well studied and still actively researched material system
in terms of future electronic applications. Thus this chapter focusses at the
electric field dependency of the band alignment and bend bending in the
Pt/LSMO/STO heterostructure (HtStr).

7.1 Sample fabrication process & in-operando HAX-
PES measurement procedure

The successful measurement of in-operando HAXPES requires the samples
to be contacted and therefore be structured and secondly a measurement
routine that does not directly destroy the samples. The fabrication process
consists of three main steps: First the fabrication process of the substrates,
second the oxide growth, and third the structuring process.

7.1.1 Substrate preparation

Single crystal (001) 0.5%Nb:SrTiO3 with a size of 0.5 mm × 10 mm × 10 mm
from Crystec GmbH, Berlin has been used as substrates. The etching and an-
nealing follow the procedure described in section 4.1.1. In a next step, a 9 mm
× 4.5 mm patch of 500 nm thick SiO2 layer is sputtered on top of one side of
the substrates. The sputtering has been performed by the PGI-6 technician
Thomas Jansen. A sputtering rate of 0.2 Å/s has been applied. Next the sub-
strate is cut into three approximately 0.5 × 3 × 10 mm3 pieces with SiO2 on
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one side by a diamond saw. The cut pieces are cleaned in Acetone and Iso-
propanol in the ultra sound bath for a couple of minutes. The cleaned and
cut substrate pieces have been controlled via AFM to ensure a clean surface.

7.1.2 Oxide growth

On top of one prepared substrate a 6 u.c. LSMO film is grown. The LSMO
film has been provided by Marek Wilhelm, a fellow PhD student from the
PGI-6. The LSMO film has been grown with the PLD technique as well.
The LSMO growth has been monitored during growth with a high pressure
reflection high-energy electron diffraction (RHEED). The LSMO grows in a
layer-by-layer growth mode. Therefore the RHEED detects oscillations and
each oscillation corresponds to a fully grown unit cell layer. The PLD growth
parameters are as follows:

• T = 700 °C with 50 °C /min ramp,

• p = 0.223 mbar in oxygen,

• f = 5 Hz,

• annealing at 500 mbar oxygen until T <130 °C,

• F = 3.3 J/cm3.

7.1.3 Structuring procedure

After the LSMO film is grown, a platinum metal contact is ex-situ deposited
on top. The Pt is deposited with the EBPVD technique. A deposition rate
of of 0.1 Å/s for platinum has been adjusted via QMS. The platinum elec-
trode spans half over the SiO2 and half over the LSMO/STO oxide side. The
structuring pattern of the top-electrode is shown in detail in subsection 3.2.4.

7.1.4 Measurement routine

A Pt/La0.67Sr0.33MnO3 (LSMO)/Nb:STO HtStr with a LSMO film thickness
of 6 .u.c.≈ 2.4 nm has been investigated with the in-operando biasing HAX-
PES. The HAXPES spectra have been recorded in normal emission configu-
ration, at room temperature, and at a vacuum of p < 5 · 10−10 mbar at the
P09 HAXPES endstation at PETRA III, Hamburg. The measurement position
has been adjusted to a region between the 50 nm Pt fingers of the top elec-
trode. After the measurement position is optimized the measurement routine
is started. First the HAXPES spectra of Pt 4f, Mn 2p, La 3d, Sr 3d, Ti 2p and
the valence band is recorded without applying any voltage. Next a voltage is
set by the Agilent voltage source, the core level (cl) regions are adjusted to the
applied voltage and the whole set of HAXPES spectra are recorded. Next the
voltage is switched in sign and the HAXPES measurements are repeated. In
order to minimize the chance of short-outing the HtStrs, the applied voltage
has been increased stepwise and with each step, the whole set of HAXPES
spectra has been measured. The step size of the LSMO HtStr is U = ±1 V
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Figure 7.1: a) IV curves measured with the Agilent voltage source of the
Pt/(6 u.c.)LSMO/Nb:STO. In blue the IV curve before the in-operando bi-
asing HAXPES measurements, in red afterwards. The red dashed line is
the afterwards IV curve multiplied by 25. b) Current recorded at each in-
operando voltage step. In green at the beginning of each measurement step,

in pink at the end of the measurement step.

with an additional measurement point at |U| =1.5 V. Additionally, a refer-
ence sample of platinum, a 20 nm LSMO film, a 6 u.c. LSMO film and a STO
substrate has been measured with HAXPES for further comparison.

7.2 The electrical fingerprint of the Pt/LSMO/STO
device

Before the start and after end of the whole in-operando HAXPES measure-
ment series, an IV curve has been measured with the build-in function of the
Agilent voltage source. The voltage step size has been 0.1 V and the mea-
surement time per step has been 10 msec. In figure 7.1 a), the two IV curves
are displayed. Obviously the two measurements are not matching and are
not identical by scaling the afterwards IV curve up to the before IV curve.
This indicates that the HtStr or the measurement set-up has changed at some
point during the measurements. However, the general behaviour of the cur-
rent does not change. The IV curves are asymmetric. In the positive voltage
region, the current increases more strongly than in the negative region. At the
’virgin’ IV curve there is a plateau region between U = −0.7 V and U = 0.1 V.
At the IV curve after the HAXPES measurements the region expands from
U = −1.5 V to U = 2 V. The observed IV curves resemble the electrical be-
haviour of diodes. The positive voltage direction is in agreement with the
forward direction of a diode and the negative voltage direction is in agree-
ment with the blocking direction. Ideally, the electrical current flow blocking
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direction would be zero. However, due to imperfections and the small thick-
ness of the LSMO film, a small leakage current is observed with increasing
voltage. Like the NFO, the LSMO is with a thickness of 6 u.c. regarded as a
ferromagnetic insulator. Yet the presence of defects and the thickness of the
layer weakens the insulating behaviour of the LSMO film. Thus the LSMO
thin film can be treated as a semiconductor. Therefore, comparable to the
Au/NFO/STO system, the Pt/LSMO/STO fulfils also the requirements to
build a diode. However, the question arises when and why the IV character-
istic of the HtStr changes.
When the voltage is turned on, the current through the HtStr will decrease
slowly over time. This behaviour has been observed voltage independently.
Therefore, for each voltage step, the current at the beginning and at the end
of the measurement is read out from the Agilent voltage source. One set of
in-operando HAXPES spectra takes 2.5 hours of measurement time. The re-
sulting IV-curve and the wiring are shown in figure 7.1 b). In general the
current that has been recorded during the measurement is higher than the
current of the IV curve measured before and after the HAXPES measure-
ments. It has been also observed that the current needs two to three seconds
to stabilize before the slow decrease starts. Therefore the discrepancy in total
current might be attributed to the measurement time per step due to accumu-
lation effects. In spite of the slowly decreasing current the 'in-operando' IV
curve follows clearly the shape of the IV curve measured prior to the HAX-
PES measurements in size and increasing behaviour. However, at U = −4 V
the current collapses during the measurement. The measurement at U = 5 V
shows a strong rise in current during the 2.5 hour of the measurement but is
in-line with the IV curve recorded after the HAXPES measurements. Also the
current recorded at U = −5 V is in agreement with the IV curve recorded af-
terwards. The question arises, what is the reason for the Pt/LSMO/STO Ht-
Str changing its electrical behaviour. LSMO is an oxide which can show Re-
dOx switching behaviour. This means that the oxygen content of the LSMO
crucially influences the electrical behaviour of the LSMO thin film. It is a re-
versible process that changes the LSMO from a high resistive state into a low
resistive state. However, van Dijken et al. [139] and Wilhelm et al. [140] show
independently that the switching only appears in small areas of a couple of
µm in diameter near a sharp tip at voltage. Therefore the total energy per
area is a lot higher in the literature than in the Pt/LSMO/STO system stud-
ied here. It is even more important that the switching from the low resistance
state into the high resistance state happens at positive voltages. The result of
the Pt/LSMO/STO systems is in disagreement with the observations in the
literature. Therefore an observation of a resistive switching process is highly
unlikely. Another possibility is that the platinum electrode has been dam-
aged. In this case the contact Pt and LSMO is not optimal any more and thus
the resistivity rises depending on the size of the damage. Thus the U = ±5 V
will be excluded in order to get a clean, full picture of the Pt/LSMO/STO
interfaces in terms of band alignment and band bending at the two interface
of the Pt/LSMO/STO HtStr.
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7.3 Band alignment study of the Pt/LSMO/STO het-
erostructure

In analogy to the Au/NFO/STO HtStrs in section 6.3, the band alignment
and the evolution of the band alignment with applied bias of the (4 nm)Pt/
(6 u.c.)LSMO/ STO HtStr will be investigated by means of applying Kraut's
model to the in-operando HAXPES measurements of this system. This sam-
ple has two interfaces of interest. First, the LSMO/STO interface at which
the semiconductor perovskite LSMO is connected to the semiconductor per-
ovskite STO. Second, the Pt/LSMO interface at which the platinum metal is
connected to the perovskite LSMO semiconductor. For each interface, Kraut's
method will be applied separately. According to this model, the valence band
maximum of the reference materials will be determined in a first step. In the
second step, the positions of the core level (cl) of the reference material and
the HtStrs will be determined and then the band offset will be deduced on
equation 2.11 to 2.14.

