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Kurzzusammenfassung
EuO ist ein ferromagnetischer Isolator, eine seltene Materialklasse, welche ferromagneti-
sche und isolierende Eigenschaften verbindet. Wir präparieren EuO schichten auf SrTiO3
(001) und anderen Oxiden in dem wir einen neuen Ansatz, die Redox Reaktion mit dem
Substrat, verwenden. Indes entwickeln wir eine XPS Anpassungsroutine auf der Basis
vorher gemessener Spektren des Eu 3d Kernniveaus. Die Redox Wachstumsmethode
funktioniert im Temperaturbereich TS = 300 ◦C-600 ◦C, in dem wir stöchiometrisches
EuO erhalten, abzüglich einer kleiner überoxidierten Region nahe der Grenzfläche. Wir
analysieren die Wachstumsrate und finden ein Mott-Cabrera-artiges Wachstum, welches
durch die ionische Sauerstoffleitfähigkeit des Substrates begrenzt wird. Die Kristallstruk-
tur wird analysiert und wir finden eine epitaktische Beziehung von EuO(110)/SrTiO3
(100) und EuO(001)/SrTiO3 (001). Die magnetischen Eigenschaften sind vergleichbar
mit denen von "bulk" EuO und eine maximale Schichtdicke von dEuO=15 nm wird beob-
achtet. Die hier vorgestellte Methode reduziert die Komplexität das Wachstums, da die
Sauerstoffpartialdruckkalibration wegfällt. Um Filme d > 15 nm zu erhalten lässt sich die
bekannte adsorptionslimitierte Methode, nachdem das Redox Wachstum abgeschlossen
ist, verwenden.

Die elektronischen Eigenschaften von EuO/Oxid Heterostrukturen und EuO/Metall
Grenzflächen werden analysiert. Indem ARPES an EuO/SrTiO3 gemessen wird, entdecken
wir ein 2DEG, welches mit der Literatur von LAO/SrTiO3 übereinstimmt. Unsere
Messung erweitert die bisherigen Arbeiten in zwei Gesichtspunkten, insofern, als dass wir
ein 2DEG durch eine kontrollierte Redox Reaktion an der Grenzfläche hervorrufen und
nun eine magnetische Wechselwirkung direkt am 2DEG angekoppelt ist. In einer weiteren
Messung beobachten wir ein weiteres 2DEG, jedoch nun an der EuO/BaTiO3 Grenzfläche.
Das besondere Interesse liegt hierin begründet, als dass andere Studien zeigten, dass
für ein BaTiO3 2DEG die ferroelektrischen Eigeschaften des BaTiO3 erhalten bleiben.
Anderesrseits ist das EuO/BaTiO3 Interface dafür bekannt, dass der Magnetismus von
der im Substrat herrschenden ferroelektrischen Polarisation abhängt. An der dritten
Grenzfläche, EuO/Pt wird ein gegenteiliger Effekt, ein 2DHG, vorausgesagt. Wir messen
mit HAX-MCD die elementspezifischen magnetischen Eigenschaften und finden eine
erhöhte Curietemperatur. Diese wird erwartet für genau die Wechselwirkung, welche
auch zu dem 2DHG führt, welches wir als erstes Anzeichen für das vorhandensein des
voraussgesagten 2DHG verstehen.

Im letzten Teil werden die magnetischen Eigenschaften von Co/EuO, erneut elements-
pezifisch, mit XMCD studiert. Wir benutzen die Summenregeln, welche auch für Seltene
Erden angewendet werden können. Hiermit bestimmen wir die Austauschwechselwirkungs-
länge 2λAFM = (5.6± 1.4) nm. Dies zeigt, dass sich der Effekt nur auf dünne EuO Filme
auswirkt. Indem wir eine Hystereseschleife messen, entdecken wir auch Ferromagnetismus
an Raumtemperatur, was deutlich über der Curietemperatur von EuO TC = 69 K liegt.
Wir benutzen die Daten der Hysterese um die Stärke der Austauschwechselwirkung zu
bestimmen und erhalten J = 0.278 meV ≈ 5Jbulk. Wir ordnen diesen Effekt als magneti-
schen Nachbarschaftseffekt ein. Auch ultra-dünne filme dEuO = 2 ML werden untersucht
und zeigen ähnliche Ergebnisse und M(300 K) = 1 µB/f.u., so dass sich mit Sicherheit
sagen lässt, dass auch ultra-dünne EuO filme einen Raumtemperaturferromagnetismus
durch die Grenzflächenwechselwirkung mit Co erhalten.

Zusammengefasst haben wir eine neuartige Synthesemethode für hochwertiges EuO
entwickelt, indem wir eine Substratredoxreaktion ausnutzen. Dadurch war es uns möglich
faszinierende Grenzflächenphenomene in Oxid- und Metallheterostrukturen zu beob-
achten, welche von zwei-dimensionaler Leitfähigkeit bis hin zu der Entdeckung von
Raumtemperatur Ferromagnetismus in EuO Filmen erstrecken. Auf diesem Wege eröff-
nen sich möglicherweise neue Richtungen im Bezug auf zukünftige EuO Studien.



Abstract
EuO is a ferromagnetic insulator, a rare material class combining ferromagnetic properties
and insulating electronic behavior. We synthesize EuO on SrTiO3 (001) and other oxides
using a novel approach, the redox reaction with the substrate. For this we develop a
quantitative XPS fitting routine on the basis of a set of Eu 3d reference spectra. The redox
growth is possible for TS = 300 ◦C-600 ◦C, where we detect stoichiometric EuO except
for a small interfacial region. The growth rate was evaluated and we find a Mott-Cabrera
like growth limited by ionic oxygen conductivity of the substrate. The crystal structure
is analyzed and epitaxial integration of EuO(110)/SrTiO3 (100) and EuO(001)/SrTiO3
(001) is obtained. We detect bulk-like magnetic properties and a maximal thickness of
d ≈ 15 nm for this growth method. The proposed growth method reduces the complexity,
as the necessity to calibrate the oxygen pressure is circumvented. For films d > 15 nm
the well known adsorption limited deposition method can be employed after the redox
growth.

The electric properties of EuO/oxide and EuO/metal heterostructures are analyzed.
Performing ARPES on the EuO/SrTiO3 interface, we detect a 2DEG which shows
comparable properties as the classical 2DEGs like LAO/STO. Our approach provides
two novel prospects. First, the preparation of a 2DEG is achieved by a redox-controlled
interface reaction and, second, the integration of a ferromagnetic insulator with the
2DEG. Hereby, a 2DEG is prepared in direct contact with a ferromagnet. This interface
could be interesting to study the transport properties and elucidate whether the 2DEG is
spin-polarized. The integration of EuO with BaTiO3 was studied in a second experiment.
Again, a 2DEG is created by the redox process between Eu metal and BaTiO3. This
interface could be of special interest, as other studies have shown BaTiO3 to retain its
ferroelectric properties at the 2DEG interface, while we find that dEuO = 2 ML exhibits
sizable magnetic properties. This combination with a 2DEG at the interface could pave
the way towards a multiferroic device, as the EuO/BaTiO3 interface could influence the
magnetic properties as a function of the ferroelectric polarization. The EuO/Pt interface
reveals the opposite electric effect. Here a 2DHG is predicted by theoretical modeling
and we measure, with element specific HAX-XMCD and volumetric magnetometry, an
enhanced Curie temperature. This can be interpreted as a first sign of a magnetic
interaction at the EuO/Pt interface, which leads to the 2DHG.

The magnetic properties of Co/EuO heterostructures are studied with XMCD. We
find that the sum rules can be applied to this rare earth material. We use this to
determine the exchange length at the Co/EuO interface to 2λAFM = (5.6± 1.4) nm,
which shows, that the effect is localized to the interface and only thin films of EuO will
experience the Co/EuO exchange. Measuring a hysteresis loop at room temperature we
observe ferromagnetic properties of EuO, far above its bulk TC = 69 K. We utilize the
hysteresis loop to obtain the Co/EuO exchange coupling strength J = 0.278 meV ≈ 5Jbulk.
We interpret this behavior as a magnetic proximity effect. A EuO ultra-thin film of
dEuO = 2 ML is prepared at room temperature and the Co/EuO interface is also studied.
We obtain comparable results and M(300 K) = 1 µB/f.u.. This shows that a significant
magnetic moment is retained at room temperature even for ultra-thin EuO films.

In conclusion, we have developed a novel route to synthesize high quality EuO
by utilizing a redox reaction with the substrate. This further enabled us to observe
fascinating interfacial phenomena in oxide and metal heterostructures ranging from
two-dimensional conductivity to magnetic proximity effect induced room temperature
ferromagnetism in EuO. This can open up new directions in EuO related research.
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CHAPTER 1

Introduction

Today’s computer-based electronics has become a major part of our everyday life and to
a certain degree shapes the development of our society. The applications of computers
are vast and an ever growing portion of energy is devoted to powering information
technology related infrastructure. According to a recent study, 270 TWh of energy were
annually used by data centers world wide, while an increase of annually 4 % is reported
in the years 2007-2012 [1]. As the resources for generating power are limited, it is a
topical quest to minimize the energy per operation and the number of operation needed
to perform a certain task. The first can be influenced by producing what has come to be
known as green IT - low powered hardware utilizing less power for the same amount of
operations. The latter can be influenced by finding new algorithms that solve existing
problems more efficiently.

A second component of the evolution of information technology is the ever increasing
demand for storage devices. A well known law is the Moore scaling, where every 2 years
the storage capacity per area is doubled. However, there are of course fundamental
limitations to this scaling law, as the minimal area per information unit would be reached
at one information per atom. Consequently, the search for improved storage technology
is equally important. In 2007, the Nobel prize in physics was awarded to Albert Fert and
Peter Grünberg for the discovery of the giant magnetoresistance effect (GMR), which
can be considered the birth of spintronic research, where the spin degree of freedom
is applied in electronics. Indeed, the read heads of current magnetic hard drives are
based on the tunnel magnetoresistance effect (TMR), which belongs to the family of
magnetoresistance effects explored after the discovery of the GMR effect.

Current computer technology relies on the integration of electronic devices on silicon
wavers. The first step towards a silicon-based spintronics, i.e. the injection of spin
into Si poses significant challenges, as the resistance mismatch between the substrate
and the injection layer frequently limits the achievable spin-polarization to low values
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[2]. In this regard, other approaches need to be considered – such as oxide spintronics,
a recently developed field in which Si is replaced by oxides such as SrTiO3, which is
considered the workhorse of oxide nano-electronics. In oxide spintronics a rich variety
of properties are intrinsically available, ranging from ferroelectricity, to magnetism and
interfacial conductivity. By this oxide electronics exceeds silicon nano-electronics in
terms of electronic functionalities.

In order to generate spins in oxide electronics, ferromagnetic insulators (FMIs) can
be used as a spin filtering tunnel barrier with high spin-polarizations up to 100% [3].
This is due to the combination of insulating behavior and the conduction band splitting
caused by the ferromagnetism. The material class of ferromagnetic insulators is small
and contains binary oxides, ternary oxides and dichalcogenides. In this regard, a oxide
spintronic device based on a ferromagnetic insulator can provide a large spin-polarization.
To date, the integration of ferromagnetic insulators on SrTiO3 has posed significant
experimental challenges and often times buffer layers were used [4–6]. This motivates
a thermodynamic analysis of the SrTiO3 and FMI interface to develop a route for a
successful integration into the substrate lattice, in order to realize spin injection into
oxide electrodes.

The class of magnetic oxides can be broadly categorized in four classes by their
magnetic ordering temperature TC . Europium dichalcogenides (EuO,EuS,EuTe), possess
a low TC < 70 K, magnanites (BiMnO3, LaMnO3, LaSrMnO3) show close to room-
temperature TC , garnets (Y3Fe2(FeO4)3, Gd3Ga2(GaO4)3) have moderate TC above
room temperature and in ferrites (NiFe2O4, CoFe2O4 and MnFe2O4) the ordering tem-
peratures can be as high as TC = 865 K, which largely exceeds room temperature.
However, the magnetic ordering temperature is only one critical parameter. The ex-
change splitting in the conduction band causes the spin-polarization effect and is largest
for EuO 2∆Eexch = 0.6 eV [7]. The synthesis of EuO/SrTiO3 is a key component in the
preparation of EuO based heterostructures. In fact, the oxygen affinity of EuO, often
only recognized as a nuisance in the experimental preparation, can be turned into an
advantage by using substrate supplied oxygen, a novel growth method relying on the
redox process between Eu metal and SrTiO3, which will be introduced in this thesis.

In 2004, a fascinating state of matter was found at the LaAlO3/SrTiO3 (LAO/STO)
oxide interface [8]. Upon deposition of four uc of LAO on STO, a two dimensional
electron gas (2DEG) is observed between these two wide band gap insulators. Even
though the cause of this 2DEG is still under debate, this has motivated a wide range of
2DEG related research. The observation of a injected spin current into Nb-doped SrTiO3
[9] has lead the research to find new ways of injecting spin into conductive SrTiO3.
Combining these two effects, first reports of spin-injection into the LAO/SrTiO3 2DEG
have been reported using a Co over layer as a ferromagnetic polarizator [10]. The success
of these experiments, however, is limited by the spin-polarization of the injecting layer
– Co with a spin-polarization less than 50%. To operate such a device efficiently, the
spin-polarization needs to be as high as possible.

In this regard, EuO is an interesting candidate for spin filtering tunnel barriers on
SrTiO3, as the spin filter efficiency has been demonstrated [3] and calculated to be up
to 100% [11]. From a more fundamental point of view, it is also an interesting path to
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study the interfacial phenomena of EuO with metals, as predictions of a two dimensional
hole gas (2DHG) at the interface of Pt/EuO could simultaneously enhance the Curie
temperature and thereby provide one route towards room-temperature ferromagnetism
of EuO based devices.

The thesis is structured in the following way. In Chapter 2, we first introduce the
properties of EuO and its ferromagnetism. Then the theoretical basis for a novel growth
mode is adressed, the Ellingham diagram, by which we will govern the suitability of
oxidic substrate materials in terms of thermodynamic stability. The different crystalline
surface terminations of SrTiO3, one of the most frequently used oxide substrates in this
thesis, have a significant effect on the surface properties. The last part of this chapter is
devoted to the introduction of photon-based interactions, which were used to thoroughly
characterize the samples and determine electronic, magnetic and chemical properties of
bulk EuO and EuO based confined oxide and metal heterostructures.

Next, the experimental setup utilized at the Peter-Grünber-Institute, advanced local
chararcterization techniques and the synchrotron beamlines where experiments were
performed are introduced in Chapter 3. As a new MBE system was commissioned
during the time frame of the thesis, the system is described in detail. Moreover, in
situ surface science structure determination tools and ex situ magnetometry, and X-ray
diffraction is described.

The next three chapters present the results, obtained in this thesis. We start from the
oxide growth in Chapter 4, move on to the aspect of electrical structure in Chapter 5
and close with results concerning the magnetism of the grown heterostructures in
Chapter 6.

In Chapter 4 we first use a well known substrate (yttria-stabilized zirconia) to
evaluate the growth of EuO in the new MBE system and develop at the same time
a set of reference XPS spectra which we use to quantify the chemical composition of
the EuO films. We then present a case using indium tin oxide (ITO) as a substrate,
where the well known adsorption limited growth method is not successful due to the
thermodynamic properties of the substrate. This apparent disadvantage is utilized in a
second step on SrTiO3 to develop a novel synthesis approach based on a redox process
with the underlying oxidic substrate.

These results have enabled an electronic structure study which demonstrates the
creation of a 2DEG between EuO/SrTiO3, where we find that the EuO retains its
ferromagnetic properties at the EuO/SrTiO3 interface. This finding is extended also to
BaTiO3 where a similar behavior is observed, combining ferroelectric and ferromagnetic
with interfacial conductivity. Finally, we study the metal/oxide interface of EuO/Pt.
This ferromagnetic insulator/metal interface is of interest, as a two dimensional hole gas
is predicted at the interface. The enhanced magnetic properties that we observe at this
interface are a first sign of the existence of this predicted interface state.

In the last chapter, Chapter 5, we study the regular 3d ferromagnet Co integrated
with EuO to form a Co/EuO heterostructure. We use the element selective magnetic
probe XMCD to elucidate the interfacial magnetism of Co/EuO and find a significant
enhancement of TC up to room temperature and thereby overcome one of the most
significant limitations of EuO.





CHAPTER 2

Background

Europium monoxide (EuO) belongs to the rare class of ferromagnetic insulators. The
class is defined by the simultaneous existence of ferromagnetic and insulating behavior.
In this chapter, the background of this thesis with a focus on properties, preparation and
application of EuO is presented in Section 2.1. This approach is based on a controlled
chemical reaction as described in Section 2.2. Finally, the main techniques to study the
prepared films, i.e. photoelectron and X-ray absorption spectroscopy, are introduced in
Section 2.3.

2.1. The ferromagnetic insulator EuO
The general properties of EuO are presented in Subsection 2.1.1. There is an established
method for the preparation of EuO thin films that poses a high experimental challenge.
This method is here reported and a novel approach to reduce the complexity is introduced
in Section 4.6. The magnetic properties of EuO are the deciding parameters for spintronic
applications, however, as we show in Subsection 2.1.2, the bulk of EuO is ferromagnetic
only below TC = 69 K. EuO can be used to construct spin-electronic devices as described
in Subsection 2.1.3.

2.1.1. Properties and synthesis of EuO thin films
Europium monoxide crystallizes in a simple face-centered cubic crystal structure, as
rock salt (NaCl) does, with a lattice constant of 5.1420Å [13, page ID 53437]. The
constituents of EuO are Eu2+ and O2– and the Eu atom has an electron configuration
of [Xe] 4f75d06s0. Below the Fermi level, the two contributing valance states are a
localized Eu 4f7 state and the completely filled O 2p6 band.
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Figure 2.1.: Left: NaCl (rocksalt) crystal structure of EuO. Shown in red are Eu atoms
and O atoms in grey. Right: Phase diagram of Eu as a function of temperature T and
oxygen content [12].

It is an experimental challenge to synthesize EuO. This is because EuO is not the stable
oxide of Eu, which would be Eu2O3 (as shown in Section 4.6). Therefore, considerable
experimental work has been done in the past to synthesize EuO thin films.

A bulk EuO crystal can be prepared by heating appropriate contents of Eu and O in
a tungsten or molybdenum crucible at different temperatures and considering the phase
diagram shown in Figure 2.1. As is evident by the very narrow region of stoichiometric
EuO, even the preparation of bulk EuO samples is a challenge.

The preparation of EuO thin films on suitable oxide substrates, like yttria stabilized
zirconia (YSZ) or YAlO3, by MBE posed a significant challenge until the discovery of
the adsorption limited synthesis of EuO [14]. Herein the observation of the fact that
excess Eu metal can re-evaporate from the EuO surface was utilized. Due to this, the
oxygen pressure during the deposition can be reduced below the stoichiometric value
and therefore a range of pox leads to the formation of stoichiometric EuO. In this way,
the availability of oxygen is the determining factor for the growth rate and at constant
Eu flux, the growth rate of stoichiometric EuO depends directly on the oxygen pressure
as can be seen in Figure 2.2.

Over time, this method has been refined and newer approaches have been introduced,
as for example the topotractic growth of EuO [15]. Here, epitaxial Eu2O3 is sputtered
onto YAlO3 substrates and capped with Ti metal. Then the heterostructure is heated
and the oxygen from the Eu2O3 reacts with Ti to form TiO, while Eu2O3 is reduced
to EuO. This method shows a crystalline integration with the substrate and magnetic
properties of bulk EuO. However, the method is restricted to using a Ti layer on top.
Also the thickness of Eu2O3 and Ti need to be controlled carefully, such that a full
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Figure 2.2: Growth rate of stoichiometric
EuO using the adsorption limited growth
method on YAlO3 substrates [14].

conversion of the available Ti and Eu2O3 is achieved.