7.3.1 Valence band maximum determination

In analogy to the discussion in section 6.3, the Fermi level of the platinum
is determined by the infliction point of the Fermi foot and the valence band
maximum in the LSMO is determined via a linear extrapolation of the va-
lence band edge. The valence band maximum of the STO is already discussed
and displayed in figure 6.2. In figure 7.2 a), the HAXPES valence band spec-
trum of the 40 nm platinum reference sample is displayed. The Fermi foot
at the low binding energy side was fitted with a Fermi function. The posi-
tion of the Fermi level was found to be E f = (−0.02± 0.10) eV. This Fermi
level is not zero by default because all in-operando HAXPES cl were cor-
rected and normalised to the gold Fermi edge. The valence band spectrum
of the Pt/LSMO/STO sample is shown in red. In comparison to the Pt ref-
erence, the Pt/LSMO/STO valence band spectrum is completely dominated
by the strong platinum valence band signal. However, a slight shift between
the platinum reference spectrum and the HtStr spectrum can be observed,
which is a first sign of the band alignment in this system.
In figure 7.2 b), the HAXPES valence band spectra of a 20 nm LSMO film in
blue and a 6 u.c. LSMO film in green, both grown on top of STO, are dis-
played. Despite the decreased intensity in the spectrum of the 6 u.c. LSMO
film, the two spectra share the same features and shape. The found shape
and features are in agreement with other valence band studies of LSMO
from the literature [141]. However, the 6 u.c. LSMO film is clearly shifted
towards higher binding energies with respect to the 20 nm film. The shift of
the strongest intensity feature is pointed out by the blue and green dashed
lines and is roughly 1 eV in size. Two different reasons might lead to this re-
sult. First the 6 u.c. LSMO film is roughly just one-tenth of the thickness
of the 20 nm film. In combination with the high probing depth of HAX-
PES measurements it is reasonable that there is a stronger contribution of
the STO valence band in the 6 u.c. LSMO valence band than in the 20 nm
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Figure 7.2: a) Pt valence band spectra compared to the Pt/LSMO/STO va-
lence band spectra. b) Reference valence spectra of a 20 nm and 6 u.c. ≈
2.4 nm LSMO film. c) Determination of the valence band maximum of the

20 nm and the 6 u.c. LSMO film.

LSMO film. The reference STO valence band spectrum is shown in dashed
lines for comparison. The main feature of the STO reference is positioned
at slightly higher binding energies with respect to the main feature of the
LSMO spectra. Thus, a contribution of the STO should result in a shift to-
wards higher binding energies. The second reason is that the 6 u.c. and the
20 nm LSMO film are expected to be different in nature. It is well known
that LSMO changes its physical properties depending on the lanthanum and
strontium stoichiometry [27] and that the HAXPES valence band differs for
the different LSMO compositions [142]. However, the physical properties of
LSMO do also depend on the LSMO film thickness in the ultra thin film limit
[28]. Below the critical thickness of 3 u.c., LSMO (La0.7Sr0.3MnO3) is known
to be insulating and paramagnetic. If the first critical thickness is exceeded
LSMO becomes ferromagnetic but remains insulating. If the film thickness is
larger than ≈ 9 u.c., the LSMO film becomes conducting. Therefore the 6 u.c.
LSMO film is expected to be ferromagnetic and insulating whereas the 20 nm
LSMO film is expected to be ferromagnetic and conducting. This would also
result in a shift of the 6 u.c. LSMO valence band spectrum towards higher
bending energies due to a missing density of states at the Fermi level for
insulators.
In figure 7.2 c), a close-up view of the 6 u.c. and 20 nm LSMO valence band
edges at roughly 0.5 eV of are shown. The valence band spectrum of the 6 u.c.
LSMO film has basically no density of state at the Fermi level in contrast to
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the 20 nm LSMO film which is reflected in the negative valence band maxi-
mum. The extrapolation of the valence band edges yield a valence band max-
imum of Ev = (−0.04± 0.10) eV for the 6 u.c. LSMO film and a valence band
maximum of Ev = (−0.22± 0.10) eV for the 20 nm LSMO. The direction of
the shift fits with the phenomena described before but the shift of the valence
band maximum is significantly smaller than the 1 eV shift of strongest inten-
sity feature of the valence band discussed before. This might be evidence that
the STO valence band strongly contributes to the measured valence band as
the pure STO valence band spectrum has no density of states below ≈ 3.7 eV.
Therefore the shift in the valence band maxima might either be caused by
the difference in thickness or caused by band alignment of the LSMO and
the underlying STO. Now the question is which reference spectrum and thus
which valence band maximum should be used in the further analysis. On the
one hand, the 20 nm LSMO film is supposed to have different electrical prop-
erties due to the difference in film thickness. This fact is expected to result in
a difference in the valence bands and thus the 20 nm film is not a good pure
material reference for a 6 u.c. LSMO film. On the other hand, the 6 u.c. LSMO
film is really thin and the valence band spectrum will most likely be aligned
with the STO substrate to some degree and thus not a pure material reference
either. In summary, neither of the LSMO films can truly satisfy the require-
ments for Kraut's band alignment analysis. However, even though the 20 nm
LSMO reference cannot be used to discriminate between valence band offsets
caused by band alignment of the thin LSMO/STO interface and valence band
offsets caused by the reduced film thickness, it can still be used as a reference
for the evolution of the band alignment with applied bias. Thus the change
in band alignment can still be tracked. Therefore the valence band maximum
of the 20 nm LSMO reference is used in the following analysis.

7.3.2 Pt/LSMO & LSMO/STO interface

In order to apply Kraut's method, the core level (cl) positions of the reference
materials and the HtStr have to be identified. In a first step, the background
of cl of interest has to be corrected. At the Pt/LSMO/STO HtStr the back-
ground correction of the Mn 2p cl is a challenging task: The Mn 2p back-
ground is not only highly influenced by the Pt 4s and the Pt 4p1/2 cl back-
ground, but also by a Pt 4p1/2 satellite direct at the position of the Mn2 p cl.
Therefore the Mn 2p background is corrected by subtracting a Pt HAXPES
reference after fitting it in the region including the Pt 4s and the Pt 4p1/2 cl to
the Mn 2p cl and the survey of the HtStr. The detailed procedure is described
in appendix E. In the second step, the energy position of the cl of interest
has to be determined. Therefore the cl is fitted with a Gauss function in the
region around the peak maximum. Although for Kraut's model a single ma-
terial specific cl is sufficient, two cl are chosen for the LSMO. The Sr 3d cl has
to be excluded because the Sr cations belong to LSMO as well as to STO. Thus
the cl of interest are Pt 4f7/2, Mn 2p3/2 and La 3d5/2 and Ti 2p3/2 as this cl are
sharp and have the strongest intensity signal. An example of the fitting pro-
cess is shown in appendix F. While undertaking the fitting procedures, the
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Figure 7.3: In-operando
HAXPES core level
shifts between the zero
applied voltage posi-
tion and the applied
voltage position of the
Pt/(6 u.c.)LSMO/STO
heterostructure. The core
levels investigated are Pt
4f7/2 and Pt 4f5/2 in blue,
Mn 2p3/2, La 3d5/2 in red

and Ti 2p3/2 in green.

cl spectra are checked for any sign of chemical change as a chemical change
would lead to a falsified result in the band alignment determination. Neither
the Mn 2p and La 3d in the LSMO nor the Ti 2p cl spectra of STO show any
sign of chemical change. Therefore, within the detection limit of the HAXPES
measurements, the LSMO and STO are chemically stable and Kraut's model
can be applied.
In the Pt 4f cl, no splitting of the Pt 4f cl is observed with applied voltage.
Thus it can be concluded that the 4 nm Pt electrode is closed, in agreement
with the critical thickness in platinum on top of oxides [143].