2.1.2. Magnetism of EuO

From the electron configuration of EuO 4f7, seven unpaired spins are located in the outer
shell and lead to l = 0 and s = 7/2. If EuO fully magnetizes, then a saturation moment
of MS = 7 µB/f.u. is expected. Europium oxide is a band insulator and considered an
ideal Heisenberg ferromagnet, due to the fact that l = 0 and only spin-spin interactions
govern the magnetic properties.

Within the Heisenberg model of magnetism the Hamiltonian describing the magnetism
of the system is given by [16]

H =
∑
i,j

−Ji,jSiSj (2.1)

where Ji,j is the exchange interaction strength between site i and j and Si is the spin
state of the electron at site i. For J > 0 a ferromagnetic material is obtained, while
J < 0 leads to antiferromagnetic behavior. The exchange interaction strength ji,j is
determined by the so called exchange-integral, which is a measure for the wave function
overlap of the two involved states.

The Bloch law for magnetism is an approximate solution for the aforementioned
Hamiltonian and connects the exchange interaction strength J with the Curie temperature
TC so that

M(T ) = MS

[
1− α

S

(
kBT

2SJ

)3/2]
(2.2)

where M(T ) is the temperature dependent magnetization, kB is the Boltzmann constant,
S is the total spin-moment and MS is the magnetization of the saturated film. As
M(TC) = 0 it follows directly, that TC = 2S5/3/(kBa2/3) · J ∝ J , i.e. the Curie
temperature is proportional to the exchange interaction strength.
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The shape of M(T ) is best described with a Brillouin function [16]

M(T ) = MS = aJ coth(aJx)− bJ coth(bJx) (2.3)

aJ = 2J + 1
2J , bJ = 1

2J x = gµBJB

kBT
(2.4)

To evaluateM(T ) curves the Brillouin function is calculated using an available program
and plotted for comparison [17].

The origin of the ferromagnetism in stoichiometric EuO has been reported in literature
[18]. The dominant parts of the EuO exchange interaction Ji,j can be reduced to two
contributions J1 and J2, which resemble the indirect exchange and the superexchange
mechanisms.

Due to the fact, that EuO has localized 4f states, no itinerant direct exchange
interactions like RKKY take place. Instead, the indirect exchange between Eu 4f and
Eu 5d on the same Eu site lead to the ferromagnetism in EuO.

The superexchange mechanisms involve the next-nearest neighbor and are therefore
transitions of electrons from Eu 4f to O 2p. Three mechanisms are identified: Kramers-
Anderson, superexchange via d-f interaction and the so-called crossed term, a mixing of
the first two mentioned mechanisms.

The Kramers-Anderson mechanism involves the virtual transfer of an electron from
the 4f7 level of a next-nearest neighbor via the anion to a 4f7 site of a nearest neighbor,
while the superexchange via d-f interaction mechanism involves an electron transfer
from the anion p to a nearest neighbor Eu site. Finally the indirect exchange interaction
acts upon the electron.

The literature reports J1 = 5.2× 10−5 eV and J2 = 0.1× 10−5 eV [18]. The Curie
temperature can be calculated by using [17]

TC = 2/3J(J + 1)J4f/kB = 69 K (2.5)

for the reported values of J4f = J1 + J2.
The magnetic properties of thin films can deviate from the bulk, as the exchange

interaction relies on the availability of nearest and next-nearest neighbors. In the surface
layer, the amount of nearest and next-nearest neighbors is reduced and thereby the
local values of J1 and J2 are smaller. This has been evaluated in the literature [19]
and can be summarized by Figure 2.3. The study shows, that an ideal EuO bulk-like
crystal d > 25 ML = 6.42 nm exhibits the expected bulk TC = 69 K. Reducing the layer
thickness, the influence from the surface layers is enhanced and leads to a reduction of
TC = 15 K for d = 1 ML.

EuO is regarded as a model system for Heisenberg ferromagnets that exhibits a high
magnetization of 7 µB/f.u. at a TC = 69 K.

2.1.3. Spin filtering
Transport structures of the form non-magnetic conductor/ferromagnetic insulator FI/non-
magnetic conductor (NC/FI/NC) can act as a spin filtering tunnel barrier as shown in
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Figure 2.3: Layer dependent magnetization
as function of the temperature. The inset
shows TC(n), where n is the number of the
nth monolayer [19].

Figure 2.4: Schematic representation of
a spin filter tunneling barrier composed
of a non-magnetic conductor/magnetic
insulator/non-magnetic conductor structure
[20].
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Figure 2.4. This is due to the spin-split conduction band of the FI. Due to the different
tunnel barrier heights ET = ET,0 ± Eexch for spin up and spin down electrons, the
transmission probability T ↑↓ of electrons is either enhanced or suppressed with respect
to the transmission for ET,0, the tunnel barrier height above TC where Eexch = 0.

The transmission probability T ↑↓ determines the tunnel electron current I ∝ T through
a tunnel barrier. Using the WKB approximation this can be written as

T ↑↓ ∝ exp
(

2d
√

2m/h̄2 · (ET − E)
)

(2.6)

where d is the thickness of the barrier and E is the energy of the electron. Due to this,
the transmission probability is highly dependent on the spin character of the electron and
therefore an initially unpolarized electron current is spin-polarized upon its transmission
through the tunnel barrier.

The degree of spin-polarization P is given by

P = I↑ − I↓
I↑ − I↓

(2.7)

where I denotes the current of the respective electron spin character.
In the literature the spin-polarization of thin EuO films was predicted for example on

a Cu/EuO/Cu structure by density functional theory in the LDA+U approximation for
correlated materials [11]. Here, the authors report a system that combines spin filtering
as it was introduced above with a second filtering aspect, namely the so-called symmetry
filtering. Symmetry filtering was first observed in the Fe/MgO/Fe system [21], where
the symmetry of the transmitting bands in the MgO tunnel barrier causes the spin filter
effect. The thickness of the EuO over layer in the Cu/EuO/Cu structure is varied in
the range of d = 15Å to 35Å and very high spin polarizations of P > 90% are reported
for the lower limit. For d = 35Å the report presents a full polarization of P = 100%,
demonstrating the suitability of EuO for the construction of ultra-thin tunnel barriers
with very high spin-polarization.

2.2. Aspects from physical chemistry

Due to the fact that highly reactive metals such as Sr, Ti and Eu are used it is of
importance to study the interaction of all three components to predict, whether chemical
reactions between the reagents lead to unwanted products. In this regard, the Gibb’s
free energy of formation is of importance and can be used as a guide to predict the
thermodynamically induced direction of a reaction and is introduced in Subsection 2.2.1

More over, the surface behavior of SrTiO3, due to its layered structure, is different
depending on the termination and we introduce one aspect in Subsection 2.2.2.
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2.2.1. Ellingham diagram
In physical chemistry a so-called Ellingham diagram is commonly used to determine
whether an oxidic reaction

A + O2 −−→←−− B (2.8)

will progress in a certain direction, indicated by the direction of the arrows. In this
diagram, the Gibb’s free energy of formation difference ∆RG

0 between a product B and
its reagents A

∆RG
0 = ∆RG

0(B)−∆RG
0(A+O2) (2.9)

is plotted as a function of the temperature T normalized to moles of O2. If ∆RG
0 < 0

(∆RG
0 > 0) the reaction will progress in to the direction of B (A)

A + O2 −−→ B (2.10)
A + O2 ←−− B (2.11)

and an oxidation (reduction) reaction is expected to happen.
A prominent example for this Ellingham analysis is the thermite reaction, where iron

oxide is reduced to iron by oxidizing aluminum, as described by this reaction Fe2O3 +
2Al −−→ 2Fe + Al2O3 . This redox reaction can be analyzed by plotting the two
reactions

4
3 Fe + O2 −−→←−−

2
3 Fe2O3 (2.12)

4
3 Al + O2 −−→←−−

2
3 Al2O3 (2.13)

into one diagram as shown in Figure 2.5. As the Al2O3 reaction has a more negative
∆RG

0 the direction of the reaction is towards this product. In general a reaction is
expected to progress if the difference is larger than ∆ = 250 kJ

mol .
It is important to stress, that these diagrams only show which direction is thermo-

dynamically favored and not which reaction is actually taking place, as this is also
dependent on the reaction kinetics, i.e. how fast a reaction progresses.

In order to derive an Ellingham diagram from tabulated thermodynamic data it is
necessary to calculate ∆RG

0(T ), because usually only ∆RG
0(T0) is available, i.e. the

Gibb’s free enthalpy of formation at standard conditions.
It holds, that

G(p, T ) = H − TS (2.14)

where G is the Gibbs free energy, p is the pressure and T is the temperature of the system,
while H is the enthalpy and S the entropy. Therefore, ∆RG

0(T ) can be calculated from
∆RG

0(T0) if H(T ) and S(T ) are known.
From statistical mechanics it is known that the entropy and free enthalpy behave as
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Figure 2.5: Ellingham diagram showing
the oxidation reactions of 4

3 Fe + O2 −−→
2
3 Fe2O3 (red) and 4

3 Al + O2 −−→ 2
3 Al2O3

(blue) normalized to mol O2. Since the
∆RG

0(Al2O3) < ∆RG
0(Fe2O3) a reaction

between Al and Fe2O3 will reduce Fe2O3
producing Al2O3 and Fe.

[22]

S(T ) = S(T0) + Cp ln
(
T

T0

)
H(T ) = H(T0) + Cp(T − T0) (2.15)

where T0 is the temperature at which S(T0) and H(T0) are defined, Cp is constant and
represents the heat capacity at constant pressure. The change in Gibbs free energy of
formation can then be written as

∆RG
0 = H(T0) + Cp(T − T0)− T

(
S(T0) + Cp ln

(
T

T0

)
.

)
(2.16)

This Ellingham analysis is used in Section 4.5 and Section 4.6 to provide a tool
for the prediction of the stability of the highly meta-stable europium monoxide on
oxidic substrates and can also be extended to predict the chemical stability of other
heterostructures.

2.2.2. Surface dynamics of SrTiO3

The surface properties of SrTiO3 (001) crystals depend on the surface termination, i.e.
TiO2 or SrO). A parameter that influences the thin film growth is the diffusion of
adatoms on a surface. For SrTiO3, the diffusion of Sr was studied as a function of the
surface termination [23]. In this study, the relative energy for an adatom on the TiO2-
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Figure 2.6.: (a) Sr diffusion mechanism for SrO terminated SrTiO3. (b) Sr diffusion
mechanism for TiO2 terminated SrTiO3.

and SrO-terminated SrTiO3 surface was calculated and can be used as a measure for
the surface diffusion.

Shown in Figure 2.6 is the surface diffusion mechanism for the (a) SrO- and (b)
TiO2-terminated SrTiO3 surface. In both cases, the Sr adatom is diffusing over the
surface by a hopping mechanism. The energy barrier between two sites is ER < 0.3 eV,
while in the latter case ER > 1.4 eV. The distance between jumps a depends on the
termination for which aSrO = 4.2Å and aTiO2 = 6Å is reported.

The diffusion length dRMS can be estimated as a random walk caused by the thermal
activation. In this regard, the energy barrier ER is necessary to calculate the jump-
frequency Γ and the diffusion coefficient D

Γ = ν exp (−ER/kBT ) D = a2Γ
4 dRMS =

√
Dt (2.17)

here dRMS denotes the average distance a particle travels due to the random walk, kB is
the Boltzmann constant, t is the time and ν the attempt frequency.

We assume, that νTiO2 = νSrO and obtain

dSrO
dTiO2

= a2
SrO

a2
TiO2

exp (−(ER,TiO2 − ER,SrO)/kBT ) = 2.6× 103√t (2.18)

a much faster diffusion on the SrO surface. In this regard, it is interesting to study the
over layer growth of EuO on SrTiO3 using both TiO2- and SrO-terminated SrTiO3, as
an enhanced crystallization is expectd for the first layer of EuO due to the enhanced
surface mobility of adatoms on SrO with respect to the TiO2 termination.
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hard X-ray photoelectron spectroscopy magnetic circular dichroism (HAX-MCD), an
element selective probe for the bulk magnetic properties of a thin film. Photons with
smaller energies of Eγ = 10 eV to 100 eV) are used to assess the valence electrons of
the material. Due to the fact, that the momentum of the electron in the solid h̄ki‖
is conserved during the emission process, angle-resolved photoelectron spectroscopy
(ARPES) can be used to study the valence-band structure and thereby determine the
electronic structure.

2.3.1. X-ray absorption spectroscopy
In X-ray absorption spectroscopy experiments the absorption of an X-ray beam through
matter is recorded as a function of the photon energy Eγ . According to the Beer-Lambert
law of the transmission of (X-ray) light of energy Eγ , is given by

IL(d) = IL,0 exp(−µ(Eγ)d) (2.19)

where IL(d) is the intensity of light transmitted through a material of thickness d, IL,0
is the intensity of the light and µ(Eγ) is the linear absorption coefficient. Therefore, the
absorption A can be determined from the transmitted intensity as

A =
(

1− IL(d,Eγ)
IL,0

)
. (2.20)

However, due to the small effective absorption length of X-rays in matter EAL =
1/µ(Eγ) ≈ 100 µm, experiments in transmission geometry are limited to very thin
samples. Instead, the intensity I(Eγ) of secondary processes caused by the X-ray
absorption is observed. Two processes occur mainly when X-rays are absorbed. Either
secondary electrons are emitted or sample fluorescence is observed.

In the first case an Auger excitation takes place and the excited Auger electron travels
to the sample surface and escapes into the vacuum. This leads to an electron cascade,
as the Auger electrons interact with electrons on their way to the sample surface and
cause secondary excitations. These electrons are summed together as the total electron
yield (TEY) spectrum and can be measured as a sample current, as electron currents
are needed to replace the emitted electrons (charge neutrality). This process is limited
to small escape depths, i.e. close to the sample surface, as the inelastic mean free
path of the electrons λIMFP (1000 eV) ≈ 2 nm� λEAL is much smaller than the X-ray
absorption length. A second limitation is imposed by the necessary electron conduction,
only conductive samples can be measured without charging effects. In this way, the TEY
spectrum resembles the XA spectrum close to the sample surface for conductive samples.

The second case of X-ray fluorescence (XRF) can be measured using an X-ray detector,
like Li doped Si crystals. Here the X-rays are absorbed and produce electron hole
pairs that can be measured as a current in the detector. The sample fluorescence does
not depend on the conductivity of the sample and has a similar effective attenuation
length like the incoming photons λEAL. Therefore, the XRF spectrum contains bulk-like
information of the sample and can be used on insulating samples, as well as for conductive
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samples.
In the scope of this thesis XAS spectra are recorded with circularly polarized light in

order to observe the XMCD effect as described in Subsection 2.3.5.

2.3.2. Three step model of photoemission
The photoemission process can be approximated by the three step model of photo
emission. Photoelectron spectroscopy in all energy ranges is based on the fact, that light
quanta excite electrons in a solid. These electrons are emitted at a kinetic energy Ekin
described by the following relation [24]

Ekin = Eγ − Φ− EB. (2.21)

where Φ is the material specific work function. The consequence of this equation is
depicted in Figure 2.8 (a). Detecting the electrons as a function of their kinetic energy
an electron spectrum I(Ekin) is obtained and resembles the binding energy of core-
level and valence electrons. As shown in Figure 2.8 (b) the angle-resolved spectrum
I(Ekin, φ, θ) can be measured by rotation of the sample along the respective axis (or by
using electrostatic lenses and a 2D detector). This is important for the valence-band
spectra, as they show a strong dispersion E(k) which can be measured in this way (see
Subsection 2.3.2).

Optical excitation: Fermi’s golden rule
In order to understand the spectral features of a photoelectron spectrum, it is necessary
to determine the probability of photoexcitation. In this regard the initial state of a
solid is described by the ground state (initial state) N electron wave function. After the
photoexcitation and the ionization the excited electron, the system is in an excited state
described by the N − 1 electron wave function (final state). The final state is described
by the creation of core hole and the occupation of the Nth electron in a (previously)
unoccupied state above the Fermi-level EF .

The correct description of a solid is achieved by solving the many body Hamiltonian
H to obtain all initial and final states φi,f . This Hamiltonian needs to contain all
interactions of all particles in the solid and is consequently very complex and not
analytically solvable. Therefore, approximations are introduced. First the interactions
in the solid are considered to be small and much slower than the photoemission process
(Sudden approximation). This reduces the many body Hamiltonian to the single particle
Hamiltonian. Secondly the vector potential of the incoming photon is described by a
small perturbation, allowing the treatment with established perturbation theory, as is
presented in standard text books [25]. This leads to the derivation of Fermi’s golden
rule

Wi,f ∝ |〈φf |T|φi〉|2 · δ(Ef − Ei − Eγ) (2.22)

which describes the probability W that an electron is transferred from the ground state
φi to the excited state φf (here we show the angle integrated form only). The transition
is assumed to be an electronic dipole transition induced by the dipole operator T. The
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Figure 2.8.: (a) Initial electronic structure of a solid. Excitation of a bound electron
with a photon to a state above the vacuum level. This leads to photo-ionization and
the electrons can be detected in a spectrum as a function of their kinetic energy Ekin.
Deeply bound electrons, core-level electrons, are illustrated with a sharp peak due to
their localization, while the valence bands show a strong dispersion and are therefore
energetically broadened (adapted from [25]) (b) Sketch of a photoemission setup. Photons
with energy Eγ irradiate the surface of a sample. The azimuth angle φ and polar angle
θ with respect to the crystal lattice of the solid are marked and the electron intensity is
measured as a function of these I(Ekin, φ, θ) as described in Subsection 2.3.2.

δ function ensures energy conservation and only allows a transition where the difference
is given by the photon energy.

The consequence of the electronic dipole operator T is that only states fulfilling the
dipole selection rules can contribute to the spectrum. The dipole selection rules are
given by the difference in the quantum numbers

∆J = 0,±1 ∆MJ = 0,±1 ∆S = 0 (2.23)

where J , MJ and S are the total quantum numbers for the total angular momentum,
secondary total angular momentum and the spin.

Due to the energy selectivity shown in Equation 2.22 the element selectivity of this
technique is achieved, as EB is often different for different atoms, and also depends on
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the chemical environment as shown in Subsection 2.3.3.

Angle-resolved photoelectron spectroscopy
Angle-resolved photoelectron spectroscopy (ARPES) is a technique that enables a
measurement of the valence band structure. Herein low energy photons in the UV range
(EΓ = 10 eV to 100 eV) are used to excite the electrons. Due to the lower kinetic energy
of the electron the Debye-Wallerfactor is large (see Figure 2.11) and the information
from the dispersion inside the crystal E(k) is conserved.Electrons of different k‖ are
emitted from the surface under different angles, thereby the measurement of the angular
distribution with respect to φ, θ of the emitted electrons is a direct observation of k‖. In
this regard the observed intensity I(E, θ, φ) is given by 1

I(E, θ, φ) ∝
∑
i,f

Wi,f ∝
∑
i,f

|〈φf |T|φi〉|2 δ (ki − kf + G)︸ ︷︷ ︸
momentum conservation

δ
(
kf,‖ −Kf,‖(φ, θ)

)
︸ ︷︷ ︸

parallel momentum conservation

(2.24)

This equation demonstrates, that the momentum of the electrons in the plane k‖ is
conserved upon transmission through the surface and therefore the measured K‖(φ, θ)
resembles the dispersion of the electron in the solid.