The foundation of Kraut's method is that any valence band shift due to band
alignment is also observed as a shift in the cl energy positions. It follows from
this that the valence band alignment at a HtStr interface can be reconstructed
by cl and valence band maxima of the reference spectra and the observation
of the cl positions in the HtStr. Now by calculating the energy difference be-
tween the cl of the HtStr with in-situ biasing voltage and the same cl with
zero in-situ biasing voltage, the voltage dependency of the band alignment
at the interface can be observed. In figure 7.3, those distances between the
Pt/LSMO/STO HtStr's cl with applied voltage and its cl position at zero volt-
age are plotted as a function of the applied voltage. The black line serves as
a guide to the eye and indicates the energy position at which a cl lays on
the applied potential. The platinum cl differences are shown in blue, the
LSMO ones are shown in red and the STO ones are shown in green. In the
positive in-situ biasing voltage region the cl differences are all changing min-
imally with applied voltage and the cl differences of Pt, LSMO and STO are
nearly the same at each voltage step. Therefore the band alignment at the
Pt/LSMO and LSMO/STO interfaces are only influenced marginally with
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positive applied voltages. In the negative in-situ biasing voltage region the
cl difference of Pt are voltage independent, in fact the cl difference equals the
applied voltage for the most parts. The LSMO and STO cl differences on the
other hand are voltage dependent. Their deviation from the "on-potential"
line increases with increasing in-situ biasing voltage. Thus the cl differences
distance between the platinum and the LSMO and STO increase while the
distance between the STO and LSMO only increase minimally by compari-
son. Therefore a strong voltage dependent band alignment can be expected
for the negative in-situ voltage region. The IV curve showed that the electri-
cal signature of the HtStr was changed drastically at the end of the U = −4 V
in-operando HAXPES measurement. This is mirrored in the differences of
the in-operando HAXPES cl at U = ±5 V. The cl difference distances between
the Pt, LSMO and STO shrink drastically. The cl differences themselves are
near to the on potential line.

Now Kraut's model will be applied to the Pt/LSMO and LSMO/STO inter-
face by utilizing the general equations for the valence band offsets from sec-
tion 2.4.2. Thus the potential barrier height between the valence band and the
Fermi level ΦB at the Pt/LSMO interface and the valence band offset ∆EV at
the LSMO/STO interface will be determined as follows

ΦB = (EPt
Cl − EPt

F )ref − (ELSMO
CL − ELSMO

V )ref + (ELSMO
CL − EPt

CL)int ,

∆EV = (ESTO
CL − ESTO

V )ref − (ELSMO
CL − ELSMO

V )ref − (ESTO
CL − ELSMO

CL )int .

The brackets marked with "ref" refer to the cl and valence band maxima of the
reference material and the brackets marked with "int" refer to the cl measured
in the HtStr. The cl are all normalized to the gold Fermi level, thus the Fermi
level of the platinum EPt

F is not per definition zero, only within the errors.
Now in a next step, the ΦB and ∆EV could be calculated with any cl combina-
tion of the involved materials. The potential barrier height ΦB is calculated
using the cl combination of Mn 2p3/2 - Pt 4f7/2, Mn 2p3/2 - Pt 4f5/2 and by the
La 3d5/2 - Pt 4f7/2, La 3d5/2 - Pt 4f5/2, in total four cl combinations. In case of
the valence band offset ∆EV determination two cl of the LSMO, namely the
Mn 2p3/2 and the La 3d5/2, and one cl of the STO, namely the Ti 2p3/2, are
used which results in two cl combinations. The calculated ΦB and ∆EV are
then averaged to get a final result. One important aspect is the significance
of the calculated potential barrier and band offset value. The Gauss fitting
routine of the cl positions resulted in position errors in the range of 0.01 eV
to 0.09 eV depending on the sharpness and the overall noise of the probed cl.
However, this fitting error is below the experimental energy resolution of the
HAXPES spectra of δE = 0.1 eV, which is the lower limit for an error on the
energy scale. Thus the error of the cl position is set to σCL = 0.1 eV. By error
propagation calculation, the error on ΦB and ∆EV for a one cl combination
thus is 0.24 eV. Thus the error on the average values is then σΦB = 0.12 eV
and σ∆EV = 0.17 eV.
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Figure 7.4: Calculated
by Kraut's model of the
Pt/(6 u.c.)LSMO/STO:
Top: Voltage dependent
potential barrier height
between Pt's EF and
LSMO's valence band
maximum. Bottom: Volt-
age dependent valence
band offset between
valence band maximum

of LSMO and STO.

In figure 7.4, the potential barrier height ΦB between the valence band max-
imum of LSMO and the Fermi level of Pt in the top figure and the valence
band offset between the valence band maxima of LSMO and STO in the bot-
tom figure are displayed. The barrier height ΦB has been calculated from
the Mn 2p3/2 cl, which is over all smaller than the ΦB calculated from the
La 3d5/2 cl. The same observation is found in the valence band offset ∆EV.
This is clearly not a random scattering but rather a constant gap between the
values calculated by the Mn 2p3/2 and the values calculated by La 3d5/2 cl.
There is no obvious physical explanation for this difference on hand as the
choice of the cl should not affect the outcome of Kraut's model. One pos-
sible explanation might be that the background correction of the Mn 2p cl
might have resulted in an undesired shift biased in one direction of the Mn
2p cl position. The Mn 2p background removal is based on the fact that the
Pt satellite, which lays in the region of the Mn 2p cl, has a constant distance
to the Pt cl and does not change its shape if the Pt does not change its va-
lency. Any shift or shape change of this satellite would result in a wrong
background subtraction which could introduce an Mn 2p cl shift. There was
however no indication of a chemical change in the Pt and therefore no obvi-
ous reason to assume any change in the Pt satellite. Thus the further discus-
sion will continue to average over all values, but the error will be adjusted
to σaver = 0.2 eV for both the potential barrier height and the valence band
offset.
At zero applied voltage and in the positive in-operando voltage region, the
averaged potential barrier height ΦB is negative and is constant within the
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error. This means that the Fermi level of Pt is below the valence band maxi-
mum of LSMO which results in a conduction channel between the Pt and the
LSMO. The same behaviour is also observed in the valence band offset ∆EV
between the valence band of the LSMO and STO. Within the error, the valence
band offset at the LSMO/STO interface stays constant for applied positive
voltages. The valence band maximum of STO is approximately 3.7 eV below
the valence band maximum of LSMO at zero applied voltage and approxi-
mately 3.5 eV below the valence band maximum of LSMO at U = +4 V. Both
values are larger than the band gap of STO of Eg = 3.25 eV. The consequence
is a conduction channel between the valence band of LSMO and the conduc-
tion band of STO. Thus, a conduction channel from the doped STO into the
metal Pt is achieved for all positive applied in-operando voltages. This is in
agreement with the observation of the IV-curve in which the positive voltage
region is identified as the forward direction of a diode. In the forward direc-
tion of a diode, the external electrical field is opposed to the internal electric
field produced by the depletion region at the Pt/LSMO and LSMO/STO in-
terface. Thus, the depletion region shrinks and vanishes if the bands align
energetically at the same level. In case of the Pt/LSMO/STO HtStr, the con-
duction band minimum of STO and the valence band maximum of LSMO
are already at the same energy level. Thus the bands do not need to align.
The resulting flat band scheme is shown in figure 7.5. The dashed black line
marks the position of the Fermi level EF throughout the HtStr. The red line
is the valence band maximum EV of the STO and LSMO respectively. The
green line is the reconstructed position of the conduction band minimum EC
in STO. There is no line indicating the reconstructed position of the LSMO
conduction band minimum for the following reason. As described before,
the band alignment at U = 0 V and at U = +4 V do not differ. In the LSMO
theory description in subsection 2.1.2 it was presented that LSMO is in gen-
eral a half metal and thus does not have a bad gap. However, below a critical
thickness of 9 u.c., the LSMO becomes insulating, i.e. a bad conductor due to
the exchange interactions adjustments whose are also expressed in the diode
like behaviour. Although this is a well studied phenomenon ([28, 144]) there
is no information about the evolution of a band gap in LSMO ultrathin film
published and available. Thus there will be no conduction band of LSMO in
the flat band diagram scheme of the Pt/LSMO/STO HtStr.
In the negative voltage region in figure 7.4, the ΦB at the Pt/LSMO interface
increases strongly with increasing negative in-operando voltage and its sign
is switched already at U = −1 V. This means that the Fermi level of Pt is
above the valence band maximum of LSMO. The valence band offset ∆EV
at the LSMO/STO interface also increases with increasing negative applied
voltage, albeit not as strong as the ΦB. However, the sign of the ∆EV does not
change. Thus the valence band maximum of STO lays far below the valence
band maximum of the STO and the offset even increases with increasing neg-
ative voltage. The resulting flat band scheme for U = −4 V is shown in figure
7.5. In terms of a diode in the reverse voltage direction, the external electrical
field is aligned with the internal electrical of the interface's depletion region.
Thus, the depletion region extends and the bands align and bend in order
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to preserve charge neutrality. However, without the knowledge of the band
gap of LSMO, the full picture for the band alignment at the Pt/LSMO/STO
HtStr is missing.
It is known from the Schottky diode that the avalanche current in the nega-
tive voltage direction has its onset once the band alignment and band bend-
ing gets steep and the conduction band of the semiconductor gets below the
Fermi level. In this case the electrons can tunnel directly from the Pt Fermi
level through the thin Schottky barrier into the conduction band of the semi-
conductor. From the IV curve of the Pt/LSMO/STO HtStr it is known that
the avalanche current in the negative direction has its onset on U ≈ −1 V. At
U = −1 V, the ΦB has a value of ≈ 0.35 V. Thus, following this argumenta-
tion, the 6 u.c. LSMO film might at least have a band gap of Eg ≈ 0.35 eV.
After the onset of the avalanche, the current starts increasing strongly due
to the increasing in band alignment, the further narrowing of the Schottky
barrier and thus the increase in tunnel probability. This is in agreement with
the evolution of the ΦB and ∆EV observed in the Pt/LSMO/STO HtStr.