Propagation through the solid
In this step, the excited electron travels through the solid towards the surface. Electrons
that travel through the solid can scatter for example with other electrons, impurities
and phonons in the solid. This scattering process can be elastic or inelastic. In the first
case, the electron’s path is changed and the emission angle will be different. This effect
leads to a broadening of the angular resolution in an ARPES experiment. However,
elastic scattering conserves the energy and for an angle integrated spectrum like XPS or
HAXPES these electrons are counted (as long as they reach the detector). Inelastically
scattered electrons loose energy and therefore are detected at Ekin −∆, leading to an
inelastic background of electrons. These electrons do not contribute to the spectrum
and background treatments are available to subtract this.

The intensity I(d) of elastically scattered electrons from depth d is given by

I(d) = I0 exp
(
−d
λ

)
(2.25)

where I0 is the intensity of all electrons without scattering and λ is the inelastic mean free
path. The inelastic mean free path is a material and energy specific parameter. For XPS
and UV experiments 5Å < λ < 30Å. This limits the probing depth of these photons
to the surface and only a few ML thick films. Especially, the first layer contributes the
most as I(0) = I0. Therefore, these experiments are very surface sensitive and cannot be
used to probe bulk states of materials.

1 The last term is caused by the transmission through the sample surface and is added here
for completeness!
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Transmission through the surface
The internal momentum k of the electron in the solid and the external momentum of
the electron after leaving the solid K are differentiated in Equation 2.24 because on
transmission through the surface of the crystal

K‖ =
√

2m
h̄2 Ekin,i sin(φ) (2.26)

K⊥ =
√

2m
h̄2 Ekin,i cos2(θ) + V0 6= kperp (2.27)

Where V0 is the inner potential of the crystal from the free electron final state model.
This is due to the translation symmetry breaking at the surface. The K ⊥ component
has to overcome the inner potential, which describes the energy V0 = E0 + Φ needed
from the highest valence electron state to the vacuum level (see Figure 2.8).

2.3.3. Spectral features
The approximations made to apply Fermi’s golden rule have neglected every interaction
of the particles in the solid. Of course this is a very crude assumption and a real
photoemission spectrum contains other features. Some well known features relevant in
the scope of this thesis will be described in the following.

Spin-orbit coupling
The photoemission process creates a core-hole in the solid. This core hole has a spin-
moment S = 1/2 and the quantum number L = 0, 1, 2, ... of the excited electron.
For a strong spin-orbit interaction this causes a doublet peak with total momentum
J± = L± S = L± 1/2 to emerge for L > 0 (p, d, f core-levels). The branching ratio is a
measure for the relative abundance of initial states in peaks in a certain core-level from
the ratio of the degeneracy of the two states. From quantum physics the degeneracy of
an energy level is known to be J(J + 1) therefore the branching ratio R is calculated as

R = J+(J+ + 1)
J−(J− + 1) = L+ 1

L
. (2.28)

The branching ratio therefore describes the intensity relationship of a doublet peak and
can be applied for XPS peaks and XAS edges.

Chemical Shifts
Different chemical states have a different electron configuration. For example EuO has
a Eu2+ valence and 4f7 electron configuration on the Eu site, while Eu2O3 has a Eu3+
valence and 4f8 configuration. The core-level binding energies of these two different
valencies of the Eu atom will be shifted by ∆EB due to the fact that the core screening
of the electrons is weakened. This can be modeled by [25]

∆EB = K(QA −QB) + (VA − VB) (2.29)
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Figure 2.9.: Experimental data and theory for the photoelectron spectrum of (a) Eu
3d3/2 and (b) Eu 3d5/2 [26].

where K is an empirical constant describing the strength of weakening of the screening
as described above, QA −QB is the charge difference between the two chemical states A
and B and VA − VB the potential difference between state A and B constituted by the
rest of the electron system.

In this way a chemical change of the material can be identified by changes in the
electron binding energy and therefore a composition analysis is possible.

Final-state multiplet satellites
Photoelectron spectra often contain satellite lines. The satellite lines can be broadly
categorized in lines du to multi energy X-ray excitation (non-monochromatic source)
and satellite lines due to the electronic structure of the material.

In the case of Eu 3d spectra a satellite line is observed at the high binding energy
site of the Eu 3d5/2 and Eu 3d3/2 peaks [26]. Figure 2.9 shows a measurement, a
prediction for these core-levels and the final-state multiplet. The calculation is based on
the 3d104f7 →3d94f7+photoelectron states. The ∆EB for the satellite lines depends
on the core-level and the asymmetric line shape of the satellites are the arguments that
exclude the possibility of a shake up satellite.

Therefore, both, the main peak and the satellite constitute the spectrum for divalent
Eu cations. In conjunction with the chemical shift described above, the peak fitting for
divalent Eu becomes quite difficult, as the satellite is intermixed with the chemically
shifted binding energy of trivalent Eu, as will be shown in Section 4.3.

Kinks
In ARPES spectra the quasiparticle spectral function is measured [27]

A(k, ω) ∝ =Σ(k, ω)
[ω − εk −<Σ(k, ω)]2 + =Σ(k, ω) (2.30)
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where εk is the energy of the state in the Hartree potential, Σ(k, ω) is the quasiparticle
self-energy reflecting the many-body interactions. As ARPES can measure the lifetime of
a photohole and its energy, the equation can be evaluated. In this way electron-phonon
scattering, which causes a change in the self energy, can be observed as a "kink" in the
band structure near EF .

2.3.4. Implications of hard X-ray photoelectron
spectroscopy

Using hard X-rays instead of soft X-rays influences a number of properties. Three
important consequences are summarized in this section, in order to give an overview,
why HAXPES was a necessary tool in the scope of this thesis and what its limitations
are.

Information depth
The information depth is limited by the inelastic mean free path (IMFP) λ, as was shown
above. Tanuma et al. have predicted the scaling behavior of λ(Ekin) using a modified
Bethe equation[28]

λ = EkinE
−2
p

(
β ln(kEkin)− C/Ekin +D/E2

kin

)−1
(2.31)

where, λ is in Å, Ep is the bulk plasmon energy and β, k, C,D are material specific
parameters. In Figure 2.10 λ is compared for 41 elemental solids and a universal scaling
behavior is observed. In the high energy range Ekin > 100 eV the authors find a scaling
behavior of λ ∝ E0

kin.78.
The high kinetic energy of electrons excited by hard X-rays leads to a significant

increase in the inelastic mean free path. A range of 15Å to 50Å is observable for Eγ =
2000 eV to 10 000 eV. This leads to a more bulk sensitive measurement and is one of the
key advantages of HAXPES and also the reason why it was used in the scope of this
thesis. The information depth (ID) is defined as the depth where 95% of all electrons
are excited from. ID depends on λ as

ID ≈ 3λ↔ Itot(d = 3λ)/I0 ≈ (1− exp(−3)) = 0.95 (2.32)

Therefore, the information depth of HAXPES can be as high as d = 15 nm and thereby
allow to probe buried interfaces such as capping/EuO/SrTiO3 heterostructures, as is
relevant for this thesis. In general this also allows HAXPES to measure real devices such
as Li-ion batteries [29] and spin-filter tunneling junctions.

Photoionization crossections
On the other hand, the photoionization crossection σ, depends on Ekin. Unfortunately,
as the energy increases σ decreases. In fact, the scaling is quite substantial [30]

σ(Eγ) =
{
E−3.5
kin s− shell

E−4.5
kin p, d, f − shell

(2.33)
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Figure 2.10: Inelastic mean free path
as function of the elctron escape energy.
[28]

This implies, that HAXPES experiments can be performed well only at beamlines
with high photon flux of 1× 1011 Ph/s.

On the other hand, this effect can be used, to compare low and high photon energy
experiments, of dissimilar materials having overlapping s and p, d, f core-levels. At
going towards high Eγ the spectra will be dominated by s shell emissions and thereby a
decomposition with regards to the s and non-s transitions is possible.

HARPES and its limitations
Due to the limited probing depth of UV photons, devices and their interfaces cannot
be analyzed with regular ARPES. Consequently, it would be of advantage to utilize the
higher probing depth of HAXPES and perform hard X-RAY ARPES, HARPES. Due
to the availability of circularly polarized light it is also possible to study the magnetic
properties at the same time.

However, the conservation of the angular information of photoemitted electrons
depends largely on Eγ as phonon assisted transitions can become dominant, due to a low
Debye-Waller factor W (T,Eγ). The Debye-Waller factor is a measure for the phonon
related smearing of the dispersive direct-transitions.

At high kinetic energies the processes of phonon creation and annihilation become
a dominant part in the experiment [31]. These phonon processes scatter the electrons
and therefore reduce the intensity of direct transitions. Only the direct transitions result
in a clean electronic dispersion E(k‖). As shown in Figure 2.11 at T = 20 K only few
materials show a significant degree (i.e. >50%) of direct transitions in the hard X-ray
regime Eγ > 2000 eV. Due to this HARPES (hard X-ray angle-resolved photoelectron
spectroscopy) is limited to materials with high W (T,Eγ) (commonly high Z materials,
like W or Pt). Adding Eu to this graph an estimation of suitable photon energies is
possible. Due to its high Debye temperature θD = 350 K [32] Eu has W (T ) > 0.5 at
Eγ < 4290 eV and is therefore a material where HARPES could be performed.
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Figure 2.11.: Iso lines at selected photon-energies of the 50% Debye-Waller factors
W (T,Eγ) for various materials at T = 20 K [31]. Expectation for Eu added from
calulated Debye Temperature [32].
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Figure 2.12: Schematic repre-
sentation of the XMCD effect on
a ferromagnetic material using
the L3,2 edge [33].

2.3.5. X-ray magnetic circular dichroism
X-ray magnetic circular dichroism is an effect that can be observed in (ferro-)magnetic
samples. The X-ray absorption coefficient for left circular polarized light µ− is different
than for right circular polarized light µ+.

The cause for XMCD can be schematically described as depicted in Figure 2.12.
XMCD originates from the electric dipole transitions, caused by the large spin-orbit
coupling of all core-levels but the K edges [33]. This can be described in a simple
two-step process. A 2p core state of a 3d metal is split in a j = 3/2 and j = 1/2 level
(L3 and L2 edge respectively). In the first step the left(denoted as σ−) polarization of
the light (with respect to the orbital moment of the 2p orbital) results in excitation of a
spin-up electron. In the second step, this spin-up electron needs to "find" an unoccupied
place in the 3d valence band. For example in the case of the 3d ferromagnets like Co,
there are less spin-up and more spin-down holes available. The right polarization of the
light leads to the opposite behavior. Therefore, the XMCD spectrum

IXMCD(Eγ) = Iσ− − Iσ+ (2.34)

will be negative at L3 and positive at L2.
This behavior is also reflected by the transition probabilities W as defined by Fermi’s

golden rule in Equation 2.22, as the initial and final states φi and φf have different
angular and magnetic quantum number Ji,f and mi,f . Due to the dipole selection rule
these operators act upon the wave functions and cause the differences observed by 2.34.
A detailed derivation can be found in [34].

The spectrum IXMCD(Eγ , H) depends on the applied magnetic field. It is symmetric
under an exchange of the light helicity and an inversion of the magnetic field as σ− → σ+

and H → −H leads to the same spectrum IXMCD.
XMCD spectroscopy is very useful for the analysis of interface effects in magnetic

heterostructures, as it is sensitive to the element specific magnetism and can disentangle
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Figure 2.13.: (a) Sketch of the information depth as a function of the emission angle
α in units of the inelastic mean free path. (b) Ratio R of over-layer intensity (IA) and
substrate intensity (IB) as function of the emisison angle α. [35]

the magnetic properties contrary to the volumetric magnetometry as in the case of VSM
or SQUID (see Section 3.5).

2.3.6. Thickness determination by AR-XPS
In order to non-destructively determine the over layer thickness the integrated Beer-
Lambert equation is used to model the substrate and over layer XPS peaks [35]. This is
achieved by rotating the sample and thereby performing an angle-resolved XPS spectrum
(AR-XPS, shown in Figure 2.13)2. In this way, an expression for the intensity of the
substrate IA and the over layer IB intensity is obtained

IA = IA,∞ [1− exp(−d/λA,A cos(α))] , IB = IB,∞ exp(−d/λB,A cos(α)) (2.35)

where λB,A denotes the inelastic mean free path for electrons emitted from layer B in
layer A and IA,∞ is the intensity of an infinitely thick layer of A. For our studies it
suffices to assume λA,A = λB,A as the kinetic energy is similar for both electrons from
the substrate and the oxide over layer. Taking the ratio R = IA

IB
one obtains, after

rearranging for d, the over layer thickness

d = λA,A cos(α) ln [1 +R/R∞] (2.36)

This equation holds for one angle and can be evaluated for the case of only one mea-
surement, if and only if the layer is a discrete layer. Since this is hardly ever the case,
the whole angle dependent XPS data needs to be recorded and a straight line fit can
be applied to a plot of d versus 1/ cos(α), which produces a straight line with the slope
of d/λA,A. This technique is used to calculate the over-layer thickness as presented in
Section 4.5.

2 As there are core-level peaks studied here, the angle resolution causes different escape lengths
in the overlayer and does not reflect the band structure dispersion, as would be the case for
valence electrons in ARPES.
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λA,A can be calculated, as shown above in Subsection 2.3.4. Another way to obtain
λA,A is to provide a sample series with known over layer thickness (from XRR for
example) and use the AR-XPS technique to obtain not d but λA,A from the d/λA,A slope
of Equation 2.36.



CHAPTER 3

Experiment

In this section the experimental details of the oxide growth, laboratory-based charac-
terization and advanced analysis using synchrotron radiation are presented. We utilize
these three mnseans to compile a comprehensive study of europium monoxide growth on
oxidic substrates with precise knowledge of chemical composition and structure in order
to create and understand novel interfacial electronic and magnetic properties.

In order to grow high quality oxide heterostructures every part of the preparation is
crucial: The substrate selection determines the growth of the over layer. In this thesis we
mostly use SrTiO3 substrates. The effect of the crystal structure is only one parameter
contributing to the growth. Moreover the substrate miscut, chemical treatment and
annealing influence the resulting surface quality tremendously, which is shown in section
3.1. We prepare EuO and the substrates in an oxide molecular beam epitaxy (MBE)
system that was put into practice in our research group and is described in Section 3.2.
The experimental details of the in situ structure determination and chemical analysis
by reflection high energy electron diffraction (RHEED), low energy electron diffraction
(LEED) and in situ x-ray photoelectron spectroscopy (XPS) are described in section 3.4.
This combination of employing both MBE and XPS in situ is an important prerequisite
for successful synthesis of the metal stable ferromagnetic oxide. Furthermore the samples
are analyzed ex situ with regard to their surface morphology by atomic force microscopy
(AFM), their magnetic properties by volumetric magnetometry and crystal structure
by X-ray diffraction (XRD) or X-ray reflection measurements (XRR) as described in
section 3.5).

Finally, this work makes use of synchrotron radiation to assess the chemical composition,
to perform element selective depth-profiling, to measure the valence band structure and
to determine the element-selective magnetic properties of magnetic heterostructures.
The synchrotron experiments are performed at four different facilities in Europe, as
described in Subsection 3.6.1.
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Figure 3.1.: Different surface morphologies (I) and surface terminations (II) of the
perovskite (001) surface. In the case of SrTiO3, the letters on the graph represent A
= Sr and B = Ti. For the preparation of high quality oxides, the preparation aims at
single-step height terraces (Ic) with straight edges (Ie) and a pure TiO2 termination
(IIb). [36]

3.1. Preparation of SrTiO3 substrates
Most of the data in this thesis is obtained for magnetic heterostructures prepared on
SrTiO3 (001) substrates. In this section, we present the parameters crucially influencing
the SrTiO3 surface. The employed single crystals are purchased at CrysTec GmbH,
Berlin.

SrTiO3 is a layered crystal and has a cubic perovskite structure with a lattice parameter
a = 3.905Å belonging to the primitive space group Pm3m. Due to its crystal structure,
a (001) oriented single-crystal of SrTiO3 is a stack of alternating SrO and TiO2 layers.
Due to this layered structure, the surface consists either of a SrO, TiO2 termination
or a mixture of both. The first two cases occur when cleaving a SrTiO3 single crystal
perfectly parallel to the (001) plane. This is technically impossible and therefore all
substrates have a miscut αmis > 0. Due to this fact we perform a particular surface
treatment in order to obtain a reproducible surface termination and regular terrace
structure. Our aim is the ex situ preparation of SrTiO3 with TiO2 termination with
regular step edges of unit cell height. The different morphologies and terminations of
SrTiO3 are shown in Figure 3.1.

Surface treatments for SrTiO3
The different surface treatments can be categorized by their goals: either a certain surface
morphology or surface termination is the desired result (see Figure 3.1). The surface
morphology is mostly influenced by the crystal selection and annealing parameters, while
the termination can be prepared by wet-chemical treatment and subsequent annealing.

Annealing of substrates leads to a crystalline reordering of the surface and can turn
an atomically unordered surface into an ordered state. This effect can be accompanied
by irregularities such as step-bunching. Step-bunching (see Figure 3.1, left (c)) occurs
for substrates with a high miscut angle. Consequently, the selection of single crystals is
restricted to a maximum αmis < 0.1°. The in-plane miscut-angle αIP is associated with
a zigzag behavior of the step-edges and should be selected to be sufficiently small, i.e.
αIP < 0.1°. Finally, the annealing temperature plays a major role and is chosen to be
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Figure 3.2.: Results of a SrTiO3 (001) surface treatment study with (a) water-leaching,
(b) hydrogen per-oxide bleaching, and (c) etching with acol regia or (d) buffered HF.
Images were obtained after 2.5 h annealing at 950 ◦C in air. Optimal results are found
for (d).

TA = 950 ◦C [37]. At this temperature, the segregation of Nb-dopants and SrO to the
surface is minimized, while the surface mobility is enhanced to enable the crystalline
reordering effect [36].

Wet-chemical treatments for TiO2 termination
A multitude of wet-chemical treatments for the TiO2-terminated SrTiO3 (001) surface
can be found in the literature, ranging from water leaching (a), bleaching with H2O2 (b),
to etching with acol regia (c) or buffered HF (BHF) (d) [9, 38–40]. All four treatments
report atomically flat SrTiO3 surfaces with constant TiO2-termination. In order to
obtain optimal parameters for the preparation of the SrTiO3 surface these methods are
compared in the following.

After applying the four different approaches, AFM scans of the obtained surface are
shown in Figure 3.2. All treatments lead to a highly ordered SrTiO3 (001) surface. The
water treatment leads, however, to an irregular pattern with a mixture of rectangular
incorporations. Apparently, the step-edges have either not completely formed due to a
too short annealing time or the water has reacted locally with the SrTiO3 surface and
left these incorporations as etch-pits. Bleaching in H2O2 and acol regia etching leads
to the formation of double steps on the substrate, which is also not the desired result.
Finally, the treatment with BHF for t =30 s leads to the formation of regular step edges
of unit-cell height. The step width is on the order of dstep ≈ 1 µm and we find a miscut
of αmis = 0.02°. For further information see Table A.1.

Shown in Figure 3.2 (d) we observe circular structures on the SrTiO3 surface. In order
to evaluate their origin, the annealing is repeated, yet the situation is unchanged. We
argue, that these are pinned areas belonging to the next lower terraces. These have not
occurred in samples with αmis > 0.05° and therefore we decide to limit the lower end of
the miscut angle to 0.05° < αmis < 0.1°.

The etch time t =30 s has been chosen, as longer etch times lead to the formation of
significant numbers of etch pits. At t = 1 min, we observe 5 large etch-pits with depths
dpit > 3 nm and Apit > 30 nm× 30 nm on a 5 µm× 5 µm scan area. These etch-pits are
detrimental in that that they lead to shorts in a tunnel barrier structure connecting the
conductive substrate and and the top metal contact.
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Figure 3.4.: The MBE system at the Oxide Spintronics Laboratory – a combination of
all important prerequisites for EuO growth: ultra-high vacuum base pressure, specialized
oxygen delivery for reactive oxide-MBE growth, in situ XPS for direct chemical anal-
ysis of the grown films and surface structure determination with LEED and RHEED.
Additionally, sample structuring using shadow masks is possible.

MBE chamber
The MBE manipulator can be used to heat and cool the sample. Heating is realized
by electron bombardment applying voltages up to Ue = 1000 V and emission currents
up to Ie = 50 mA. With this sample temperatures of TS =250 ◦C to 1200 ◦C can be
achieved, which we use for in-vacuo annealing and can also be used for Si flashing. The
manipulator can be cooled with by supplying liquid nitrogen to the manipulator head.

The sample temperature is monitored by a Type K thermocouple soldered to the
sample plate holder. However, this method leads to large deviations between the real
and the measured temperature on the order of ∆T ≈200 K. This is not practical for
the deposition of high quality oxide films. In order to improve the resolution of the
sample temperature measurement an external pyrometer was installed and calibrated
(see Figure 3.5).

Sample temperature measurement: Pyrometer calibration
A pyrometer can offer a rather precise measurement of the sample surface temperature,
especially in the case of non-transparent samples, such as 0.5 % Nb doped SrTiO3. For
this, only the emissivity ε has to be known, which is ε = 0.35 for 0.5 % Nb doped SrTiO3
[42, p. 28].

However, due to the non-zero absorption of the windows (see Figure 3.5 (a)) and
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diffraction (LEED). Hereby the chemical composition of the film and the substrate can
be analyzed, while RHEED and LEED enable structure determination.

3.4.1. X-ray photoelectron spectroscopy (XPS)
Owing to the large oxygen reactivity of Eu metal, the chemistry of the grown film is the
first criterion by which a successful growth should be evaluated. X-ray photoelectron
spectroscopy enables a chemical analysis of the grown film and a depth profiling as shown
in Section 2.3. For this, the valence state of the Eu atom is probed and associated with the
three Eu oxidation states (Eu→Eu0, EuO→Eu2+, Eu2O3→Eu3+). The MBE is equipped
with a SPECS X-ray gun with anodes made from Al and Mg. The anodes produce
X-rays with photon energies of 1486.27 eV and 1253.6 eV respectively [48, p 86]. The
combination of both anodes allows the identification of Auger lines in the photoelectron
spectrum. The X-rays are filtered by a Al foil to reduce the Bremsstrahlung.

The core-levels of interest are shown in Table 3.1. The Eu 3d core-level is most often
studied, as it allows a chemical analysis of the grown film. We use the Al anode for the
study of this core-level only. The kinetic energy of the electrons is very low when the
Mg anode is used (≈ 100 eV). At these low kinetic energies a strong background from
inelastically scattered electrons and the Bremsberg are present in the spectra and make
the chemical analysis impossible. Instead, the Mg anode is regularly used to identify
Auger peaks.

The hemispherical analyzer (PHOIBOS 100) and the X-ray gun are mounted at an
angle of 20° to enhance the X-ray yield in the sample and bring the nose of the X-ray
gun closest to the sample. The detector of the hemispherical analyzer is a 5 zone electron
multiplier detector (EMD) and is routinely operated with a pass energy of EP =30 eV,
yielding an instrumental resolution of [49, p 58]

EA ≈
Ep[eV] · w[mm]

R0[mm] ≈ 100 meV (3.2)

where EA is the energy resolution of the analyzer and R0 = 100 mm the mean radius of
the hemisphere.

The spectral width of the non monochromatized X-ray beam is ∆Eγ ≈ 800 meV

Atom Core-level Binding Energy [eV]
Eu 4d 128
Eu 3d 1155
Sr 3p 133
Ti 2p 458
O 1s 528

Table 3.1.: Binding energies of core-levels for EuO recorded for chemical analysis of
heterostructures on SrTiO3 [47].
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mounted in the directions of the expected film (10) direction (the (hk) notation denotes
reflexes in the 2D reciprocal space), for example at 45° ‖ (11) direction of the SrTiO3
substrate.

An image of the RHEED screen of a perfect surface shows the sharp diffraction spots
on the Laue circle. Imperfect surfaces lead to a broadening of the spots and so called
RHEED streaks. RHEED streaks are due to a finite mosaicity of the grown film. A
second variation to a RHEED pattern is the observation of all reciprocal space points
of the crystal. This indicates an island growth mode as the electrons are transmitted
through the island. In this way RHEED reflexes of the whole reciprocal space are visible
on the screen instead of being restricted to the a Laue circle.

The lattice parameter of cubic crystals can be obtained by applying Bragg’s law

nλ = 2d sin(θ) (3.4)

where n is a positive integer denoting the index of the reflex, d = a is the cubic lattice
parameter and θ is the angle between two reflexes.

The given equations are based upon a kinematic description of the scattering on
the surface. However, RHEED is a technique where strong interactions, like multiple
scattering, take place. Therefore, a dynamical treatment of the RHEED technique needs
to be applied. In this regard, Kikuchi lines have been identified. They are caused by
diffuse scattered electrons and appear as curved lines on the phosphor screen. Clear and
sharp Kikuchi lines are an indication of flat and crystalline surfaces.

Due to the reflection geometry, the RHEED technique can be used during growth [50].
However, RHEED cannot be performed during the growth of EuO, due to the fact, that
the high kinetic energies of the electrons react with the supplied oxygen and cause over
oxidation of the film.

3.4.3. Low energy electron diffraction (LEED)
Low energy electron diffraction can determine the surface structure of crystals. Figure 3.9
shows a schematic sketch of a LEED system. Here, the electron energies are between
20 eV to 200 eV and therefore the penetration depth of these electrons is already in the
range of only a few atomic layers even for the normal incidence electron beam. The
wavelength of these electrons is on the order of 2.74Å to 1.15Å, comparable to the lattice
parameter of the crystal. Applying again the Ewald construction for the 2-dimensional
case one obtains conditions for the reflected beams. The LEED pattern as seen from the
camera is an image of the reciprocal net of the crystal surface itself [51].

During the growth of an over layer the structure of the underlying substrate may be
imprinted into the growing crystal, which is called epitaxy. If however, the surfaces has
a different periodicity or orientation the net of the bulk crystal is used to describe the
surface structure. These different morphologies of the surface are called reconstructions
and can be as simple as having a doubled periodicity. In that case they are called
p(2× 2) for cubic system and the reciprocal lattice points of the surface reconstruction
are (0.5, 0.5) [51]. The surface reconstruction of the grown oxides can indicate intermixing
into the substrate and the surface reconstruction of metal films such as Pt is still under
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(a) (b) (c)
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Camera

Figure 3.9.: Sketch of (a) a LEED setup and (b) the direct (open circles) and reciprocal
lattice (full circles) of a square-symmetric crystal and (c) the two-dimensional Ewald
construction of a normal incidence electron beam and the (10) and (20) back-scattered
reflex. [51].

debate and has recently been analyzed with SPA LEED, a refinement of the LEED
technique [52]. In the scope of this thesis, growth of epitaxial bulk Pt on SrTiO3 is
studied in Section 5.3 and LEED images are routinely taken of the grown EuO film.

3.5. Ex situ characterization techniques
Before depositing the oxide film, the substrate surface morphology is measured using
atomic force microscopy (AFM) to validate the success of the TiO2 termination procedure.
Since Europium oxide is a ferromagnetic insulator, we are interested in studying the
magnetism of the grown specimen. The low ordering temperature of TC = 69 K restricts
the ferromagnetic properties to the low temperature regime. The magnetic properties
of EuO films are evaluated using volumetric magnetometers like the super quantum
interference device "SQUID" and vibrating sample magnetometry "VSM". In order to
analyze the magnetism element selectively, the reader is referred to the experimental
details in Subsection 3.6.1. Finally, the structure of the films is an important parameter,
which is investigated by X-ray diffraction (XRD). To obtain the in plane orientation
of the grown film on the substrate and to observe the mosaicity, we perform reciprocal
space mapping (RSM). The film thickness is measured byX-ray reflectivity (XRR).

3.5.1. Atomic force microscopy (AFM)
In this thesis an Asylum Research "Cypher" AFM is used with an Air holder and a tip
of the type Arrow NCR [54]. The scan is performed on a square of 5 µm× 5 µm at a
repetition rate of 5 Hz with a free amplitude of afree = 1 V. Detailed scans are performed
on a square of 1 µm× 1 µm. The AFM is operated at high z-feedback loop gains, in
order to optimize the sharpness of the image by reducing the reset time.
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Figure 3.12.: Interchangeable magnetometers: The SQUID (Quantum Design MPMS)
and VSM (Quantum Design Dynacool PPMS) magnetometer are two tools to measure
the volumetric magnetization. They are calibrated against each other and we find that
they comply within 1 % of literature values. (a) M(H) for a paramagnetic response of a
Pd sample, (b) M(T) showing the Néel transition of MnO. [57]

round robin test. The results (see Figure 3.12 show, that both devices report the magnetic
moment and temperatures within very small errors and thereby are accepted to be used
interchangeably. In the following, magnetometer measurements will be summarized as
measurements from either of the two devices.

The principle of operation of the two devices (see sketch in Figure 3.11) is based
upon a pickup coil for detection of the magnetic response of a small samples. Both
devices use the point dipole approximation as analytical model to fit the shape of the
acquired measurement data and obtain the moment in the pickup coil. The direction of
the applied magnetic field is along the (100) axis of the sample. The pickup of the signal
differs for the two devices.

Measurement principle of VSM and SQUID
In the VSM the sample is oscillated at a fixed frequency through the pickup coil and
thereby induces a voltage proportional to the magnetic dipole strength. To lower the
noise the signal is averaged over a period of 2 s at a vibration frequency of 40 Hz and a
vibration amplitude of 2 mm. The temperature range available for this device is 1.8 K to
400 K.

In the SQUID a reciprocating sample offset measurement is performed, where the
sample is repetitively moved with a low frequency of 1 Hz through the pickup loops. The
detection in the SQUID is based on the voltage of a Josephson junction, a quantum
interference device, where two superconducting half rings repel the added magnetic flux
quanta due to the Meisner Ochsenfeld effect. A sample position vs voltage graph is
recorded. The sample is moved through the pickup coil with a total displacement of
3 cm. The mounting procedure of the SQUID allows to mount the sample with either
axis (100) and (001) parallel to the field and to the pickup coils to measure in-plane (IP)
and out-of-plane (OOP) components of the magnetization.

The measurement routine on the MPMS features an automated sequence to detect
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X-rays impinging on the sample are diffracted according to Bragg’s law

nλ = 2dhkl sin(θ) dhkl =
√
h

a
+ k

a
+ k

a
(3.5)

where θ denotes the incidence angle, dhkl is the the lattice spacing of the crystal planes
with index (hkl), a is the crystal lattice parameter of a cubic crystal and n is an integer
number. Often the doubled incidence angle 2θ is presented.

The diffractometer and resolution
In the scope of this thesis a four-cycle diffractometer of type Phillips MRD Pro is used,
which has a four circle goniometer in the Bragg-Brentano geometry. The X-ray anode
is monochromatized and uses a Cu anode. Through the monochromator Cu K α1+2
radiation with wavelength of λ1 = 1.540 059Å and λ2 = 1.541 070Å is transmitted [60].
In the case of our experiment we find the intensity relationship between the two peaks
as I(λ1) : I(λ2) = 2.2 : 1. The double peak structure is only resolvable for very sharp
peaks like the substrate reflex SrTiO3 (002) (See Figure 3.13 (a)). Here, the double peak
shows a separation of 0.089°, while the FWHM of the peak is 0.04°.For the broader EuO
(002) peaks the width of 0.33° will not resolve this double peak and therefore no further
correction will be applied. This analysis is helpful to decide whether a specimen is a
twinned crystal or a double peak is just caused by the excitation.

Out of plane XRD scan for cubic lattice parameter determination
To determine crystal lattice parameters for the square systems usually the out of plane
reflexes suffice. They are located along the (00l) directions and show the highest
intensities. Due to the structure factor of the materials symmetries some reflexes are
forbidden. For example in fcc materials only reflexes of either purely even or purely odd
(hkl) are allowed. Therefore, it is expected to see only EuO (which is a fcc material)
reflexes like e.g. (002), (004), (113). In the case of the primitive space group of SrTiO3
all reflexes are allowed and therefore (001), (002) [...] are possible. [61]

Reciprocal space mapping
Growing two materials on top of each other a multitude of effects can occur. Above a
certain thickness, the film will relax to its bulk lattice constant. I it can form mosaics
or build grain boundaries. Moreover, the limited thickness of the film can broaden
the diffraction peak. In order to study these effects reciprocal space mapping of two
close lying reflexes from the substrate and the film is performed. In RSM the 2θ axis
(detector axis) and the ω axis (sample axis) are scanned simultaneously, measuring a
2D map of both angles. This map represents the momentum transfer of the diffracted
X-rays perpendicular to the crystal surface q⊥ and q‖ parallel to the crystal surface [59,
p 480]. Figure 3.13 (b) shows the effects that lead to a broadening of the the XRD
peak in the reciprocal space map. The phase denoted as strain effect is pointing in the
direction of the origin where q⊥ = q‖ = 0. Orthogonal to this is broadening caused by
the mosaicity of the film. Film thickness effects are parallel to the q⊥ direction while
island growth is indicated by components broadened in the direction of q‖. The direction
of the broadening related to mosaicity and composition changes depending on the peak
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location in the (q⊥, q‖) space, therefore we indicate in our RSM always the direction of
the origin.

X-ray reflectometry
The thickness of the grown film is an important parameter. As the experimental growth
technique for EuO growth heavily relies on the fact, that non-oxidized Eu metal is
re-evaporated from the sample surface the reading from the quartz micro balance is not
directly related to the thickness of the film (see chapter 4). Hence the X-ray reflectometry
(XRR) technique is employed, by using the same machine above with small incident
angles in the range 2θ ≈ 0°− 5°. The X-rays are reflected from the interfaces between
layers, due to change in optical density. The reflected beams interfere with each other
and produce a characteristic oscillation in the intensity. The angle difference between
two interference maxima can be used to obtain the thickness and roughness from the
films by applying a fit model using the Parrat algorithm [59, p 459].

3.6. Synchrotron-based photoelectron
spectroscopy

Europium monoxide and SrTiO3 feature a rich variety of individual and interface-induced
magnetic and electronic properties. This can range from interfacial two-dimensional
conductivity, due to a redox process between EuO and SrTiO3, to the enhancement
of the ordering temperature of EuO by the deposition on top of a Co layer. In order
to measure these interface properties with X-ray techniques, synchrotron sources are
needed, as tunable photon energies and switchable light polarization are not commonly
available in lab sources. Furthermore, EuO is a challenging material to prepare due
to its metastability and we perform chemical depth profiling to evaluate effects of the
substrate supplied oxygen during growth.

We employ synchrotron radiation in threefold ways. First, experiments are performed
PETRA III and BESSY II with hard X-rays to study the depth profile of the sample
by utilizing the higher information depth of high kinetic energy electrons. Second,
experiments at I10 of DIAMOND light source are performed to study the element
selective circular magnetic dichroism (XMCD) for soft X-ray absorption spectroscopy
(XAS). Hereby the element selective character of this magnetic probe is employed to
elucidate the magnetism of EuO and its interface for example with Co. HAXPES can be
used at PETRA III with circular dichroism HAX-MCD and allows the study of buried
layers and their interface to EuO. Finally the CASSIOPEÉ beamline at synchrotron Soleil
provides light from the UV range to soft X-rays to perform angle-resolved photoelectron
spectroscopy (ARPES), which allows observations relating to the valence band electronic
structure (band structure) of the material and angle-resolved soft X-ray photoelectron
spectroscopy (ARXPS) to study the depth structure of interfacial oxides.

The hard X-ray experiments are introduced in the next section. In Subsection 3.6.2
we describe the experiment performed at CASSIOPEÉ and finally in Subsection 3.6.3
the X-ray absorption MCD experiments at Diamond are described.
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3.6.1. Hard X-ray photoelectron spectroscopy
HAXPES at HiKE, KMC-1, BESSY II, Berlin
Hard X-ray photoelectron spectroscopy (HAXPES) is a technique where X-rays with
photon energies of Eγ =2 keV to 10 keV are used to irradiate a sample and excite
photoelectrons of high kinetic energy. In Europe currently only three beamlines exist,
at which this technique is available: HiKE endstation at KMC-1 beamline at BESSY
II, Berlin, P09 at PETRA III in Hamburg and GALAXIES at Synchrotron Soleil in
Saint-Aubin, France. In the scope of this thesis experiments are performed at the
first two mentioned beamlines. The implications of hard X-rays are summarized in
Subsection 2.3.4.

The HiKE endstation is located at the KMC-1 beamline at the 3rd generation syn-
chrotron BESSY II. In the storage ring electrons with a kinetic energy of 1.7 GeV are
stored with a top-up mode at a current of 300 mA. The beamline features a photon
flux of 1× 1011 ph/s at 4 keV photon energy from a dipole magnet insertion device. The
monochromator of the beamline is a double-crystal monochromator (DCM) with Si(111),
Si(311) and Si(422) crystals achieving a beamline resolution of 200 meV at 6 keV with the
Si(422) crystal and 50 meV using Si(111) at the 3rd order reflection. In practice a trade
off between photon energy and the connected properties penetration depth, photon flux,
resolution and the photoelectron cross section has to be made Using a Scienta R4000
hemispherical analyzer with a retarding voltage of up to 12 kV the photoelectrons are
detected. The spectrometer is mounted in a normal emission geometry, while the beam
impinges at grazing incidence. The energy limits for the beamline are hν = 2− 12 keV.

Additionally, the endstation is equipped with a X-ray fluorescence spectrometer in
back-scattering geometry to detect the partial fluorescence yield of the absorbed X-rays
and thereby study the hard X-ray absorption of the sample. A sample current meter
allows the measurement of the total electron yield for hard XAS. With the high photon
energy supplied by the beamline it is possible to study the Eu L3 edge at hν = 6975eV
(see Section 4.4) [62, 63].

HAXPES at P09, PETRA III, Hamburg
The HAXPES endstation is located at PETRA III, DESY, Hamburg. PETRA III is a
highly brilliant synchrotron source with a storage ring for 6 GeV electrons at a beam
current of 100 mA. The beamline is specified for photons in the range of 2.7 keV to
15 keV. Much higher fluxes of up to 2× 1013 ph/s at 8 keV can be achieved. This allows
for much faster scans and compensates for the lower cross sections at the higher photon
energies.

Upstream of the undulator the beamline has a DCM with two crystal pairs Si (111)
and (311) and a channel cut secondary monochromator. The second monochromator
is set to a fixed photon energy of 5945.56 eV. Due to this fixed energy, monochromator
drift is virtually absent and the photon energy resolution is improved to <100 meV.
The electrons are detected with a SPECS PHOIBOS 225 HV analyzer. In total the
experimental resolution can be 100 meV. In practice a higher pass energy is used and the
total width of a measured Au Fermi-edge results in 308 meV. Using the phase retarder
the light is over 99 % linearly polarized.
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Figure 3.14.: Images of the CASSIOPEÉ endstation (a) high resolution ARPES
chamber, view onto the LHe cryostat and (b) the MBE chamber, where magnetic 2DEG
heterostructures were prepared for direct measurement of the valence band structure
[68].