7.4 Band bending study of the Pt/LSMO/STO het-
erostructure

Band bending can occur at any material interface due to the necessity of
charge neutrality and energy conservation law. However, due to the very
short electron screening length in metals, the band bending region is very
small. Thus band bending is in general observed and investigated in semi-
conductors or insulators. LSMO is a mixed valence oxide that - depending on
the chemical composition, the structure, and on the film thickness - changes
its properties. As mentioned before, the LSMO study in this chapter is ex-
pected to be ferromagnetic and insulating.
In the following sections, the band bending of the LSMO electronic bands at
the Pt/LSMO and at the LSMO/STO interface as well as the band bending
of the STO electronic bands at the LSMO/STO interface will be studied and
presented.

Figure 7.5: Sketch of the band alignment of the Pt/(6 u.c.)LSMO/STO het-
erostructure for U = 0,−4,+4 V.
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Figure 7.6: Comparison of the in-operando Ti 2p3/2 core level in the
Pt/LSMO/STO heterostructure to the Ti 2p3/2 core level of a reference STO
substrate. Positive applied voltage in a) and negative applied voltage in b).

7.4.1 Band bending in STO

In order to identify the band bending that occurs in the STO of the HtStr, the
in-operando HAXPES the Ti 2p3/2 core level (cl) spectra are compared to STO
substrate reference spectra. Thus any change in shape can be identified.
In figure 7.6 a) and b), the positive and negative in-operando Ti 2p3/2 cl spec-
tra are compared to the Ti 2p3/2 of a reference STO substrate. For comparison
reasons, the in-operando cl spectra are shifted to the STO substrate cl posi-
tion. For positive and negative in-operando voltages the Ti 2p3/2 cl are clearly
broadened. However for positive voltages there is no evidence for a voltage
dependency. In contrast, for negative voltages there is clearly a shoulder in-
creasing with increasing voltage at the low binding energy flank. Thus, for
each negative voltage step, the Ti 2p has to be modelled separately while for
the positive voltage region one single Ti 2p modelling has to be performed.
In subsection 6.4.2, a band bending model is introduced that is based on the
assumption that the measured HAXPES cl can be represented by a sum of
the single unit cell contributions. Utilizing Kraut's theory, each single unit
cell contribution is a shifted bulk reference that is damped by an exponential
expression with respect to the depth from the interface. The band bending
shift is the strongest with EBB max at the interface with i = 0 and the band
bending shift becomes negligible small for distances d from the interface with
d > 3 · λBB. The resulted formula of the model from equation 6.1 and 6.2 are
summarized below
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I(E) =
# u.c. detection depth

∑
j=0

Imat ref(E + BBshift) · exp
(
− j · amaterial

λmaterial

)
,

BBshift(j) = EBB max · exp
(
− j · amaterial

λBB

)
.

The parameter amaterial is the lattice constant and λmaterial is the inelastic mean
free path (IMFP). The lattice constant of STO is aSTO = 3.905 Å and the IMFP
of STO is λSTO ≈ 9 nm. Based on the intensity damping of 4 nm Pt and the
6 u.c. LSMO on top of the STO the detection depth into the STO was found
to be ≈ 22 u.c.. The modelled band bending region damping factor λBB and
the modelled maximum band bending shift EBB max are shown in table 7.1.
For the Ti 2p3/2 cl with positive applied in-operando voltages and the zero
applied voltage case, indeed one modelled Ti 2p cl is found to fit the data.
This is in agreement with the observation made in the band alignment stud-
ies of the Pt/LSMO/STO HtStr in subsection 7.3.2. The band alignment was
found to be voltage independent for positive applied voltages and it does
not change compared to the zero voltage case. Thus in the forward direction
of the Pt/LSMO/STO device the band bending at the LSMO/STO interface
in the STO is voltage independent. With a λBB of 2.2 nm, the band bending
region extends approximately 3 · λBB =6.6 nm into the STO. The maximum
band bending at the interface is 1 eV and due to the negative sign this is
upward band bending. In case of the Ti 2p3/2 cl with negative applied in-
operando voltages, the strength of the band bending EBB max increases with
increasing voltage while the band bending region λBB shrinks. Therefore the
upward band bending gets more steep but also relaxes faster to the STO bulk
value. However, the band bending region first increases from 2.2 nm at zero
voltage to 3.0 nm at U = −1 V before it starts decreasing and falls below the
2.2 nm at U = 3 V. This behaviour is clearly connected to the rising shoulder
at the low binding energy flank of the Ti 2p3/2 cl. Overall, the voltage de-
pendency of the band bending at negative voltages is in agreement with the
observation of the voltage dependency of the band alignment.

voltage [V] EBB max [eV] λBB [nm]

-4 -2.5 1.9
-3 -2.2 2.1
-2 -1.8 2.4
-1 -1.6 3.0
0 -1.0 2.2

0 < V < +5 -1.0 2.2

Table 7.1: Voltage dependent band bending modelling results for the Ti 2p
core level at the Pt/ (6 u.c.)LSMO/ STO heterostructure. Detection depth is

22 u.c into the STO.
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Figure 7.7: (4 nm)Pt/ (2.3 nm)LSMO/ STO: The band bending modelled Ti
2p core level (black) are presented together with the band bending shifted
single unit cell core level contributions. The modelled Ti 2p core level for
U = +4 V in (a) and for U = −4 V in(b) is compared to the HAXPES mea-

surements. The core level are scaled.

In figure 7.7 a) and b), the band bending modelled Ti 2p HAXPES cl (black)
for the U = +4 V and U = −4 V are presented together with the shifted sin-
gle unit cell HAXPES cl contributions. The modelled Ti 2p HAXPES cl are
compared to the respective in-operando HAXPES measurements. In order to
make the comparison, the Ti 2p cl are shifted to the energy position of the
modelled Ti 2p cl. The U = +4 V Ti 2p3/2 cl model fits in shape and width
to the HAXPES measurement. The U = −4 V Ti 2p3/2 cl model assembles a
shape very similar to the actual HAXPES measurement: One broad main fea-
ture and at the low binding energy flank a growing shoulder. The shape of
the shoulder fits to the HAXPES measurement in intensity and width. How-
ever, the width of the main feature is smaller and thus does not match per-
fectly to the measurement. During the procedure of the modelling routine
it became clear that either the shoulder or the width of the main feature can
be modelled perfectly. In case of a nice fitting main feature width however,
the shoulder is too high in intensity and thus does not fit to the measurement.
One possible explanation is that for strong band bending the assumptions for
the model break down partially. In section 2.3, the exponential band bend-
ing term was derived for small band bending strengths. A correct and more
complex description might lead to a better modelling routine. Nevertheless
the band bending modelling procedure used in this section still can recreate
the overall cl shape and thus fulfils its purpose.
In a next step the single unit cell contribution arrangement between the U =
+4 V and the U = −4 V HAXPES model are compared to each other. The
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two arrangements, that consist both of 22 single unit cell contributions, differ
strongly. The band bending model translates a bigger band bending strength
EBB max into bigger energy steps between the single unit cell contributions
that are near the interface. Also, a larger band bending region λBB means
that more single unit cell contribution experience an energy shift due to the
band bending. This is exactly observed in the case of U = −4 V in compari-
son to the U = +4 V case. The unshifted Ti 2p3/2 cl measurements are shown
in dotted lines. The energy shift between the positive in-operando Ti 2p mea-
surement and the modelled Ti 2p is larger than the energy shift between the
negative in-operando Ti 2p measurement and the modelled Ti 2p. However,
for both measurements the observed shift is smaller than the applied volt-
age. This observation is in agreement with the findings in figure 7.3. Within
Kraut's model, this voltage driven energy shift of the electron cl translates
into a valence band maximum shift in the respective direction which is the
base of the band alignment studies. However, in comparison to the energy
position of the bulk STO Ti 2p3/2, both Ti 2p3/2 model cl energy positions
are shifted towards smaller binding energies. Thus it can be assumed that
the band alignment calculations of the previous section are influenced by the
band bending. Therefore the band alignment can be treated as a local aver-
aged band alignment of the STO that is near to the interface.