XMCD using hard X-rays
The beamline features a transmission diamond phase retarder, which can modify the
polarization to left and right circularly polarized light [64]. In this way hard X-ray
magnetic circular dichroism can be measured to asses the element selective magnetic
properties of buried layers such as ex situ EuO films on SrTiO3.

In order to magnetize the heterostructure, a magnet feed trough is mounted on a z drive
and a permanent magnet with an approximate flux of 1 T can be brought into contact
with the sample holder. The sample environment is in the UHV range of 1× 10−9 mbar
and can be cooled with a liquid He cryostat to T < 30 K. [65–67]

3.6.2. UV and soft X-ray angle-resolved photoelectron
spectroscopy

In the following, the high resolution ARPES endstation and the MBE preparation
chamber at CASSIOPEÉ beamline are described.

The beamline is located at the 3rd generation synchrotron SOLEIL with a electron
energy of 2.75 GeV and a beam current of 300 mA. The X-rays and the UV light is
produced by two different undulators built to span overlapping energy regions. The UV
undulator produces photons in the energy range of Eγ = 7.5 eV to 120 eV, while the high
energy undulator operates in the soft X-ray regime in the energy range 100 eV to 1250 eV.
The high resolution is achieved using a monochromator consisting of a plane grating
and a plane mirror with a resolution of 30 meV. The analyzer is a Scienta R4000 type
analyzer. The sample manipulator has four axis of freedom and allows for motion in the
x, y, z, and θz direction (θ makes rotation axis along the z direction). The sample can
be cooled down to 5 K by a liquid He cryostat with a heat shield to completely surround
the sample.

The MBE chamber is used for sample preparation. Here temperatures of up to 1000 ◦C
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can be reached, monitored with a pyrometer. For deposition a low temperature Knudsen
cell is available with quartz micro balance rate monitoring.

The wide photon energy range of the two undulators is used to not only study the
electronic structure of the heterostructures, but also to study the oxidation state of Eu
and SrTiO3 as a function of the angle as described in Subsection 2.3.6.

3.6.3. Soft X-ray absorption spectroscopy and magnetic
dichroism

In order to identify which element is responsible for a measured volumetric magnetism it
is necessary to utilize an element selective probe. Soft X-ray absorption magnetic circular
dichroism (XMCD) is ideally suited in order to analyze magnetic heterostructures (see
Figure 3.15). In this regard we perform XMCD XAS experiments at grazing incidence.

The Diamond Light Source in Didcot, UK is a 3rd generation synchrotron with an
electron energy of 3 GeV and a beam current of 300 mA. The beamline I10 "BeamLine
for Avanced Dichroism Experiments" (BLADE) is a soft X-ray beamline with an energy
range of 0.4 keV to 2 keV. The beamline is equipped with two APPLE II undulators.
The undulators utilize a shiftable magnet array, to produce circularly polarized light. A
plane grating mirror monochromator is used to reduce the photon energy width down to
300 meV.

BLADE offers two endstations: we performed experiments at the high magnetic field
X-ray absorption endstation (XAS). The near grazing incidence geometry R = 80° is
chosen, as the thin films are expected to have a mostly in-plane easy axis of magnetization.

The sample environment can be cooled down to 3 K and magnetic fields of 14 T can
be applied. The sample chamber is equipped with two X-ray fluorescence diodes in
back-scattering geometry and a sample current measurement. Hereby, the fluorescence
yield and the total electron yield can be measured simultaneously. Fluorescence yield
measurements are sensitive to the bulk of the film (such as the interface region between
two magnetically different films). This is due to the fact that the X-ray inelastic mean
free path is on the order of several 100 µm. Total electron yield measurements are limited
by the much shorter electron inelastic mean free path and due to this fact are a more
surface sensitive measurement.

Hysteresis of the samples can be measured by automatically sweeping the field of the
magnet and switching the helicity at each point from positive to negative helicity, ensuring
two measurements at the same magnetic field and eliminating undulator backlash induced
changes in the photon energy or time related effects.

In Figure 3.15 we show exemplary data ofDyFe2/YFe2. When the film is first analyzed
with VSM a complex hysteresis loop is found. Due to the volumetric measurement of
the VSM it is not possible to disentangle, which component contributes to which feature.
Measuring the XMCD of the same film it can be shown, that the Dy- and Fe-XMCD
signal clearly show the inter-layer coupling and thereby allow an understanding of the
magnetic heterostructure.







CHAPTER 4

Oxygen-free growth of thin EuO films

In this chapter we discuss the synthesis of Europium oxides and their deposition on oxides
such as transparent conductive indium tin oxide (ITO) or transition metal dichalcogenides
like SrTiO3 or BaTiO3. Since Eu is a highly reactive metal, the synthesis of europium
monoxide poses considerable experimental challenges. We demonstrate a new route to
prepare EuO films by utilizing the oxidic substrate as the supply of oxygen and controlling
the latter by deposition parameters. First, we consider experimental techniques, evaluate
the deposition of EuO using a new MBE system on an established substrate and develop a
quantitative analysis method for Eu films by utilizing XPS. Section 4.5 shows results from
the deposition of EuO on ITO published in Gerber, T., Lömker P. et al., "Thermodynamic
stability and control of oxygen reactivity at functional oxide interfaces: EuO on ITO" J.
Mater. Chem. C 4, 1813–1820 (2016).

In Section 4.6 and Section 4.7 we develop a novel approach of redox EuO growth by
utilizing SrTiO3 substrate supplied oxygen. This technique is then extended to a range
of other oxidic substrates to demonstrate the universality of this approach.

4.1. From europium to europium-oxide
The synthesis of EuO is performed using an oxide MBE system. Here, we supply Eu-metal
with an e-gun and oxygen molecules with a specialized gas inlet (see Figure 3.2). Due to
the fact, that Eu-metal can re-evaporate from a hot EuO surface (see Subsection 2.1.1)
significant deviations of the sticking coefficient of Eu metal on the substrate are expected.
This is due to the varying rate of Eu re-evaporation from an inert surface. However,
in this thesis oxide substrates are used. The reactivity of the Eu atom initiates the
formation of oxides from the substrate supplied oxygen. Depending on the temperature
the thermodynamically preferred oxidation state may change and so does the available
oxygen at the interface. Therefore, the properties of over-layers of oxides of europium
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Vuc [Å
3] f [f.u./u.c.] ICSD

Eu 95.88 2 44720
EuO 135.96 4 53437

Table 4.1.: Unit cell volume Vuc and number of formula units per unit cell f for Eu
and EuO.

are complex. In this section the different properties of Eu and its oxides are compiled
and considerations for the growth rates are made.

For an analysis of the thermodynamics the reader is referred to Section 4.5 and
Section 4.6.

Flux and growth rate
In an ideal case of EuO growth, equal amounts of Eu atoms and oxygen atoms are
present in the film and the ratio between the fraction of Eu (O) atoms nEu (nO) is

R = nEu
nO

= 1 (4.1)

In the experiment we obtain R = 1 , if pO2 = p0, the pressure of oxygen for deposition
of stoichiometric EuO.

In the case of oxidic substrates, oxygen diffusion needs to be taken into account and
we realize that

nO = nO,substrate + nO,supply, (4.2)

where the substrate and externally supplied oxygen atoms are considered.
The growth rate of the EuO film aEuO can be calculated from jEu, the rate of impinging

Eu atoms, at R = 1 and the crystal structure of EuO to yield

aEuO = jEu
fEuO

· VEuO
Asub

, (4.3)

where Asub is the surface area of the substrate and f denotes the number of formula
units of EuO per unit cell.

At the oxide MBE we measure the flux aEu with a quartz micro-balance. To determine
aEuO from the quartz reading, the crystal structure of Eu metal needs to be considered.
The cell volumes and formula units per unit cell f for Eu and EuO are given in Table 4.1.

Therefore, the growth rate of EuO is determined from the measured parameters as

aEuO = Vuc,Eu
Vuc,EuO

fEu
fEuO

aEu ≈ 0.709 jEu (4.4)

This relation holds as long as Eu atoms do not re-evaporate from the surface. An
external determination of the true thickness (by XRR for example) will show, that



4.2. Stoichiometric growth of EuO on yttria-stabilized zirconia 51

Figure 4.1.: XPS analysis of the influence of pO2 for EuO films on YSZ at jEu = 0.13 Å
s .

Left: pO2 ≥ p0, indicating over-oxidized mixtures of EuO and Eu2O3. Right pO2 ≤ p0 for
metal rich EuO1–x . During the measurement ε = 0.70 and TS = 400 ◦C. Measurement
performed by Dr. Timm Gerber.

Compound Valence EB [eV] Reference
Eu Eu0 1125.0 [70]
EuO Eu2+ 1124.9 [71]
Eu2O3 Eu3+ 1135.6 [71]

Table 4.2.: Electron-binding energies of the three Eu valencies associated with Eu, EuO
and Eu2O3 in the 3d core-level.

jEuO,real < jEuO , when compared to the expectation we have found for the ideal flux-
matched case. Hereby it is possible to quantify the re-evaporation of Eu metal from the
surface for cases where R > 0, i.e. the oxygen partial pressure is lower than p0.

As the reaction of Eu on an oxide substrate can lead to the formation of Eu, EuO,
Eu3O4 and Eu2O3 a chemical analysis of the surface needs to be performed and will be
described in the following section.

4.2. Stoichiometric growth of EuO on
yttria-stabilized zirconia

The oxygen flux for the synthesis of stoichiometric EuO is a critical growth parameter. To
obtain a pressure standard we employ a well studied substrate for a reference synthesis of
EuO, namely yttria-stabilized zirconia (YSZ). In situ XPS analysis will be used to identify
the chemical composition of the prepared films. Thereby an in situ determination of
critical the growth pO2 is possible and allows a rapid optimization. The XPS spectra
recorded in this section will be used in Section 4.3 to provide a set of reference spectra
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of the doublet core-level Eu 3d and a quantitative fit procedure will be developed for the
determination of the chemical composition by XPS analysis. 1

The EuO preparation described in this section is performed at TS = 400 ◦C, where
we find that the re-evaporation of Eu-metal is not a dominant process. Contrary to
the normally used adsorption-limited deposition of EuO, this leads to stoichiometric
formation of EuO, only when the oxygen pressure pO2,0 is exactly matched to the flux
of Eu atoms. Any slight deviation of the flux ratio between Eu and O leads to either
metallization or over oxidation.

We use YSZ(001) substrates from Crystec GmbH Berlin. The samples are oriented
with (001) out of the plane and (100) parallel to the cut axis, at the factory they are
epi-polished. YSZ is a well-suited material for EuO growth, as it has a lattice parameter
of aYSZ = 5.13Å that matches perfectly with the lattice of EuO. We prepare samples
exhibiting all three phases of EuO: stoichiometric, over-oxidized and metal-rich. These
three phases can be separated by XPS by observation of the valencies of the Eu atom:
Eu , Eu2+ and Eu3+, corresponding to Eu metal, EuO and Eu2O3 respectively.

Samples are prepared by supplying a Eu flux rate of rEu = 0.13 Å
s while the growth

time is t >= 10 min to produce a significantly thick film d < 5 nm. The pyrometer is
calibrated as mentioned in Section 3.2 for the YSZ substrate and ε = 0.7. The oxygen
partial pressure is varied between pO2 =0.0 Torr and 4.6× 10−8 Torr, corresponding to
0.35 < R <∞.

We find, that stoichiometric samples are obtained for p0 = 1.6× 10−8 Torr. In order
to prepare over-oxidized samples, the oxygen partial pressure is varied in the range
of pO2 =1.6× 10−8 Torr to 4.8× 10−8 Torr, while metallic samples are produced by
reducing the p02 < 1.6× 10−8 Torr.

Figure 4.1 shows the XPS spectra taken of these films on the Eu 3d with Al K
α radiation. The spectra are presented without background correction and are all
normalized to unity on the Eu2+ 3d5/2. In figure 4.1 (a), the spectra of over-oxidized
films are shown. The spectra show Eu2+ at the binding energy of 1125 eV and 1155 eV
for the Eu 3d5/2 and the Eu 3d3/2 part of the doublet. Eu3+ peaks are detected at
1138 eV and 1168 eV. The Eu 3d core-level shows high binding-energy peaks at about
10% of the intensity and ∆E ≈ 10 eV. These are associated with the interaction of the
core-hole with the final state multiplet structure [26].

Due to the excitation with non-monochromatic X-rays, satellite lines occur and are
detected at binding energies 9.8 eV lower than the peak and with 6.4 % of the peak
intensity. As the spin-orbit splitting between 3/2 and 5/2 amounts to 30 eV peaks from
the X-ray satellite lines are easily identified.

As mentioned before, the spectrum with pO2 = 1.6× 10−8 Torr shows the XPS
fingerprint of stoichiometric EuO. The findings of XPS are supported by magnetic
measurements, RHEED, LEED and XRD (not shown). The overall conclusion of all
experiments so far is, that indeed stoichiometric EuO is grown. It is worth noting, that
a stoichiometric EuO film shows a sharp final-sate peak, as it can be easily mistaken
with Eu3+, which lies in the same region.

By increasing the O2 pressure, as described in the previous paragraph, (indicated
1 The measurements shown here were performed by Dr. Timm Gerber.
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by blue lines in Figure 4.1) the spectrum is changed. First only a broadening of the
satellite peak is observed. Increasing the pressure further the spectral weight of Eu3+
is clearly identified. For pO2 = 3 · pO2,0 the ratio between Eu2+ and Eu3+ is unity with
a stoichiometry of 1EuO+ 1Eu2O3 which corresponds to the next higher oxide of Eu,
Eu3O4.

Figure 4.1 (b) shows the metallic Eu films. However, for Eu metal-rich films there
is no new peak forming that indicates Eu metal. This is because the binding energy
of Eu0 and Eu2+ are virtually the same (see table 4.2). What is characteristic about
the reduction of EuO −−→ Eu, is a significant change in the peak shape. Eu metal in
the growing film will lead to a finite conductivity in the film and thereby induce a peak
asymmetry, caused by the excitation into the conduction band. Hereby the final-state
peak is shifted upwards.

We find that for stoichiometric EuO the 3d satellite peak has a intensity ratio of 1 : 3
in relation to the 3d5/2 peak. For increasing asymmetry, this ratio is reduced and can
be used as a guide to identify Eu metal in the spectrum. The orange line in figure 4.1
(b) deviates by 15% from R = 1 and already shows a significant shift of the satellite
and a reduction of the peak intensity ratio to 1 : 2. The magnetic measurement of these
films yields a magnetization tail, which is also indicating a metal rich film and thereby
confirms the XPS analysis (data not shown).

We have utilized YSZ substrates and XPS chemical analysis in this section to determine
the XPS fingerprints of oxide MBE grown Eu, EuO and Eu3O4 films. The spectral
shapes are checked additionally with magnetic analysis2 of the films which confirms the
XPS analysis rendering this a suitable reference set to determine the stoichiometry of
Eu films.

4.3. XPS-based stoichiometry determination of
Eu compounds

From the previous section we have learned, that there are distinct XPS core-level features
that enable a chemical discrimination of Eu, EuO and Eu2O3. In order to quantify
the chemistry of any grown EuO film by XPS, a routine to fit Eu 3d spectra from the
obtained components is put into practice.

We model the chemical composition by the spectral weight of an XPS spectrum, which
is directly related to the relative abundance of the the three types of Eu oxides. The Eu
3d spectrum can be decomposed into

I(E) = kEu · I(E)Eu + kEuO · I(E)EuO + kEu2O3 · I(E)Eu2O3 (4.5)

where k is the weighting factor of the respective component.
We obtain the intensity functions of the three Eu fractions I(E)f , where f represents

2 The magnetic measurements are omitted for brevity.
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the three samples: Eu, EuO and Eu2O3. The Eu edge is located at 6973.3 eV photon
energy. The EuO edge however is shifted by 1.4 eV to 6974.7 eV and Eu2O3 is located
another 6.9 eV towards higher photon energy. This separation is obviously well above the
total instrumental resolution and allows a discrimination of Eu and its oxides. Thereby
this route could be pursued in the future to obtain a direct chemical determination of
EuO films. The quantitative method developed for the XPS Eu 3d core-level combined
with XAS as a qualitative method for the determination of the absence of Eu-metal
could be a sensible extension.

4.5. Limitations of the distillation condition:
EuO/ITO

Functional metal oxides (MOs) are at the heart of such diverse research areas as
nano-, spin- and optoelectronics as well as catalysis, battery- and solid oxide fuel cell
technology. An exciting prospect in the field of oxide spintronics is the combination
of an insulating magnetic oxide with a conductive oxide electrode. Such a magnetic
tunnel junction can be used to generate highly spin-polarized currents [45, 74]. In
this work, we propose and study a prototype hetero-structure for such application,
which is composed of a ferromagnetic insulator, europium monoxide (EuO), and a
transparent conducting electrode, Sn-doped In2O3 (ITO) [75]. In addition to the ’spin
filter’ ability, the transparency of the substrate allows for in operando probing of the
EuO’s magneto-optical response [76].

High-quality MOs are typically synthesized by thoroughly controlled high-temperature
metal-oxygen reactions [77]. Integrating MOs into multi-functional oxide hetero-structures
requires a fundamental understanding of these chemical processes, in order to prepare
stable oxide phases with atomically sharp interfaces. The careful control of elemental
fluxes and temperature is particularly important for growing metastable ferromagnetic
EuO with its very narrow parameter range for stoichiometric synthesis: If the ratio of
europium metal and oxygen flux JEu/JO only slightly deviates from unity, either Eu
metal-rich EuO1–x or the over-oxidized, paramagnetic phases Eu3O4 and Eu2O3 are
formed [14]. By applying an adsorption-controlled EuO growth mode, the so-called
distillation method, the narrow parameter space can be expanded. This method implies
a flux ratio JEu/JO > 1 and an elevated growth temperature which is high enough to
enable the re-evaporation of excess Eu metal [14, 78–82].

At elevated growth temperatures, however, chemical reactions between the functional
EuO layer and the substrate may occur, thereby yielding undesired interface contaminants.
On Si substrates, these processes can be suppressed by the careful choice of buffer layers
e. g. SiOx [83] or SrO[84], as well as by surface passivation e. g. through formation of EuSi
[85]. Thermodynamic stability of EuO with the substrate or buffer layer is important
because it signals the absence of a driving force for such reactions[86]. While an exhaustive
knowledge of the thermodynamic stability of semiconductor-oxide [87] and metal-oxide
[15, 88] interfaces is available in literature, fundamental insights into the thermochemistry
of all-oxide hetero-structures are surprisingly sparse.
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Figure 4.4.: Principle of a HAXPES depth profile: the escape depth of the photoelec-
trons depends strongly on the chosen excitation energy.

In this regard, we investigate the impact of the thermodynamic properties on the
growth, interface chemistry and magnetic functionality of EuO on ITO virtual sub-
strates. We employ hard X-ray photoelectron spectroscopy (HAXPES) as a powerful
non-destructive and element-sensitive probing technique [89, 90]. HAXPES enables the
chemical depth profiling of the functional oxide layer and the buried hetero-interfaces, as
schematically depicted in Fig. 4.4. We show that thermally activated oxygen diffusion at
the EuO/ITO interface limits the application of the otherwise beneficial EuO distillation
method. Our study is corroborated by a comprehensive thermodynamic analysis of the
EuO/ITO hetero-system. Applying these complementary methods yields a fundamental
understanding of the origin of the oxygen reactivity at the EuO/ITO interface, and
allows us to significantly optimize the stability of ferromagnetic EuO on ITO virtual
substrates. In view of the significance to control oxygen reactivity at oxide interfaces,
we derive guidelines for a suitable choice of substrates and buffer layer materials for
all-oxide hetero-structures

Experimental
Virtual ITO substrates were prepared by depositing 50 nm thick ITO films via pulsed
laser deposition (PLD) onto epi-polished (001)-oriented yttria-stabilized zirconia (YSZ,
composition Zr0.87Y0.13O1.935). ITO/YSZ(001) heteroepitaxy is achievable, because the
YSZ lattice constant aYSZ = 5.142Å almost equals half that of ITO (aITO = 10.13Å),
with a tensile lattice mismatch of aITO/(2 · aYSZ) ≈ +1.5 % [91]. PLD deposition of
ITO was performed using a target with the composition In1.8Sn0.2O3 (MaTeck GmbH,
Jülich), a KrF excimer laser (wavelength 248 nm, 40 ns and 1 J per pulse) with an O2
background pressure pO2 = 5× 10−3 mbar [92]. During ITO growth, the YSZ substrate
temperature was set to TS ≈ 300 ◦C.

Thereafter, the ITO virtual substrates were transferred ex situ to an MBE system with
a residual gas pressure p < 10−10 mbar, where they were annealed in ultrahigh vacuum
at TS = 550 ◦C for t = 2 h3. For subsequent EuO growth, the substrate temperature was

3 We note that ITO is stable under these conditions (see Fig. 4.9).
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set to either room temperature (RT) or 400 ◦C. Stoichiometric EuO was synthesized
by e-beam evaporating 99.99 % pure Eu with a deposition rate of 0.13Å/s in an O2
atmosphere. Using specialized gas inlets, the oxygen gas was equally distributed to
the sample surface and to a quadrupole mass spectrometer (QMS) which was used to
carefully control the partial O2 pressure. We applied a flux ratio of JEu/JO = 1 which in
our setup corresponds to pO2 = 1.7× 10−9 mbar at the QMS. This value was determined
by growing EuO on YSZ with varying O2 pressure [71] . EuO growth was always initiated
by exposing the sample to Eu metal flux. Subsequently, the O2 flux was ramped to the
desired value within approx. 30 seconds.

Structural analysis of the EuO/ITO samples was carried out in situ by reflection
high energy electron diffraction (RHEED) and low-energy electron diffraction (LEED).
Further ex situ structural analysis was carried out by X-ray diffraction (XRD) using an
Philips X’Pert MRD four-circle diffractometer. Prior to all ex situ measurements the
samples were capped with an Al layer (d = 10 nm) to prevent further oxidation of the
metastable EuO films in air.

Magnetic characterization was carried out using a Quantum Design superconducting
quantum interference device (SQUID) magnetometer. In-plane hysteresis loops were
measured at T = 5 K and M(T ) curves were recorded warming up the sample in an
alignment field of 100 Oe. The data was corrected for a paramagnetic background caused
by the substrate and normalized to the nominal thickness of the EuO layer.

For chemical analysis and element-selective depth profiling, hard X-ray photoemis-
sion spectroscopy (HAXPES) experiments were conducted at the KMC-1 beamline at
BESSY II (Berlin) with the HIKE endstation [63]. Si(111) and Si(311) double crystal
monochromator were used to generate photon energies between 2010 eV and 5000 eV.
The total energy resolution ranges from 320 meV to 500 meV and the information depth
from ∼10 nm to ∼25 nm. The binding energy scale was calibrated by measuring the
4f level of an Au foil attached to the sample manipulator. Eu 3d and In 3d spectra
were recorded at room temperature and in normal emission geometry. For quantitative
analysis the spectra were corrected by Tougaard backgrounds to account for inelastic
photoelectron scattering and fitted by convoluted Gaussian-Lorenzian peak shapes. The
relative error of intensities estimated in this way is assumed to be 10 %.

Three types of EuO/ITO samples are discussed in the following: Type (i): 4 nm
EuO/ITO with the EuO layer grown at TS =400 ◦C, type (ii): 4 nm EuO/2 nm YSZ/ITO
with the EuO layer grown at 400 ◦C, but with an additional PLD-grown 2 nm thick
YSZ buffer layer, and type (iii): 4 nm EuO/ITO with the EuO layer grown at room
temperature (RT).

Results and Discussion
ITO Virtual Substrates

First, we characterize the ITO/YSZ(001) virtual substrates utilized for subsequent EuO
growth. Fig.4.5 (a) shows the XRD pattern of a 50 nm thick ITO film on YSZ (001).
Only intense peaks of ITO (00l) and YSZ (00l) are observed, thereby confirming the
epitaxial relation ITO(001)||YSZ(001). A rocking curve of the ITO (006) peak (data not
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Figure 4.5.: Structural characterization of a 50 nm ITO film deposited on YSZ. (a):
XRD scan with out-of-plane diffraction peaks of ITO (red) and YSZ (gray), (b): RHEED
image taken with 10 keV at a substrate temperature TS = 400 ◦C, (c): LEED image
recorded with 74 eV at TS = 225 ◦C.

shown) yields a full width at half maximum (FWHM) of only 0.4°, which is comparable
with previous work [91]. From a Nelson-Riley analysis of the ITO (002) and (006) peaks
we determine an out-of-plane lattice constant aITO = 10.106Å, which is 0.21 % smaller
than the ITO bulk lattice parameter. This uniaxial compression of ITO is likely due to
the counteracting in-plane tensile strain of 1.5 % induced by the YSZ substrate.

Fig.4.5 (b) and (c) show RHEED and LEED images of the ITO/YSZ(001) substrates
after annealing in UHV. We observe sharp streaks in the RHEED pattern, which indicate
an atomically flat ITO (001) surface. The LEED pattern shows cubic symmetry, whereby
the second-order ITO reflections coincide with the first-order reflections of the YSZ
substrate. We thus conclude, that the ITO film grows epitaxial on YSZ with the cube-
on-cube orientation ITO(001)||YSZ(001) and ITO(010)||YSZ(010), fully consistent with
the ex situ XRD data.

EuO on ITO: Depth-Profiling of Chemical Composition

Next, the properties of EuO ultra-thin films (d = 4 nm) grown on ITO(001) virtual
substrates are discussed. For sample type (i), we applied an EuO growth mode with
TS = 400 ◦C and a flux ratio JEu/JO = 1, which yields perfectly stoichiometric and
single-crystalline EuO thin films on cubic oxide substrates as e. g. YSZ [71]. Fig. 4.6 (b)
shows the RHEED pattern of sample type (i). We observe diffraction spots characteristic
for epitaxial growth. However, the spots are very broad indicating a rough surface and
three-dimensional island growth.

In order to examine the depth-dependent chemical properties of EuO/ITO sample type
(i), we used HAXPES to investigate the Eu 3d core level. This core level is spin-orbit
(SO) split into a 3d5/2 and 3d3/2 component separated by ESO = 30 eV [26]. The 3d5/2
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Figure 4.6.: Top row: Sample type (i): 4 nm EuO grown at 400 ◦C. Middle row:
Sample type (ii): 4 nm EuO grown at 400 ◦C with a 2 nm YSZ buffer layer. Bottom
row: Sample type (iii): 4 nm EuO grown at room temperature. (a), (e), (i): Schematic
representation of the layer stacking. (b), (f), (j): RHEED images taken with 10 keV.
(c), (g), (k): HAXPES spectra of the Eu 3d5/2 core level. (d), (h), (l): HAXPES
spectra of the In 3d5/2 core level. All spectra are normalized to the Eu3+ or In3+

components, respectively, except for the 2010 eV spectrum in (h) which could not be
normalized due to weak intensity.
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component is shown in Fig 4.6 (c). It reveals a chemical shift between divalent Eu2+

contributions – the signature of stoichiometric and ferromagnetic EuO – and trivalent
Eu3+, which assigns over-oxidized phases. For a photon energy of 2010 eV, the fit yields
a spectral weight of the Eu2+ components of 27 % and of Eu3+ = 73 %. Obviously, a
major amount of over-oxidized phases has formed during growth despite applying a flux
ratio of JEu/JO = 1.

In order to get depth-sensitive information of the chemical composition, we recorded
the Eu 3d5/2 multiplet with the incident photon energy varying from 2010 eV to 5000 eV,
as shown in Fig. 4.6 (c). The corresponding fit results are summarized in Fig. 4.7 (a).
We observe, that the relative intensity of the Eu2+ component gradually decreases with
increasing photon energy, i. e. with increasing bulk sensitivity. This result indicates, that
the amount of stoichiometric EuO decreases from the surface towards the EuO/ITO
interface.

We therefore conclude that – although the O2 flux is fine-tuned to match the Eu flux
during growth – the ITO virtual substrate likely acts as an additional source of oxygen,
resulting in a significantly enhanced fraction of over-oxidized EuO phases mainly located
at the EuO/ITO interface. Consequently, the growth conditions need to be refined for
synthesis of stoichiometric EuO on ITO.

In the following, we discuss two strategies to suppress the oxygen diffusion from the
ITO virtual substrate during EuO growth.

First, we apply the same growth conditions (TS = 400 ◦C, JEu/JO = 1) but insert a
2 nm thick PLD-grown YSZ buffer layer on top of the ITO virtual substrate (sample
type (ii)). YSZ was chosen as a buffer layer material, since EuO grows with high
crystalline quality directly on YSZ substrates [79]. The results are compiled in the
middle row of Fig. 4.6. The RHEED pattern in Fig. 4.6 (f) shows diffraction spots which
are characteristic for three-dimensional island growth. However, they are sharper than
those observed for sample type (i), thus suggesting a lower surface roughness of the EuO
film grown on 2 nm YSZ/ITO. From the HAXPES depth profile in Fig.4.6 (g), we find
that the spectral intensity of the Eu2+ components is 60 % for the lowest photon energy
(i. e. largest surface sensitivity) and decreases gradually to 25 % for the largest photon
energy of 5000 eV (i. e. largest bulk sensitivity). The content of stoichiometric EuO is
clearly enhanced compared to sample type (i). However, the EuO/ITO interface is still
dominated by over-oxidized phases. Thus, the YSZ buffer layer hinders oxygen diffusion
from the substrate but cannot completely prevent it.

Our second strategy to hinder oxygen diffusion from the ITO virtual substrate is to
grow EuO directly on ITO using the flux ratio of JEu/JO = 1, but with the substrate
kept at room temperature. Oxygen diffusion in oxides typically follows an Arrhenius
law, and the oxygen mobility in ITO is negligible at room temperature 4.

For sample type (iii), the RHEED pattern in Fig. 4.6 (j) reveals diffraction rings that
are indicative of a poly-crystalline EuO film. The corresponding HAXPES spectra in
Fig. 4.6 (k) show an Eu2+ ratio of about 60 % and only small changes of the Eu2+ 3d
spectral intensity within the HAXPES depth profile. The relatively small variations of the
4 From the data in ref.[93] the diffusion coefficient was extrapolated to be 1.5× 10−17 cm2

s−1 at room temperature.
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(a)

(c) (d)

(b)

Figure 4.7.: (a): Relative Eu2+ intensity as estimated by fits to the HAXPES data
shown in Fig.4.6 (c,g,k). (b): Relative intensity IITO and IIn of the HAXPES depth profile
shown in Fig.4.6 (l). Lines in (a) and (b) are guides to the eye. (c): Determination of the
EuO layer thickness for sample type (i) and (ii) gives dEuO = 0.2 nm and dEuO = 1.3 nm,
respectively. (d): Determination of the In metal layer thickness for sample type (iii)
gives dIn = 2 nm.

Eu2+ intensity indicate that the chemical composition of the EuO layer is homogeneous.
Finally, we performed a complementing HAXPES depth profiling analysis of the In 3d

core levels of the buried ITO virtual substrate. The spectra of sample types (i) and (ii)
are displayed in Fig. 4.6 (d) and (h). They consist of two components: a sharp component
located at 444.9 eV, which denotes trivalent In3+ (as expected for Sn:In2O3)[94] and
a second, broad component located at 445.7 eV which can be attributed to screening
effects caused by the Sn dopants [95] .

In contrast, sample type (iii) reveals an additional spectral feature in the In 3d core
level as depicted in Fig. 4.6 (l). For the largest photon energy (largest bulk sensitivity),
the spectra are comparable to those of sample types (i) and (ii), but possess a small
shoulder at the low binding energy side of the In3+ peak. This feature located at 443.9 eV
is characteristic for metallic In0 [94]. The relative intensities IITO and IIn are shown in
Fig. 4.7 (b)5. IIn increases with decreasing photon energy and dominates the spectrum
at the lowest photon energies, i.e. at the highest surface sensitivity. We thus clearly find
In metal present at the EuO/ITO interface of sample type (iii).
5 IITO takes both ITO components i.e. In3+ and Sn:In3+ into account (see supporting

information).
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Figure 4.8.: Magnetic characterization of sample types (i)-(iii). For reference, a thicker
film is shown (same growth procedure as sample type (iii) but with d = 9 nm) (a): M(H)
hysteresis loops at 5 K. (b): M(T) curves with an alignment field of 100 Oe.

In order to estimate the thickness d of the In0 layer from our HAXPES data we
assumed the layer to be discrete. In this case one can apply the relation[35]

ln
(

1 + R

R∞

)
= d

λIn
with R = IIn

IITO
; R∞ = I∞In

I∞ITO
= σInλIn
σITOλITO

(4.9)

where R is the ratio of the spectral intensities IIn to IITO as they are shown in
Fig. 4.7(b), and R∞ is the ratio of intensities of bulk reference samples of these materials.
The latter can be calculated from λ i.e. the respective effective attenuation length (EAL)
6 and σ i.e. the atomic density. As depicted in Fig. 4.7 (d), plotting ln(1 + R/R∞)
vs. 1/λIn gives a straight line that validates the assumption of a discrete In0 layer with
sharp interfaces and yields a layer thickness dIn = 2 nm. The thermodynamic origin of
the In layer will be discussed in section 4.5.

In the same way, we analyzed the effective thickness of the EuO layer in samples (i)
and (ii), see Fig. 4.7(c). Here, we assume that a discrete EuO layer is present on top of
an Eu2O3 layer which is in contact with the substrate. For sample (ii), this approach
yields a thickness of dEuO = 1.3 nm. This is about 1/3 of the total film thickness which
is agreeing reasonably well with the chemical composition of the film (approx. 1/4 Eu2+).
For sample (i), we find a value of dEuO = 0.2 nm which would be only 1/20 of the film’s
thickness. This is much less than expected from the chemical analysis. We conclude that
in the case of this sample we cannot assume that a discrete EuO layer is present but
rather EuO islands on top of Eu2O3.

Magnetic Properties

We complement the structural and chemical characterization of the EuO/ITO samples
by probing their magnetic properties. Fig. 4.8 (a) shows the respective M(H) hysteresis

6 EALs are calculated with formula (8) of ref.[96] . The therefor necessary inelastic mean free
path (IMFP) and transport mean free path (TMFP) were simulated in SESSA [97] .
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b)a)

Figure 4.9.: (a): Ellingham diagram for oxygen reactions at the EuO-ITO interface
calculated with thermodynamical data from refs. [98, 99] . Gibbs free energy change of
reactions (4) - (7) are indicated by straight lines. Stable conditions for EuO and ITO are
marked by the hatched areas. Gray lines show constant O2-pressures. (b): Ellingham
diagram for oxygen reactions at the EuO-YSZ interface.

loops recorded at T = 5K and (b) shows M(T) curves with an alignment field of 100 Oe.
As a reference, we show the magnetic properties of a thicker EuO film (d = 9 nm)

which was grown in the same way as sample (iii) i. e. deposition onto an ITO virtual
substrate at room temperature. For this reference sample, we observe a square magnetic
hysteresis loop with a coercive field of HC = 300 Oe and a saturation magnetization of
6.5µB per formula unit i. e. close to the bulk value of 7µB/f.u. Furthermore, the M(T )
curve in Fig.4.8 (b) follows a Brillouin-like shape with a Curie temperature TC = 70 K,
thus, almost perfectly matching the bulk value of 69 K. We conclude that EuO with
bulk like magnetic properties can be obtained by room temperature deposition onto ITO
virtual substrates.
For sample type (iii), we observe a hysteresis loop with HC = 320 Oe and a saturation
magnetization of 4.6µB per formula unit. We note that the measured magnetization of
all samples was normalized by the nominal film thickness of 4 nm. The effective EuO
thickness, however, is much thinner due to the presence of Eu3+ phases which results in
an underestimation of the saturation magnetization of the Eu2+ (i. e. EuO) phase. The
corresponding M(T ) curve shows a Curie temperature of TC = 60 K. This reduced Curie
temperature is expected for EuO in the ultra-thin film limit [19, 44] .
Consistently, samples (i) and (ii) which contain more Eu3+ contaminants show magnetic
hysteresis but with further reduced saturation magnetization. We find that TC is reduced
dramatically for these two samples due to a very low effective thickness of the EuO layer.
The nominal layer thickness is already 4 nm, but - as pointed out above - the effective
thickness of the EuO layer is lower because these two samples contain mostly Eu2O3.
Using Eqs. 1, we determined the thickness of the EuO layer in sample type (ii) to be
1.3 nm.

The chemical composition of the samples as reflected by the spectral weight of Eu2+

or Eu3+ cations is, thus, fully consistent with their macroscopic magnetic properties.
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Thermodynamic Analysis and Discussion
Combining the results on the three sample types, we derive the following picture of
EuO synthesis on ITO: Besides the oxygen gas which is supplied during the reactive
MBE growth process, the ITO virtual substrate is an additional supplier of oxygen
(Fig. 4.10(a)). The substrate is reduced by the presence of EuO to In metal while EuO
over-oxidizes to Eu3O4 and Eu2O3. The chemical reactions taking place at the EuO/ITO
interface are

6 EuO + 2
3 In2O3 −−→ 2 Eu3O4 + 4

3 In (4.10)

4 Eu3O4 + 2
3 In2O3 −−→ 6 Eu2O3 + 4

3 In (4.11)

These reactions are thermodynamically favored as we derived from the Ellingham
diagram[100] shown in Fig.4.9 a). Here, we compiled the change of the Gibbs free energy
(∆rG0) as a function of temperature for any oxidation reaction of the metallic elements
involved, which are

2 Eu + O2 −−→←−− 2 EuO (4.12)
6 EuO + O2 −−→←−− 2 Eu3O4 (4.13)

4 Eu3O4 + O2 −−→←−− 6 Eu2O3 (4.14)
4
3 In + O2 −−→←−− 2

3 In2O3. (4.15)

∆rG0 of reactions (2) and (3) can be easily estimated because

∆rG
0(2) = ∆rG

0(5)−∆rG
0(7) (4.16)

∆rG
0(3) = ∆rG

0(6)−∆rG
0(7) (4.17)

Stable conditions for EuO and ITO are marked by the hatched areas in Fig. 5 a). We
find that these areas do not overlap and that, consequently ∆rG0(2) and ∆rG0(3) are
negative (i. e.< −300 kJ/molO2) and thus both reactions are favored as indicated by
the arrows in Eqs. (2) and (3).

Therefore, the given thermodynamic conditions prefer the formation of over-oxidized
phases at a growth temperature TS = 400 ◦C and JEu/JO = 1 (sample type (i)). We
note, that even with a flux ratio JEu/JO = 2 the abundance of over-oxidized phases
could not be reduced (see supporting information). Any excess Eu reacts with O from
the substrate and, therefore, cannot re-evaporate. Consequently, for EuO synthesis on
ITO substrates one cannot benefit from the distillation method.