7.4.2 Band bending in LSMO

Analogously, to the previous band bending study in the STO substrate of the
Pt/LSMO/STO HtStr, firstly any band bending in the LSMO thin film has to
be identified. Therefore a LSMO specific cl of the Pt/LSMO/STO HtStr has
to be compared to the same type of cl of a LSMO reference sample in terms of
band bending induced broadening or shape change. Due to the facts that the
uncorrected Mn 2p HAXPES cl are overlapping with a Pt satellite peak, the
overall signal is weak and any background corrections, the Mn 2p cl is not
suited to study the band bending. Therefore the La 3d cl is chosen to study
the band bending in the 6 u.c. LSMO thin film. Ideally the La 3d HAXPES cl
of a LSMO sample would be taken as a reference, so that the LSMO electronic
band would not not be affected by the band bending at the LSMO/STO in-
terface. However, bulk LSMO is metallic while the 6 u.c. LSMO thin film is
insulating. This can introduce intensity and shape differences as well [142].
Thus, the La 3d cl of a 6 u.c.LSMO/STO reference sample will be used as a ref-
erence. Although the band bending at the LSMO/STO interface is expected
to influence the electronic bands of the 6 u.c. LSMO thin film, the voltage
dependency of the band bending can be tracked without changes due to a
change in the LSMO physical properties.
In figure 7.8 a) and b), the positive and negative in-operando La 3d5/2 cl
spectra are compared to the La 3d5/2 cl of a reference 6 .c. LSMO thin film.
For comparison reasons, the in-operando cl spectra are shifted to the refer-
ence 6 .c. LSMO cl position. Neither a shape change nor a broadening are
observed for any of the positive in-operando La 3d5/2 cl. Therefore a posi-
tive voltage dependency of the band bending in the LSMO thin film can be
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Figure 7.8: Comparison of the in-operando La 3d5/2 core level in the
Pt/LSMO/STO heterostructure to the La 3d5/2 core level of a 6 u.c. LSMO
thin film reference. Positive applied voltage in a) and negative applied volt-

age in b).

excluded. In contrast, the negative in-operando La 3d5/2cl clearly shows a
voltage dependency. By increasing the negative applied voltage the peaks
of the La 3d5/2 cl's double peak structure increase in width and the inten-
sity ratio changes towards a higher contribution of the second peak at lower
binding energies. Additionally, a shoulder at the low binding energy flank
arises. This is not a result of a partially changed La valency as the La 3d5/2
cl shape change as the growing shoulder disappear if the voltage is turned
off. Therefore the negative La 3d5/2 cl will be modelled, analogously to the
Ti 2p3/2 cl, with the band bending model introduced in section 6.4.2.
The detection depth into the LSMO is given by the LSMO film thickness due
to the high depth sensitivity of the HAXPES measurement and the low LSMO
film thickness. Thus the La 3d5/2 cl model will be the sum of exactly six single
unit cell contributions. The reference La 3d5/2 cl is given by the La 3d5/2 cl of
the 6 u.c. LSMO/STO HtStr. The LSMO lattice constant is aLSMO = 3.869 Å
and the IMFP of LSMO is taken from the literature, λLSMO = 8 nm [145].
The modelled band bending region size λBB and the modelled maximum
band bending shifts EBB max of the negative in-operando voltage La 3d52 cl
are shown in table 7.2. The maximum band bending shift EBB max increases
with increasing negative applied voltage. The band bending region size how-
ever only increases once from λBB = 1.0 nm at U = −1 V to λBB = 1.3 nm
at U = −2 V and stays constant for higher negative applied voltages. Both
values of λBB lead to a band bending region 3 · λBB that of course exceeds the
LSMO film thickness dLSMO = 6 u.c. ≈ 2.3 nm. Therefore all single unit cell
contributions are shifted by the band bending effect and the bulk relaxation
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voltage [V] EBB max [eV] λBB [nm]

-4 -3.2 1.3
-3 -2.7 1.3
-2 -1.8 1.3
-1 -1.0 1.0

Table 7.2: Voltage dependent band bending modelling results for the La 3d
core level at the Pt/ (6 u.c.)LSMO/ STO heterostructure. Detection depth is

6 u.c. LSMO film.

energy position is not achieved. Therefore the voltage dependency of the
band bending in the LSMO film is reflected in the voltage dependency of the
maximum band bending shifts EBB max. An increased EBB max with a constant
band bending region results in a larger energy step size between the single
unit cell contributions. Also the negative sign of the EBB max refers to an up-
wards band bending in the LSMO thin film. In conclusion the modelling
strongly suggests that the LSMO thin film does in fact not exist in a flat band
situation for negative applied voltages. Furthermore, the LSMO thin film's
electronic bands have a positive slope, i.e. the electronic bands of LSMO lie
energetically higher at the Pt/LSMO interface than at the LSMO/STO inter-
face.
In figure 7.9, the La 3d5/2 HAXPES measurement at U = −4 V (blue), its La
3d5/2 cl band bending model (black) and the single unit cell contributions
are shown. The model and the experiment are in agreement with each other.
A dotted line shows the unshifted La 3d5/2 in-operando HAXPES measure-
ment. The shift between the La 3d5/2 model and the La 3d5/2 in-operando

Figure 7.9: (4 nm)Pt/
(2.3 nm)LSMO/ STO:
Showcase of the
U = −4 V La 3d5/2
HAXPES measure-
ment, its band bending
modelled La 3d5/2 core
level (black) and the
single unit cell core
level contributions.
The core levels are

scaled.
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HAXPES measurement is smaller than the applied voltage. This observation
is in agreement with the findings in figure 7.3. Within Kraut's model this
voltage driven energy shift of the electron cl translates into a valence band
maximum shift in the respective direction which is the base of the band align-
ment studies. The black vertical line at the lower binding energies mark the
energy position of the most band bending shifted single unit cell contribution
at the Pt/LSMO interface. The black line at the higher binding energies mark
the energy position of the less band bending shifted single unit cell contribu-
tion at the LSMO/STO interface. The summed up total band bending model
HAXPES signal lies in between those two lines. The actual energy position
of the La 3d5/2 cl of the LSMO reference not influenced by band bending
is marked with the green vertical line and lies at even higher binding ener-
gies. This fits to picture of not flat electronic bands introduced above. Thus,
is can be safely assumed that the band alignment calculations of the previ-
ous section are influenced by the band bending at negative applied voltages.
Therefore the band alignment at the LSMO/STO and the Pt/LSMO interface
have to be treated as a local averaged band alignment.

7.5 Summary

Section 7.3 of this chapter has focussed on the determination of the voltage
dependent band alignment at the buried interfaces of the Pt/LSMO/STO
heterostructure (HtStr). By consequently applying Kraut's model the band
alignments at the Pt/LSMO and the LSMO/STO interface have been ex-
tracted from the HAXPES spectra at each voltage step of the in-operando
HAXPES measurements. It has been shown that the band alignment at the
LSMO/STO interface and at the Pt/LSMO interface has a voltage depen-
dency at negative in-operando voltages. In contrast, the band alignment
at both interfaces for positive in-operando voltages are only weakly volt-
age dependent. The comparison between the diode like behaviour in the
IV curve of the Pt/LSMO/STO HtStr and the Schottky diode and its work-
ing principle resulted in a lower limit for the band gap in the LSMO thin
film of Eg ≈ 0.35 eV. In case that the minimum of the LSMO band gap is in-
deed correct, the extracted band alignment of the Pt/LSMO/STO HtStr is in
agreement with the diode like electronic behaviour shown in the IV curve.
This supports the ansatz that the LSMO and STO electronic bands can be
described in a first approximation with a semiconductor flat band model.
Also the band alignment at zero voltage lacks the possibility to predict the
electronic behaviour or the voltage dependency of the band alignment at the
Pt/LSMO/STO HtStr. Moreover the LSMO film thickness, mixed ion va-
lency ratio, quality of the electrode and the quality of the thin LSMO film
determine the electronic behaviour and the observed band alignments.
Section 7.4 of this chapter has investigated the voltage dependent band bend-
ing at the buried interfaces of the Pt/LSMO/STO HtStr. First, the STO sub-
strate of the Pt/LSMO/STO HtStr has been checked for any sign related to
band bending by comparing the Ti 2p3/2 cl to STO substrate reference Ti 2p3/2
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cl. It has been found that the Ti 2p3/2 is influenced by band bending. A con-
stant band bending has been observed for positive in-operando voltages and
a voltage dependency has been observed for the negative in-operando volt-
ages. In a next step the Ti 2p3/2 cl have been modelled by using a sum of
exponentially shifted, depth dependent single unit cell contributions. Due
to the strong band bending, the band bending model partially breaks down.
However, the overall shape can still be recreated. The resulting Ti 2p3/2 core
levels correspond to an upward band bending and are in agreement with
the Ti 2p3/2 measurements. Second, the LSMO thin film has been checked
for any sign related to band bending by comparing the La 3d5/2 cl to LSMO
6 u.c. reference La 3d5/2 cl. A voltage dependent band bending is observed
in the negative in-operando HAXPES measurements. Analogously in a next
step the La 3d5/2 cl have been modelled by using a sum of six exponentially
shifted, depth dependent single unit cell contributions. The resulting La
3d5/2 cl correspond to an upward band bending. The band bending study
of the LSMO film suggest a not flat band case for the LSMO film, instead
nearly linear electronic bands with positive slope, i.e. the electronic bands are
energetically higher at the Pt/LSMO interface and lower at the LSMO/STO
interface.
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Chapter 8

Conclusion and Outlook

Conclusion: Growth & Synchrotron Studies

Chapter 4 has covered the successful PLD growth parameter optimization
and the characterization of the resulting NFO thin films grown on top of the
STO. In order to optimize the PLD growth parameters one NFO film series
has been grown with variation of the laser fluence and one with a varia-
tion in gas composition. The NFO films’ properties have been investigated
in terms of surface roughness, crystallinity, defect density, and magnetic re-
sponse. The laser fluence influence is minimal and no trends could be iden-
tified within the probed range of laser fluence. The gas composition applied
during growth on the other hand clearly affects the NFO film quality. If the
gas composition is changed from a 25:75 Ar:O2 ratio to a 0:100 Ar:O2 the
crystallinity, defect density, and the magnetic response are improved. The
resulting improved NFO thin films are smooth, single crystalline and grow
along the c axes in (001) direction of the STO.
In a next step the optimized NFO films have been investigated in terms of
cation valency and site occupation by means of HAXPES and XMCD. Ni
2p and Fe 2p HAXPES and Ni L edge and Fe L edge XMCD spectra have
been measured. It has been found that the NFO films consist of Ni2+ cations
and Fe3+ that occupy the octahedral sites of the spinel structure, which is in
agreement with the theoretical expectations. However, also a weak signal of
Fe2+ residing on tetrahedral sites is found in the XMCD signal, which has
been not detected by HAXPES measurements. This is also observed by the
literature and seems to be a film thickness independent observation. Thus it
is highly possible that the Fe2+ accumulates at the film surface.

Conclusion: Magnetic Response At The NiFe2O4/SrTiO3 Het-
erostructure

Chapter 5 has covered the in-plane XMCD investigation of NFO/STO het-
erostructures (HtStr) measured at the I10 beamline at the DIAMOND light
source. The XMCD signal of the Ni L and Fe L edges of a 6.1 nm NFO have
been analysed and the XMCD sum rules have been applied. The analysis
has revealed that the Fe contributes to the total magnetic moment with a
small non vanishing orbital and spin magnetic moment. This has been re-
lated to the small amount of Fe2+ which contributes to the Fe moments. The
orbital moment of Ni is nearly completely quenched and the spin moment of
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the nickel contributes heavily to the total magnetic moment of the NFO film
which is in agreement with the theory. The total magnetic moment at the
applied magnetic field of B = −1 T is mtotal = (0.67± 0.04) µB

f.u. , so roughly
40% lower than the expectation value. This cannot be explained by the inter-
nal error of 30% from the sum rules and thus more investigation of the film
properties are needed in order to understand this deviation.
The magnetic response of the STO substrate has been investigated by analysing
the Ti L edge XKCD signal. Due to the surface sensitivity of the TEY record-
ing mode, all findings are related to the interface near the substrate. The Ti
L edge XAS exhibits features of Ti4+ and Ti3+ cations, from which only the
first one is expected to be found in bulk STO. The investigation of the XAS Ti
L edge of a NFO film thickness series shows that thicker top layers result in
a stronger Ti3+ contribution which suggests an accumulation of Ti3+ at the
interface and that the NFO extracts oxygen from the STO during growth. A
non zero true Ti XMCD signal is found which is not expected to be found in
bulk STO. The comparison with theoretical XMCD spectra of Ti3+ and Ti4+

yield that the Ti XMCD is a mixture of the Ti3+ and Ti4+. Furthermore the Ti
XMCD is magnetic field dependent and mimics the ferrimagnetic behaviour
of the Ni and Fe XMCD. This is explained by the proximity effect at which
the ferrimagnetic NFO transfers the magnetic ordering to the Ti3+. However,
further investigations specifically of the cation distribution across the inter-
face are needed in order to find the origin of the physical properties at the
NFO/STO interface.

Conclusion: In-Operando HAXPES Band Alignment Studies

Sections 6.3 and 7.3 of this thesis has focussed on the determination of the
voltage dependent band alignment at the buried interfaces of the Au/NFO/
STO and the Pt/LSMO/STO heterostructures. By consequently applying
Kraut's model the band alignment at the Au/NFO and the NFO/STO in-
terfaces and the Pt/LSMO and LSMO/STO interfaces have been extracted
from the HAXPES spectra at each voltage step. In the Au/NFO/STO HtStr,
it has been shown that the band alignment at the NFO/STO interface is volt-
age independent but the band alignment at the Au/NFO interface is voltage
dependent. The voltage dependent band alignment at the Au/NFO interface
is in agreement with the diode like Au/NFO/STO IV-curves for each HtStr.
In the Pt/LSMO/STO HtStr, it has been shown that the band alignment at
the LSMO/STO and at the Pt/LSMO interface has a voltage dependency at
negative in-operando voltages, but both interfaces show no voltage depen-
dency for positive in-operando voltages. The comparison between the diode
like behaviour in the IV curve of the Pt/LSMO/STO HtStr and the Schottky
diode and its working principle has resulted in a lower limit for the band
gap in the LSMO thin film of Eg ≈ 0.35 eV. In this case, the extracted band
alignment of the Pt/LSMO/STO HtStr is also in agreement with the diode
like electronic behaviour shown in the IV curve. This supports the ansatz
that the NFO, LSMO and STO electronic bands can be described in a first
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approximation with a semiconductor flat band model in a first approxima-
tion. Furthermore, is has been found for both HtStr that the band alignment
at zero voltage lacks the possibility to predict the electronic behaviour or
the voltage dependency of the band alignment. The electronic behaviour in
those two different material systems strongly depend on the quality of the
electrode and the oxide thin film properties, i.e. film thickness, stoichiome-
try, and defect density. In conclusion, the band alignment determination by
Kraut's method enables oxide HtStrs to link the electronic behaviour shown
in IV curves to the respectively electronic band alignment at the buried inter-
faces.