Hence, oxygen diffusion from the ITO virtual substrate to the EuO film needed to be
reduced and we proceeded in two ways: the insertion of a YSZ buffer layer (sample type
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(ii)) and the lowering of the growth temperature (sample type (iii)).
EuO is thermodynamically stable in contact with the YSZ buffer as it can be derived

from the Ellingham diagram in Fig. 4.9 b). In absence of thermodynamic data for this
particular YSZ compound (composition Zr0.87Y0.13O1.935), a reasonable approximation
is examining the individual components (in particular Zr). We thus compiled the change
of the Gibbs free energy (∆rG0) for oxidation reactions of Y and Zr:

4
3 Y + O2 −−→←−−

2
3 Y2O3 (4.18)

Zr + O2 −−→←−− ZrO2. (4.19)

Once more, stable conditions for EuO and YSZ are marked by the hatched areas in
Fig. 4.9 b). In contrast to Fig. 4.9 a), these areas largely overlap signaling thermodynamic
stability. HAXPES data of the Zr 3d core level (see supporting information) shows only
Zr4+, which is the expected valence in YSZ, so that we can conclude that the buffer
layer is homogeneous and, indeed, chemically stable.

Recalling the results on sample type (ii), the 2 nm thick YSZ buffer layer clearly
improved the EuO stoichiometry. Thus, the buffer layer acts as a kinetic barrier that
reduces oxygen diffusion. However, over-oxidized phases are still present at the EuO-YSZ
interface. That means that the buffer layer is not a perfect diffusion barrier which is
presumably due to the oxygen permeability of YSZ [101, 102] (Fig.4.10(b)).

Lowering the growth temperature reduces oxygen diffusion more effectively. A homo-
geneous EuO film containing 60 % stoichiometric EuO is obtained (sample type (iii)) but,
in turn, the chemical composition of the ITO virtual substrate is substantially modified.
After EuO synthesis, In metal is detected at the EuO/ITO interface (Fig. 4.10(c)). The
observed reduction of ITO to In metal can solely be explained by the thermodynamic
instability of ITO in contact with EuO as derived from Fig. 4.9 a).

As a last point we address the fact that the reduction of ITO to In metal occurs only
for sample type (iii), but not for types (i) and (ii). In the latter cases, a surplus of oxygen
is present above the interface, but no oxygen deficiency is observed in the ITO substrate.
We conclude, that oxygen vacancies occur at the surface of the ITO virtual substrate,
but diffuse by thermal activation and are thus diluted below a measurable concentration.
In the case of sample type (iii), the ITO virtual substrate suffers a significant oxygen
depletion at the interface. Due to the reduced oxygen mobility at room temperature,
these vacancies are not replenished and metallic In is present at the interface.

Conclusions
In summary, our study successfully combined a fundamental thermodynamical analysis
in terms of solid state chemistry with HAXPES as a modern spectroscopy tool. Applying
the non-destructive HAXPES technique yields a deep understanding of the chemical
processes at the interfaces of the prototypical all-oxide hybrid EuO/ITO.
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4.6. Oxygen free growth of EuO/SrTiO3

The adsorption-limited growth mode has become somewhat of a standard mode of thin
film growth of EuO for inert substrates. Without any doubt, finding the appropriate
parameters is a complex task as substrate temperature, oxygen partial pressure and Eu-
flux need to be controlled simultaneously. Consequently alternative routes to synthesize
EuO, are currently discussed in literature.

For example in one recent approach using a "topotractic" growth mode, the authors
deposit Eu2O3 in a HV environment onto a substrate. The Eu2O3 is capped with a Ti
metal top layer. The sample is heated to high temperatures, which leads to the oxidation
of Ti to TiO2, while reducing the Eu2O3 to stoichiometric EuO. This is accompanied by
a crystal match with the underlying substrate. [15]

However, this procedure limits the choice of over layer material to Ti and the thickness
of the over layer must be very closely controlled, if a complete oxidation is the goal
of the experiments. As EuO is often suggested as a candidate for tunnel experiments,
this TiO2 over layer cannot be used, as it is a wide band gap insulator and would make
tunneling experiments impossible.

We propose a new growth mode in which we utilize the oxygen provided by the
substrate. Our approach is tailored for the transition metal dichalcogenide SrTiO3, yet
it can be extended to any oxide substrate with comparable oxygen mobility, as we show
in Section 4.7. Previous reports of EuO growth on SrTiO3 have only shown, that growth
directly on EuO is not possible [6] and a fabrication of EuO on SrTiO3 was always
performed using a buffer e.g. SrO[4] or BaO [5].

Here, we consider again the thermodynamic properties of EuO and SrTiO3 after
Ellingham for the possible reactions of Eu on SrTiO3

2 Eu + 4 SrTiO3 −−→ 2 EuO + 4 SrO + 2 Ti2O3 (4.21)
6 EuO + 4 SrTiO3 −−→ 2 Eu3O4 + 4 SrO + 2 Ti2O3 (4.22)

4 Eu3O4 + 4 SrTiO3 −−→ 6 Eu2O3 + 4 SrO + 2 Ti2O3 (4.23)

These reactions are thermodynamically favored for temperatures above TS = 300 ◦C as
we derived from the Ellingham diagram [100] shown in Fig.4.11 (b). Here, we compile the
change of the Gibbs free energy (∆rG0) as a function of temperature for any oxidation
reaction of the metallic elements involved, which are

2 Eu + O2 −−→←−− EuO (4.24)
6 EuO + O2 −−→←−− 2 Eu3O4 (4.25)

4 Eu3O4 + O2 −−→←−− 6 Eu2O3 (4.26)
4 SrO + 2 Ti2O3 + O2 −−→←−− 4 SrTiO3 (4.27)

Figure 4.11 shows the behavior of Europium and its oxides in proximity to SrTiO3 by
the aforementioned reactions. We can deduce that SrTiO3 is a suitable candidate for
EuO growth on SrTiO3, as the predicted stable oxide is EuO.
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Figure 4.14.: (a) dXPS(t, T ) indicating a Mott-Cabrera type growth and fit to the data
(b) dependence of d0(T ) indicating a different behavior at TS = 600 ◦C (c) dependence
of τ(T ) indicating the same crossover temperature behavior. Concluding we find, that
the EuO growth scales with TS indicating an increasing O availability, while Eu2O3
growth is declining. As the oxygen availability scales also with TS it is expected, that
at the crossover the sticking probability of Eu or its oxides crosses the border, where a
re-evaporation is more likely, than sticking and reacting with O.

SrTiO3 is only possible in the range TS = 300 ◦C to 600 ◦C.
In Figure 4.13 (c) we present the summarized results of the study as a function of

growth time. The above analysis is supported by the figure in such, that the discussed
regimes can be identified. Additionally, the almost linear dependence of Eu2O3 content
on TS becomes clear, indicating an ever increasing supply of oxygen provided by SrTiO3.

The complex behavior of the growth of EuO/SrTiO3 can be attributed to three main
factors: kinetics of the oxygen reservoir from the substrate, kinetics of Eu on the surface
of SrTiO3 (and its concomitant re-evaporation) and the thermodynamics of the reaction.

In conclusion, we report a possible new route for the synthesis of EuO/SrTiO3
by supplying no gaseous oxygen at all. We have identified a TS window in which
stoichiometric EuO can be grown on SrTiO3 without calibrating the oxygen flux at all
and thereby have found a simple approach for reproducible EuO synthesis.

Thickness dependence of EuO over layers on TS
As the EuO film grows, the oxygen from the substrate has to diffuse through the growing
film. Therefore, each subsequent layer of EuO acts as an additional diffusion barrier and
limits the availability of O for the next Eu layer. Consequently the EuO thickness dXPS
will not be a linear function, but a saturation is expected.

In order to study the EuO thickness, we analyze the damping of the substrate core
levels and apply the intensity model of a buried layer

I(dXPS) = I0 exp
(
− dXPS
λIMFP

)
⇔ dXPS = −λIMFP ln

(
I

I0

)
. (4.29)

Here, I(dXPS) is the intensity of a core-level peak with an over layer of thickness dXPS ,
I0 = I(d = 0) and λIMFP is the inelastic mean free path for the kinetic energy of the
escaping electrons.

The Ti 2p core-level is chosen as no contributions of EuO spectral weight overlap the
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Figure 4.15.: Bottom: Comparison of a flat surface (blue) and a surface with island
growth (orange). Both surfaces have the same mean thickness dmean. Top: Schematic
representation of the XPS intensity of a substrate peak as it is damped by the over layers
and the calculated effective thicknesses dXPS for the two films.

Ti 2p spectrum for the Al Kα x-rays. In this regard, the Ti 2p spectra are fitted with
the Unifit software using the XPS doublet fitting routine. The peak parameters are
based on available literature values for FWHM and Lorentzian and Gaussian broadening
supplied by the software. A Tougaard background with universal cross section and a
linear polynomial is applied to subtract the background signal of inelastically scattered
electrons.

In Figure 4.14 the EuO thickness as a function of t and TS is depicted. We find,
that the growth rate declines exponentially with the over layer thickness and model the
thickness as

d(t) = d0 · (1− exp(t/τ)) (4.30)

where d0, the final thickness, and τ , the time constant, are plotted as a function of TS
in Figure 4.14. This growth type is indicative of a Mott-Cabrera type growth [104].
Comparing these growth profiles with the oxidation of Fe [105] (which is the inverted
process, but is expected to adhere to the same law), we find that d(t) resembles the same
shape and therefore conclude, that the oxidation of Eu under reduction of SrTiO3 is a
process, which is limited by the ionic oxygen conductivity of the oxide substrate.

Both parameters d0 and τ depend on the temperature and show a discontinuity at
TS = 600 ◦C. From the analysis of d0(TS) we see, that higher substrate temperatures
result in thicker EuO films. Hereby it is possible to define a film thickness by choosing the
temperature and then supplying Eu metal until the growth has stopped. At TS > 700 ◦C
the final thickness is discontinuous and reduced, this process is continued for TS = 800 ◦C.
This could indicate, that the re-evaporation of Eu metal becomes much faster than the
chance of reacting with a oxygen atom. Another interpretation could be, that due to the
dominant formation of Eu2O3 the film grows mostly as islands.

In figure 4.15 we demonstrate, that the growth of a island type over layer on a
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Figure 4.16.: (a) Compilation of the M(H) data of EuO films grown for varying TS . HC

decreases with increasing TS to 46 Oe for the magnetically softest film measured at 5 K.
(b) dmag as a function of TS indicating a significant thickness of EuO and an optimal
growth temperature at TS = 500 ◦C measured at 5 K. (c) Normalized M(T ) curves as a
function of TS indicating metallization below TS = 250 ◦C and hardly any ferromagnetic
response for TS ≥ 700 ◦C. The total thickness of the system is d = dmag + dnot−mag.

substrate leads to significant deviation in the obtained dXPS . Due to the exponential
dependence of the substrate core-level damping on the over layer thickness, island growth
leads to a significant deviation from the expected intensity. This is even the case, when
the mean thickness dmean is the same for a homogeneous layer and a layer with island
growth. In the shown example, a roughness of aRMS = 4.7nm leads to a reduction from
dmean = 18nm to dXPS = 14.3 nm.

We propose a Stranski-Krastanov growth mode for the Eu2O3 (as seen later in the
RHEED analysis). Until t = 10min we observe a significant decrease in the substrate
core-level intensity (which indicates an increase of dXPS). Then the island growth
becomes dominant and leads to an imperfect coverage of the substrate. This leads to a
constant intensity of the substrate core-level, as the uncovered substrate areas dominate
the signal.

All in all we find, that in the temperature window from 300 ◦C to 600 ◦C a growth
of EuO films on SrTiO3 is possible utilizing the substrate supplied oxygen alone. This
approach to synthesize stoichiometric EuO is a new route to synthesize high quality
EuO thin films and allows to freely chose the over layer, while completely avoiding the
necessity to tune the oxygen partial pressure.

Magnetism of oxygen free grown EuO films
In this section we are going to analyze the magnetic properties of Europium oxides grown
by the previously described method. In section 2.1.2 we have shown, that EuO is a
ferromagnet with a TC = 69 K and MS = 7 µB/f.u..

The magnetometer response of the sample is usually normalized by the thickness and
surface area of the sample. Hereby one obtains the volumetric magnetic moment per
formula unit. However, this approach only applies, if the film is purely made out of EuO.
This is not a valid assumption, as the XPS analysis in the previous section has shown
that some Eu2O3 cannot be excluded in the films.

Now the known properties of EuO films are used to obtain a magnetic EuO thickness
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dmag from the following equation

MS(dmag)
!= 7 µB/f.u.⇔M(H) = Mmeas

dmag
(4.31)

where MS is the saturation magnetization, M(H) the magnetic moment as function of
the applied field H and Mmeas the measured magnetic moment in units of µB m.

Hysteresis loops of the samples are presented in figure 4.16 along side with the
corresponding deff (TS). The hysteresis loops are open squaresand show a ferromagnetic
response for TS =400 ◦C, 500 ◦C and 600 ◦C. The magnetic moment and the coercive field
HC ≈ 90 Oe of the first two temperatures is comparable. For TS = 600 ◦C the saturation
moment is higher, while HC is reduced to 46 Oe. For TS > 600 ◦C the magnetic moment
is almost reduced to zero and and we obtain the behavior of a paramagnetic Eu2O3 film,
as expected from the XPS analysis.

Comparing the magnetic thickness dmag with the thickness dXPS we find, that there
are deviations between the effective XPS thickness dxps and dmag. As explained above
one aspect of this deviation can be attributed island growth. Additionally, it has to be
taken into consideration, that the ferromagnetic signal is only caused by EuO. Therefore,
the total thickness of EuO dXPS,EuO is the relevant and dXPS = dEu2O3 + dEuO + dEu
has to be reduced consequently.

In Figure 4.16 (c) the normalized M(T ) curves for EuO films grown at varying TS
are presented. As expected from the XPS analysis, the curve at TS = 250 ◦C shows a
pronounced magnetic tail, indicating the presence of Eu metal in the EuO film. The
curves at TS = 300 ◦C, 400 ◦C, 500 ◦C and 600 ◦C show the expected Brillouin function
dependence and therefore indicate a stoichiometric EuO growth. A small degree of metal
inclusion cannot be excluded in this analysis, as the Curie temperature is increased to
TC ≈ 75 K. At higher TS > 700 ◦C we find a steep decline of M(T ) in accordance with
the expected behavior of paramagnetic Eu2O3. 8

X-ray diffraction on EuO/SrTiO3 heterostructures
We perform X-ray diffraction (XRD), X-ray reflection (XRR), reciprocal space mapping
(RSM), RHEED and LEED on the samples in this study to obtain the structure, thickness
and relative orientation of the prepared films. For ex situ studies the films are capped
with 10 nm of MgO to protect the films against further oxidation.

In Figure 4.17 (a) a XRD survey of the prepared films is depicted. In line with the
previous analysis, the expected peaks for the substrate and the film are present in the
spectrum. In accordance with the crystal structure SrTiO3 (00l) peaks are observable,
while for EuO and Eu2O3 the fcc lattice restricts (hkl), so that they can only be all even
or all odd leading to (00 2*n) peaks. At TS > 600 ◦C the films only show reflexes for
Eu2O3, indicating that the EuO fractions in XPS are not growing epitaxially.

The width of the rocking curve σ is a measure for the amount of misorientation of
grains grown in the film. We obtain σ at the EuO (002) from an ω scan at 2θEuO(002).
Figure 4.17 (b) shows the results of the rocking curves. We find, that σ = 1.05° is lowest
8 The peak at TS = 800 ◦C is due to an oxygen inclusion in the magnetometer caused by a

leak in the chamber.
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Figure 4.17.: (a) XRD Survey spectra of films grown at varying TS showing the
crystalline contributions to the film growth. (b) Rocking curve (RC) of the EuO(002)
peak for the same set. A sharp spike is observed on top of the peak. This can be
attributed to Umweganregungen as explained in the text at A.1. (c) XRR spectrum of a
EuO film grown at TS = 600 ◦C exhibiting a film thickness of dXRR = 15.23 nm.

at TS = 600 ◦C, which is below reported values for EuO grown on oxides such as MgO
[6]. At T > 600 ◦C the measurement of the EuO (002) rocking curve shows an empty
spectrum, as there is no crystalline EuO in the film.

The thickness of the films can also be evaluated by XRR. Shown in Figure 4.17 (c) is a
XRR spectrum for the TS = 600 ◦C sample. A significant roughness of aRMS = 8.11 nm
is found. This finding further underscores the assumed island growth mode as is also
depicted in Figure 4.15.

Since EuO and SrTiO3 are different with respect to their crystal structure and lattice
parameter it is worth studying the relative orientation of EuO on SrTiO3. The relative
orientation can be obtained by rotating around φ while observing an XRD peak with in-
and out-of-plane components. However, in this study we have made use of the reciprocal
space mapping technique (RSM) instead. We obtain a diffractogram of the SrTiO3 (113)
and the EuO (204) peak. If both crystals were grown cube on cube, these peaks are at a
45° angle with each other in the xy-plane.

The result of the RSM is shown in Figure 4.18. We observed both aforementioned
peaks very close to each other. This indicates, that the EuO grows along the (110)
direction of SrTiO3 while preserving the (001) direction (as the out of (002) peaks could
be observed previously). The peak of EuO (204) is not symmetric. In accordance with
Section 3.5, the spread in the peak is interpreted as mosaicity of the grown film.

The substrate reflex shows a double peak structure, which could be assumed to be
a twinned crystal, however we show, that this double peak structure is caused by the
polychromatic X-ray excitation of the measurement. We fit both of the peaks and
compare the Bragg angles 2θi to find

0.999689 = λ1
λ2
≈ sin(θ1)

sin(θ2) = 0.999408 (4.32)

where λi denotes the wavelength of Cu Kα1 1 and Cu Kα2 radiation. The above equation
is obtained when the Bragg condition for the same XRD peak is applied to λ1,2 and we
solve for λ. Thereby the angular spread of both peaks is explained by the excitation
with both Cu aforementioned wavelengths.
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[71]. For the temperatures TS =300 ◦C, 400 ◦C, 500 ◦C and 600 ◦C comparable RHEED
patterns of EuO are found as described in the previous paragraph. We find sharper
RHEED spots for increasing temperature indicating less mosaicity for higher growth
temperatures, in agreement with our XRD results.

The high temperature growth TS = 700 ◦C and 800 ◦C shows a surface reconstruction
of (2x2) on the growing film, indicating a completely different growth mode, which agrees
with the magnetic, XRD and XPS analysis previously presented. 9

Finally, LEED has been performed on the substrate and the grown film after t = 20 min
for the TS = 600 ◦C film as shown in (c) and (d) of Figure 4.20. The substrate exhibits
sharp LEED spots on a square lattice (orange) as expected from the SrTiO3 lattice. The
film exhibits spots in accordance with a 45° rotated EuO lattice (blue) which confirms
the analysis from the RSM measurements on the SrTiO3 (113) and EuO (204) peak.
Additionally, even observation of a LEED pattern for the EuO film indicates that the
film grows in with an epitaxial integration to the substrate and the surface of the grown
film exhibits terraces larger than the coherence length of the LEED electron beam.

4.7. Application of oxygen free growth of EuO
on other oxides

In this section we evaluate experimentally whether a certain selection of oxides exhibits
a significantly large redox process with Eu metal. The growth study of EuO on ITO
and SrTiO3 demonstrated that Eu metal is reactive metal, which can react with an
oxidic substrate by forming Eu oxides. We found, that ITO is due to its thermodynamic
properties is not a suitable candidate for EuO growth. On SrTiO3 however, a large
temperature range has been identified in which elemental Eu metal reacts with SrTiO3
to form thin layers of stoichiometric EuO with thicknesses up to d ≈ 15 nm. We have
then shown, that a combination of oxygen free growth and the distillation condition
allows a successful preparation of thicker EuO films on SrTiO3. Now we use the ionic
conductivity of oxygen in oxides to make a prediction for a suitable EuO growth on
further oxide materials.