Conclusion: In-Operando HAXPES Band Bending Studies

Sections 6.4 and 7.4 have investigated the voltage dependent band bending
at the buried interfaces of the Au/NFO/STO HtStrs and the Pt/LSMO/STO
HtStr. In a first step, the oxide film and oxide substrate core level (cl) have
been compared to cl spectra of reference materials and checked for any sign
related to band bending, i.e. cl broadening or any kind of shape change. It
has been found that there is no sign of voltage dependent band bending in
the Fe 2p and Ni 2p cl of the NFO film. Thus, the NFO electronic bands can
be assumed to be flat. In contrast, in the La 3d cl of the LSMO film, a voltage
dependent band bending is observed for negative in-operando voltages. The
STO substrate Ti cl shows band bending effects in the LSMO and the NFO Ht-
Strs. However, a voltage dependency of the band bending is only observed
for negative applied in-operando voltages at the STO in the LSMO HtStr. The
voltage dependency of the STO band bending is in agreement with the obser-
vation of the band alignment voltage dependency for both samples. In a next
step, the cl HAXPES spectra that have been influenced by band bending have
been modelled by using a sum of exponentially shifted, depth dependent
single unit cell contribution. The modelled spectra fit in shape and intensity
to the experimental measurements. The modelled Ti cl of the Au/NFO/STO
HtStr, the modelled Ti cl of the Pt/LSMO/STO HtStr, and the modelled La 3d
cl of the Pt/LSMO/STO HtStr all correspond to upward band bending. The
band bending region of the HtStrs in the STO varies between 3 · λBB =4.5 nm
in the 10 nm NFO HtStr and 3 · λBB =9 nm in the LMSO HtStr at U = −1 V.
The band bending study of the LSMO film suggest a not flat band case for
the LSMO film, but rather nearly linear electronic bands with positive slope.
Furthermore, it has been been shown that due to the strong band bending
the band bending model partially breaks down. However, the overall shape
can still be recreated. In conclusion, the in-operando HAXPES measurements
enable us to track the voltage dependent band bending and the extraction of
the band bending region and strength.

Outlook

This outlook will point out some of the open questions and new suggestions
for future research particular on the NFO/STO oxide heterostructure system.
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Many results of this thesis suggest a high influence and dependency of the
defect types and defects density at the NFO thin film's physical properties.
However, a full picture on the defect types and their respective defect density
is still missing. The direct experimental way to identify and get an estimation
of the defect density is by observation of the defects and simply counting
them. This can be done via the high-angle annular dark field transmission
electron microscopy measurements that result in two-dimensional images of
the atomic grid.
As discussed in subsection 6.3.3, the band alignment of the conduction band
minimum via Kraut's method can be deduced from the valence band offset
and the material specific band gap. Literature research gave varying the-
oretical results for the ideal NFO band gap. However, a full series of ex-
perimentally determined NFO band gaps in the vicinity of defects and film
thickness reduction has not been reported yet. Thus the investigation of NFO
film thickness dependent band gaps via angle-resolved photoemission spec-
tra measurement technique should be a future goal.
Another main result of this thesis is that the titanium cations of the STO near
to the NFO/STO interface have partially a valency of 3+ instead of the 4+ for
bulk STO. Furthermore, the Ti XMCD measurement yielded a non-vanishing
magnetic signal that mimics the NFO magnetic field dependency. A next step
towards spinoxide-electronics would be to grow NFO thin films on undoped
STO and check the interface by Hall measurements for a conducting state, i.e.
a pseudo two-dimensional electron or hole gas. In case a conducting state
exists, there is the possibility of spin polarization, i.e. magnetic ordering of
the conducting state and further studies on this topic should be conducted.
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Appendix A

Nb:SrTiO3 substrate treatment

The following procedure as been taken over from literature [146, 76, 147] and
has been optimized in constant evaluation of the AFM morphology and in
constant exchange with the group members of the PGI-7. The etching proce-
dure has been performed at a wet etch bank of the clean room of the PGI-7
to ensure human safety during the etching process and to ensure optimal
clean surfaces of the substrates after the etching procedure. NFO and LSMO
have been grown on 0.1%Nb:STO and 0.5%Nb:STO. The substrate treatment
solely differs in the etching time.

1. 3 minutes in acetone in a supersonic bath adjusted to the lowest level

2. 3 minutes in isopropanol in a supersonic bath adjusted to the lowest
level

3. blowing the samples dry with nitrogen after the isopropanol bath

4. 3 minutes in deionised water in a supersonic bath adjusted to the lowest
level

5. blowing the samples dry with nitrogen after the water bath

6. etching each sample 0.1%Nb:STO (0.5%Nb:STO) for 90 seconds (30 seconds)
in buffered hydrofluoric acid

7. rinsing the samples in deionised water

8. blowing the samples dry wit nitrogen after the deionised water bath

9. 3 minutes in acetone in a supersonic bath adjusted to the lowest level

10. 3 minutes in isopropanol in a supersonic bath adjusted to the lowest
level

11. blowing the samples dry with nitrogen after the isopropanol bath

12. annealing the samples at 950 °C, at normal atmosphere for 2.5 hours
with a temperature ramp of 1.5 hours
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Appendix B

Background Subtraction and
Normalisation Of The SQUID
Hysteresis Loops

The SQUID measurements measure the magnetic signal of the entire het-
erostructure in the not volume normalised unit emu. In the case of the NFO/
STO heterostructure this results in an open hysteresis loop of the NFO and
an overplayed diamagnetic contribution of the STO like shown in figure B.2
with the blue data. First step is the normalisation of the raw data to the
volume of the NFO film. Therefore it is necessary to determine the film
thickness. XRR measurements can provide this information. In figure B.1,
a XRR measurement of a thick NFO/STO heterostructure is shown in red.
The thickness is determined by simulating the XRR signal. In figure B.1 a by
the X’Pert Reflectivity software simulated XRR signal is shown. XRR simu-
lation matches the XRR measurement. The resulting thickness 23 nm. The
in-plane size of the NFO/STO heterostructure is given by the size of the STO
substrate which are provided by Crystec GmbH with a standard size of 5 mm
x 5 mm. Thus, the magnetic signal can be normalised to the volume changing
the unit from emu to µB/f.u.. The formula for the normalisation is displayed
in equation B.1 with A[mm2] the in-plane area of the heterostructure in mm2,
d[nm] the thickness of the film in nm, f the number of the chemical formula
units per unit cell, V[Å

3
] the volume of the unit cell in Å and m[emu] the

magnetic signal in emu.

m[µB/f.u.] =
m[emu] ·V[Å

3
] · 1.078282309 · 105

f · d[nm] · A[mm2]
(B.1)

In the next step, the diamagnetic magnetic response of the STO has to be de-
termined and subtracted of the measurement. Therefore the magnetic signal
is fitted with a line at magnetic field of B > ±30 kOe at which the diamag-
netic signal is dominant. Then a line through the origin is subtracted with
a mean slope of the fitted lines of the positive and negative magnetic field
regions. The origin line in red and the resulting corrected NFO signal in pink
are shown in figure B.2.
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Figure B.1: In red a XRR measurement of a 23 nm NFO/STO heterostructure
is shown. In blue the X’Pert simulation of the heterostructure is displayed.

Figure B.2: SQUID magnetic hysteresis at T = 6 K of a raw NFO/STO het-
erostructure (blue), a fitted STO signal (red) and a corrected NFO/STO sig-

nal (pink).
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Appendix C

XAS Background Fitting by Unifit
2016

The XAS background calculation used in chapter 5.1 has been performed
with the Unifit 2016 software and its build-in XAS background fit. The fit
function implemented is taken from [148] and is a step function mixed with
an arctan function. The fit function used in this thesis and the resulting pa-
rameters will be shortly sketched and the formulas are taken from the Unifit
manual 2016 [149].

The XAS background fit function shown in equation C.1 is a superposition of
a constant background a and a sum over step and Arctangent functions. The
step function B′′′ displayed in equation C.2 consists of two parts one error
function and one Arctangent function. Thus it is ensured that long slopes at
the edges can be modelled correctly by enhancing the influence of the Arc-
tangent function. The mixing ratio of these two functions is giving by Mvs
and the height of the step is implemented with hs.

B(E) = a + ∑
steps

B′′′step(E) (C.1)

B′′′(E) =
hs

2
+ hs ·

(
1
2
· (1−Mvs) · er f (E) + Mvs ·

1
π
· arctan(E)

)
(C.2)

In order to evaluated the error function refeq:error for the fitting process
the error function is tailored for different energy regions at the position Eer f .
Shown in equation C.4 is Eer f which is the energy position Estep of the step
normalised to the FWHM of the step given by 2βstep assuming the approxi-
mation 1.2 ≈ ln(

√
4π).

er f =
2
π
·
∫ E

0
e−τ2

dτ (C.3)

Eer f =
Estep

1.2βstep
(C.4)
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The tailored error functions used in the software are displayed in equations C.5
to C.7.

er f ≈ 2√
π
·
(

Eer f −
E3

er f

3
+

E5
er f

10
−

E7
er f

42

)
0 < Eer f < 1 (C.5)

er f ≈ 1− e−E2
er f

√
π

Eer f +
1

2Eer f +
2

Eer f +
3

2Eer f

 Eer f ≥ 1 (C.6)

er f (E) = −er f (−E) Eer f ≤ 0 (C.7)

The Arctangent function is calculated at the energy position of the step func-
tion normalised to the width (see equation C.8).

arctan(E) = arctan
(

E− Estep

βstep

)
(C.8)

C.1 Fitting the Fe3+ XAS L edge

The fit results of XAS background of the Fe L edge are shown in table C.1.
The fit parameter a is due to normalisation of the unpolarised XAS zero.

Table C.1: Fe L Edge Background Fit

Step Position Estep Height hs FWHM ≈ 2βstep Erf-Arc mixing Mvs
[eV] [eV] [eV]

L3 709.2 0.66 2 0.5
L2 722.0 0.34 2 0.5
Post edge 735.5 0.34 5 0.5

C.2 Fitting the Ni2+ XAS L edge

The fit results of XAS background of the Ni L edge are shown in table C.2.
The fit parameter a is due to normalisation of the unpolarised XAS zero.

Table C.2: Ni L Edge Background Fit

Step Position Estep Height hs FWHM ≈ 2βstep Erf-Arc mixing Mvs
[eV] [eV] [eV]

L3 854.0 0.32 2 0.5
Inter Edge 867.2 0.49 2.2 0.75
L2 871.8 0.20 2 0.5
Post edge 886.0 0.46 4 0.5
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Titanium XAS Preprocessing

In figure D.1(a) the titanium L edge raw data measured at T = 10 K with
B = ±1 T are displayed. 32 XAS for each polarization at each magnetic field
have been recorded in a measurement sequence of pnnp with n referring to
negative/left polarized light and p referring to positive/right polarized light.
For both magnetization directions the time evolution yields an increased of
the background offset until it saturates. However, the signal to background
ratio is not affected by the increasing background offset which means that
beam damage could not be observed. Thus, the 32 XAS were added to each
other and divided by 32.
The averaged absorption spectra are displayed in figure D.1b). The left and
right circular polarized XAS have a linear energy dependent offset to each
other. In order to correct the background difference the XAS will be aligned
with respect to each other, i.e. the right circular polarized XAS will be back-
ground corrected by the left circular polarized light. First, the right cp XAS
is divided by the left cp XAS. This pre-step is shown in pink in figure D.1b).
Then a line is fitted to the ratio from the lowest energy position possible to
the highest energy position which is indicated by the green arrows. Then the
right cp XAS will be divided by this background line. Thus, the two cp XAS
will be aligned with respect to each other. The resulting circular polarized
XAS are shown in figure D.1c).
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Figure D.1: (a) Left(blue) and right(red) circular polarized Titanium L edge
XAS raw data measured at T = 10 K for a 6.1 nm NiFe2O4/SrTiO3 for Left
B = 1 T and right B = −1 T. (b) Averaged XAS spectra from the raw data.
In green dashed lines the background line of the negative polarised XAS is
marked. (c) The negative averaged Titanium XAS and the positive averaged
Titanium XAS which is normalised to the background line of the negative

polarised XAS are shown.
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Appendix E

Background Correction Of The Fe
2p & Mn 2p In-Operando HAXPES
Core Level

E.1 Background Correction of the Fe 2p

The HAXPES measurement of the Fe 2p core level of the Au(4 nm)/NFO(2 nm/
10 nm)/0.5 %Nb:STO heterostructure is always flanked by the Au 4s and the
Au 4p1/2 core levels. Therefore the background of the Fe 2p core level is
strongly affected by the Au core levels. In figure E.1 a) a HAXPES survey
with the Au core level and a Fe 2p detail scan of Au(4 nm)/NFO(10 nm)/
0.5 %Nb:STO heterostructure is displayed. In order to remove the Au back-
ground the survey is fitted. Three different fitting routines were tested to fit
the region between the pre-edge of the Fe 2p to the Au 4s flank: First a single
line, second a logarithmic and line combination and third a Lorentz and line

Figure E.1: a) HAXPES survey in black and Fe 2p core level in red of a
Au(4 nm) /NFO(10 nm)/0.5 %Nb:STO heterostructure. A line fit in green, a
line and logarithmic function fit in blue and a line and Lorentz function fit
in pink of the Fe 2p background are displayed. b) Fe 2p detail spectra as

measured in red and background corrected in violet.
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HAXPES Core Level

combination. All three results of the fitting routine are displayed in figure E.1
a). The line fit fits well in the pre-edge of the Fe 2p, however it fails the post-
edge region. The logarithmic and line function combination underestimates
the influence of the Au 4s flank and thus is also not suitable. The line and
lorenz function combination fits the best. In figure E.1 b) the as measured
and by the line and Lorentz function fitted background corrected Fe 2p core
level are shown. The background corrected Fe 2p core level fits the Fe 2p core
level discussed in section 4.2.1.

E.2 Background Correction of the Mn 2p

The HAXPES measurement of the Mn 2p core level of the Pt(4 nm)/LSMO
(6 u.c.)/0.5 %Nb:STO heterostructure is flanked by the Pt 4s and the Pt 4p1/2
core levels. Therefore the background of the Mn 2p core level is strongly
affected by the Pt core levels. In figure E.2 a), the Mn 2p HAXPES spectrum
as measured is shown in blue as well as the survey of the heterostructure
in black. The Mn 2p peak is flanked by the Pt 4s and Pt 4p1/2 core level.
Therefore the Mn 2p core level is strongly affected by those two core level.
In order to remove the background caused by the overlaying platinum film a
reference 40 nm platinum film of the binding energy region was recorded. At
the exact position of the Mn 2p core level the platinum HAXPES spectrum
has a satellite. Thus, the background can not be assumed to be linear for
background removal. The background is modelled by utilizing the platinum
reference spectrum. The platinum reference spectrum is fitted in the region
around the Pt 4s peak as the Pt 4s peak and its flanks are not influenced by the

Figure E.2: a) HAXPES survey in black and Mn 2p core level in blue of a
Pt(4 nm)/ LSMO(6 u.c.)/0.5 %Nb:STO heterostructure. A Pt reference spec-
tra was fitted to the Pt 4s core level shown in green. b) Mn 2p detail spectra
as measured in blue, Pt background corrected Mn 2p in orange and Pt +

pre-edge corrected Mn 2p spectrum in red.
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Mn 2p core level. After the fitting procedure the adapted platinum reference
spectrum is subtracted from the as measured Mn 2p spectrum. In figure E.2
b) as measured and the Pt background corrected Mn 2p spectra are displayed
in blue and red. However, the pre-edge of the corrected Mn 2p spectrum has
still a linear behaviour. Therefore in a second step the Pt corrected Mn 2p
pre-edge is fitted by a line and the line is subtracted from the Mn 2p core
level spectrum. The result is shown in E.2 b) in orange.
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Appendix F

Core Level Position Determination

In chapter 6 and 7 the HAXPES core level have to be determined in order ex-
tract the valence band offset at the metal-oxide and the oxide-oxide interface
with Kraut's model. Here one example for the Au/(10 nm)NFO/STO and
one for the Pt/(6 u.c.)LSMO/STO heterostructure is presented.

F.1 Au/NFO/STO Heterostructure

Figure F.1: Core level position determination of the HAXPES core level of
the Au/(10 nm)NFO/STO heterostructure without biasing. Core level were
fitted with a Gauss function in the region of the peak of interest. a) Back-
ground corrected Fe 2p core level, b) Ni 2p core level, c) Au 4f core level, d)

Ti 2p core level and e) Sr 3d core level.
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For the Au/(10 nm)NFO/STO heterostructure the core level positions of in-
terest are Fe 2p32 , Ni 2p3/2, Au 4f7/2, Ti 2p32 and Sr 3d5/2. The core level of
interest were fitted with a Gauss function in the region around the intensity
maximum. In figure F.1 the fits of the core level are shown in black and the
core level positions are marked with a black dashed line.

F.2 Pt/LSMO/STO Heterostructure

Figure F.2: Core level position determination of the HAXPES core level of
the Pt/(6 u.c.)LSMO/STO heterostructure without biasing. Core level were
fitted with a Gauss function in the region of the peak of interest.a) Linear
background corrected La 3d core level, b) Background corrected Mn 2p core

level, c) Pt 4f core level and d) Ti 2p3/2 core level.

For the Pt/(6 u.c.)LSMO/STO heterostructure the core level positions of in-
terest are La 3d52 at lower binding energy but with higher intensity, the Mn
2p3/2, Pt 4f7/2 and Ti 2p3/2. The core level of interest were fitted with a Gauss
function in the region around the intensity maximum. In figure F.2 the fits
of the core level are shown in black and the core level positions are marked
with a black dashed line.
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