As a first step, we grow a SrO over layer on SrTiO3 in order to enhance the surface
mobility of adsorbed Eu [23] and use the low oxygen conductivity of SrO as an oxygen
barrier. The study is further performed on substrates of yttria-stabilized zirconia (YSZ),
LaSrAlTiO3 (LSAT), LaAlO3 (LAO) and MgO. These oxides span a wide variety of
lattice constants, lattice structures and ionic oxygen conductivity.

SrO is grown using reactive MBE with elemental Sr (99.9% purity) and an oxygen
partial pressure of pox = 1× 10−7 Torr on TiO2 terminated SrTiO3. The growth is
performed at TS = 600 ◦C. We deposit 1ML, 4ML and 10 nm of SrO on SrTiO3 prior to
depositing t = 5 min of Eu on the SrO capped SrTiO3.

We use the logarithm of intensity of the Eu 3d5/2 core-level as a measure of the

9 TS = 250 ◦C and 800 ◦C are obtained along SrTiO3 (100).



80 4. Oxygen-free growth of thin EuO films

thickness because

I(d) = I∞ ·
(

1− exp
(
− d

λIMFP

))
⇔ d = −λIMFP ln

(
1− I

I∞

)
, (4.34)

where I(d) is the intensity of a layer with thickness d and I∞ the intensity of an infinitely
thick layer.

Due to the fact, that the intensity scales with the inelastic mean free path of the
escaping electrons, the thickness determination is only accurate for d < ID = 3λIMFP ≈
4.8 nm. Therefore, the samples are prepared with a deposition time of t = 5min, leading
to a theoretical coverage d = 3.9 nm. 10

Figure 4.21 (a) shows the spectrum of Eu 3d5/2 for the specified oxides. The spectra
have been recorded under completely identical parameters. Curves have been corrected
for charging and have been set to the same level of background from inelastically
scattered electrons. The spectra all exhibit the signature of pure Eu2+. Due to this
all of the selected oxides are possible growth candidates for EuO. We find, that the
EuO peak for SrTiO3 is the most intense. Depositing 1ML and 4ML of SrO reduces
the intensity significantly. This indicates already, that SrO acts as an effective oxygen
barrier. Increasing the thickness to d = 10nm, the SrO buffer layer reduces the oxygen
flux even more and effectively the intensity is reduced to ISrTiO3/2.

In Figure 4.21 (b) the intensity of the Eu2+ is compared with single crystal data for
oxygen ionic conductivity of the substrate[106, 107]. Due to this, it can be shown, that
the oxygen ion conductivity can be used as a gauge to the thickness of the redox-grown
over layer.

We conclude, that all oxides (MgO,YSZ,LAO,LSAT) and the SrO/SrTiO3 heterostruc-
tures can be used as a template for the synthesis of EuO based hetero strucutures.
This can be especially of interest for the realization of EuO/LAO heterostructures [108],
where recently a two-dimensional electron gas has been predicted much like that of
LAO/SrTiO3 and as the next chapter will show, the two-dimensional electron gas from
EuO/SrTiO3 and EuO/BaTiO3.

In this way, we present a route to identify suitable substrates by their ionic oxygen
conductivity for redox growth of EuO over layers and thereby extend the redox growth
method that was developed on SrTiO3 to a larger range of oxides.

10 Values for λIMFP(EuO) calculated with SESSA 2.0 using Al Kα radiation.
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Figure 4.20.: (a) RHEED study of the surface at different time steps at TS = 600 ◦C.
(b) RHEED study varying the growth temperature at t = 20 min. LEED study of the
substrate (c) at selected electron energies and (d) redox grown EuO film at 600 ◦C for
the same energies after t = 20 min.





CHAPTER 5

Two-dimensional electron gas

In this chapter we study the interface effects of EuO with two transition metal dichalco-
genides SrTiO3 and BaTiO3. In both cases we observe a novel state of conductivity at
the interface, a two-dimensional electron gas. In the third section we study the EuO/Pt
interface, and observe an enhanced TC , which is in line with a prediction [109]. This
can be understood as a first indication, that the second part of the prediction, i.e. the
creation of a two-dimensional hole gas (2DHG) could be observed in future experiments
as well.

Section 5.1 contains the results which were submitted to Physical Review Materials
and were accepted on 28.09.2017 with the following reference: Lömker, P. et al. "Two-
dimensional electron system at the magnetically tunable EuO/SrTiO3 interface". Phys.
Rev. Mat. (2017). The preparation of EuO/SrTiO3 heterostructures and characterization
at Jülich was performed by me, I was involved in the synchrotron experiments at
CASSIOPEÉ, performed the data analysis and prepared the experimental and result
sections of the document.

5.1. Two-dimensional electron system at the
magnetically tunable EuO/SrTiO3 interface

We create a two-dimensional electron system (2DEG) at the interface between EuO, a
ferromagnetic insulator, and SrTiO3, a transparent non-magnetic insulator considered
the bedrock of oxide-based electronics. This is achieved by a controlled in situ redox
reaction between pure metallic Eu deposited at room temperature on the surface of
SrTiO3 – an innovative bottom-up approach that can be easily generalized to other
functional oxides and scaled to applications. Additionally, we find that the resulting EuO
capping layer can be tuned from paramagnetic to ferromagnetic, depending on the layer
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thickness. These results demonstrate that the simple, novel technique of creating 2DEGs
in oxides by deposition of elementary reducing agents [T. C. Rödel et al., Adv. Mater.
28, 1976 (2016)] can be extended to simultaneously produce an active, e.g. magnetic,
capping layer enabling the realization and control of additional functionalities in such
oxide-based 2DEGs.

Introduction
Two-dimensional electron systems (2DEGs) in functional oxides have gained strong
interest as a novel state of matter with fascinating and exotic interface physics. For
instance, the 2DEG in LaAlO3/SrTiO3 (LAO/STO) interfaces can host metal-to-insulator
transitions, superconductivity and magnetism –all of them tunable by gate electric fields [8,
110–117]. The prospect of creating and manipulating a macroscopic magnetic ground
state in oxide-based 2DEGs is of enormous interest, as this would pave the route towards
oxide spintronic applications with novel quantum phases beyond today’s semiconductor
technology.

Recent studies aimed at supporting the existence of magnetic ordering at the LAO/STO
interface, e.g. by the observation of tunnel magnetoresistance (TMR) [118] or the inverse
Edelstein effect [119, 120]. The magnetic field dependence of TMR was attributed
to a Rashba-type spin-orbit coupling, potentially allowing the manipulation of spin
polarization in a 2DEG, whereas its spin-momentum locking may enable a high efficiency
of the conversion of an injected spin current into a charge current. In fact, in the case of
the LAO/STO interface, it was recently demonstrated that additional epitaxial ferroic
oxide layers can be used to tune the spin polarization of the 2DEG by an electric field [121]
or to control its conduction in a non-volatile manner by ferroelectric switching [122]. So
far, the design of functional 2DEG required a single layer growth control of epitaxial
LAO onto SrTiO3. The emergence of interfacial quantum states, such as magnetism,
superconductivity or spin-orbit coupling, only sets in at a critical LAO thicknesses of
four unit cells and in certain regions of the 2DEG phase diagram [118]. This conundrum
was circumvented by the finding that 2DEGs could be fabricated at the bare surface of
several oxides, through the creation of oxygen vacancies at their surface [123–129]. These
surface 2DEGs can also show magnetic domains [130], thus constituting an appealing
alternative for the use and control of electric and magnetic properties of confined states
in oxides.

Here, we show that insulating and ferromagnetic EuO can be grown on SrTiO3 while
simultaneously creating a 2DEG at the interface. As schematized in Fig. 5.1, the
fabrication of the 2DEG is simply accomplished by the deposition of pure metallic Eu at
room temperature in ultrahigh vacuum. We find that the resulting EuO capping layer
can be tuned from paramagnetic to ferromagnetic, depending on the Eu metal coverage
(dEu = 1 ML and 2 ML, respectively), and show, using angle-resolved photoemission
spectroscopy (ARPES), that the integrity of the 2DEG is preserved in both cases, thus
providing an ideal knob for tuning the spin-transport properties of the 2DEG.

This bottom-up approach to create a 2DEG by an interfacial redox process relies
on recent results demonstrating that the evaporation of an amorphous ultra-thin layer
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Figure 5.3: In-plane magnetization curves
measured at T = 5 K, obtained with a Quan-
tum Design MPMS SQUID magnetometer, con-
trasting the paramagnetic behavior of 1 ML
EuO and the low-dimensional ferromagnetic
behavior of 2 ML EuO formed after evap-
orating pure Eu metal on TiO2 terminated
SrTiO3. The horizontal dashed lines show the
expected saturation magnetization at T = 0 K
for EuO [19, 45].

Results
To show that ultra-thin stoichiometric EuO can be grown without supplying additional
oxygen, the films are analyzed using XPS. Fig. 5.2(a) shows the Eu 3d5/2 core-level. The
chemistry of the film can be determined by comparison to reference spectra of Eu-metal,
Eu2+, and Eu3+. The dashed line represents stoichiometric EuO. In accordance with
previous studies of the Eu 3d core level, the Eu2+ valence is located at an energy of
−1125 eV [26, 133, 136]. The peak is accompanied by a well known satellite at higher
binding energy, which is part of the multiplet of the 3d9 4f7 final state [26].The red line
shows the spectrum of a SrTiO3 sample with 4Å of Eu-metal deposited on top of it.
The amount of Eu metal corresponds to a thickness of ≈ 1 ML of EuO. We find that the
XPS spectra of our Eu-capped SrTiO3 samples is indistinguishable from stoichiometric
EuO reference data. Features related to Eu-metal or Eu3+ are absent. Analogous results
are found (not shown) in case of a deposited Eu-metal layer of 8Å. This demonstrates
that, in the ultrahigh vacuum conditions used here, the Eu metal is oxidized into EuO
at the surface of SrTiO3.

The concomitant substrate reduction is evidenced by the analysis of the Ti 2p core
level, shown in Fig. 5.2(b). For stoichiometric SrTiO3 a pure Ti4+ valence is observed.
Upon deposition of nominally 1 ML of EuO, the XPS spectrum shows an additional
component at the binding energy of Ti3+, indicating that the SrTiO3 is indeed reduced.

The unique properties of the obtained capping EuO layer, and their tuning with layer
thickness, are presented in Fig. 5.3. The measured (not shown) ferromagnetic transition
temperature of the 2 ML EuO film was T ≈ 60 K. At T = 5 K, the magnetization
versus field M(H) curve of 1 ML of EuO (red curve) shows a paramagnetic behavior.
In this case, the effective coordination number of Eu atoms is lower compared to the
coordination number in bulk EuO, and thus exchange interactions are weakened [45].
However, at the same temperature, the 2 ML EuO over layer is ferromagnetic (blue
curve) with a saturation magnetization of MS = 4µB/f.u.. The measured saturated
magnetic moment for 2 ML of EuO capping is close to the corresponding theoretical
values for EuO at T = 0 K, represented by the horizontal dashed lines [19, 45, 82, 133].
Now the underlying 2DEG (see next) is interfaced with a magnetic material, which may
ultimately enable a control of the spin degrees of freedom in this system.

The formation of oxygen vacancies near the SrTiO3 surface results in a local electron
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Figure 5.4.: ARPES data of the EuO/SrTiO3 interface. (a, b) Fermi-surfaces taken around
the Γ102 point of SrTiO3 for nominally 1 ML (raw data) and 2 ML (negative values of second
derivatives) EuO coverage, respectively, using 47 eV photons with linear vertical (LV) light
polarization. This combination of photon energy and polarization enhances the photoemission
intensity of the 3dxy circular Fermi surfaces. (c, d) Corresponding dispersion of the two Ti 3dxy
light subbands. (e) Fermi-surfaces taken around the Γ103 point of SrTiO3 for 1 ML EuO coverage
using 90 eV photons with linear horizontal (LH) light polarization. This combination of photon
energy and polarization enhances of one of the two orthogonal 3dxz/yz ellipsoidal Fermi surfaces.
As with our previous results on Al-capped SrTiO3 [131], we crosschecked that for both 1 ML
and 2 ML EuO the 2DEG forms instantaneously after the Eu deposition, and its carrier density
is independent of the dose of UV light used to measure the ARPES data. In other words, the
2DEG is entirely due to the oxidation of the capping layer.

doping of the substrate and the creation of a 2DEG. This is induced by the redox
reaction with the Eu evaporated on top of it. The results are in analogy with the 2DEGs
formed by oxygen vacancies at the UV-irradiated SrTiO3 surface, Al-capped interface
of SrTiO3 or other oxides [123–126, 128, 131]. This is directly demonstrated by the
ARPES data shown in Fig. 5.4. Figs. 5.4(a, b) show the circular Fermi surfaces around
Γ102 of the two 3dxy subbands at the interfaces between 1 ML and 2 ML EuO films
on SrTiO3, respectively. Figs. 5.4(c, d) present the corresponding energy-momentum
ARPES intensity maps along the k<010> direction at k<100> = 2π/a (a = 3.905 Å is
the lattice parameter of SrTiO3). These correspond to the two Ti 3dxy light subbands
previously reported for the 2DEG in SrTiO3 [123, 124, 139]. For the 2DEG at the
EuO(1 ML)/SrTiO3 interface, the band bottoms (E0 ≈ −200 meV and −90 meV for the
outer and inner subbands, respectively), Fermi momenta (kF ≈ 0.19 Å−1 and 0.12 Å−1),
effective masses (m?/me = 0.7 ± 0.05 for both subbands, estimated from a parabolic
approximation to the band dispersions, where me is the bare electron mass), and the
observation of a kink at E ≈ −30 meV below EF , ascribed to a band renormalization
due to electron-phonon interaction, are all in agreement with previous reports [123, 124,



5.1. Magnetically tunable EuO/SrTiO3 2DEG 89

140, 141]. As shown in Fig. 5.4(e), the ellipsoidal Fermi surfaces, associated with the Ti
3dxz/yz heavy subbands, are also observed using horizontal light polarization. From the
total area AF enclosed by all the Fermi surfaces, the density of carriers of the 2DEG at
the EuO/SrTiO3 interfaces is n2D = AF /(2π2) ≈ 2.0× 1014 cm−2, which is comparable
to the density of states of the 2DEG at the bare SrTiO3 surface [123, 131]. The thickness
of the 2DEG can be directly inferred from the number of subbands, their band bottoms
and energy separations [123]. Thus, as the electronic structure of the 2DEG at the
EuO(1 ML)/SrTiO3 interface is essentially the same as the one observed at the bare
surface of SrTiO3 [123], or at the Al-capped surface of SrTiO3 [131], we conclude that
its thickness is also the same, namely about 4 − 5 unit cells. ARPES measurements
are performed under zero external magnetic field, to guarantee conservation of the
photo-emitted electron momentum. Thus, while magnetizing the capping EuO film is
not feasible for these measurements, it is nevertheless instructive to compare the ARPES
data between the 1 ML and 2 ML EuO films, Figs. 5.4(a, c) and (b, d), respectively. Note
that, while the Fermi momenta of the 2DEGs in both systems are essentially identical,
one observes a small but distinct difference in their bandwidths and band splittings.
Specifically, in the case of the 2 ML EuO film, the bottoms of the Ti 3dxy light subbands
are at about −230 meV and −100 meV, with a concomitant band splitting (≈ 130 meV)
slightly larger than the one in the 1 ML EuO film (≈ 100 meV). Additionally, both the
Fermi edge at E = 0 and the kink at E ≈ −30 meV appear much less pronounced in the
2DEG at the EuO(2 ML)/SrTiO3 interface. The possible link between such differences
in electronic structure, and the ferromagnetism (with or without domains) in the 2 ML
EuO film, should be further explored in future works.

On the other hand, an important conclusion at this point is that the onset of ferro-
magnetism in the zero-field-cooled 2 ML EuO films, with the concomitant formation of
randomly oriented ferromagnetic domains (as schematized in Fig. 5.1), still preserves the
integrity of the underlying 2DEG. Together with the magnetization data from Fig. 5.3,
our results open the very exciting perspective of enabling the continuous tuning, under
external applied field, of the spin transport properties in oxide-based 2DEG.

Conclusions

In summary, we demonstrated that the deposition in vacuum, at room temperature,
of Eu-metal on SrTiO3 results in the simultaneous creation of a 2DEG in the oxide
substrate and a capping EuO layer that can be tuned from paramagnetic (1 ML thickness)
to ferromagnetic (2 ML). These results open new perspectives for investigating the
interaction of the magnetic and electronic properties of the 2DEG in SrTiO3. More
generally, these results lay a new ground for the simple and versatile design of all-oxide
devices in which the functionalities of the constituting elements, and their mutual coupling,
can be obtained from controlled physicochemical reactions and vacancy engineering at
their interfaces.
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Figure 5.5.: (a) RHEED of BaTiO3 virtual substrate and of (c) EuO/BaTiO3. We find
that the substrate exhibits RHEED streaks, indicating a small degree of misorientation,
while EuO exhibits a transmission pattern which is indicative for an island growth mode.
(b) LEED of the BaTiO3 virtual substrate and of (d) EuO/BaTiO3. The substrate
LEED reflexes exhibit a square pattern, as expected for the lattice of BaTiO3, while for
EuO/BaTiO3 the pattern is blurred.

5.2. Towards multiferroic two-dimensional
electron gases: EuO/BaTiO3

The results of a magnetically tunable 2DEG at the EuO/SrTiO3 interface (see Section 5.1)
may be explored in future transport realizing the transport properties of a magnetically
gated 2DEG. We propose to extend this idea to a 2DEG with ferromagnetic and
ferroelectric properties, i.e. a potentially multiferroic hybrid.

A previous study has shown, that the Al/BaTiO3 interface can produce a ferroelec-
trically gated 2DEG. It was concluded that a route towards ferroelectric resistance
switching could be paved in this way [131]. We transfer this knowledge and replace Al
with Eu forming again EuO by a controlled interface reduction of the BaTiO3 substrate.
Thereby a ferromagnetically gated 2DEG at the interface with a ferroelectric material
maybe created.

Indeed, the EuO/BaTiO3 interface has already been studied with a different goal
[142]. Here, the authors studied the magnetic behavior of thick EuO films, grown at high
temperature using the adsorption limited growth mode, as a function of the direction of
the ferroelectric polarization. The ferroelectric polarization introduces surface charges at
the EuO/BaTiO3 interface, whereby an electron doping is achieved. This effect enhances
the next-nearest neighbor interaction J1 of EuO and thereby allows a control of the
magnetic properties by switching the ferroelectric polarization [142].
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In this regard, we propose to study the interface by a new method: A Eu/BaTiO3
interface focusing on the interfacial redox reaction and the concomitant creation of a
2DEG. The possibility to combine ferroelectricity, ferromagnetism and an interfacial
2DEG is an interesting prospect as this would pave the way towards a multiferroic device.

Preparation of BaTiO3 virtual substrates
BaTiO3 virtual substrates are prepared by depositing 32 nm of BaTiO3 on TiO2 termi-
nated SrTiO3 (001) substrates. BaTiO3 is evaporated by PLD, using a similar chamber
as for the ITO preparation (see Section 4.5), the preparation is done by Willi Zander
and Jürgen Schubert (PGI-, Forschungszentrum Jülich), whose support we thankfully
acknowledge. The BaTiO3/SrTiO3 system is well suited for epitaxial growth, as the room
temperature lattice constant of BaTiO3 aBaTiO3 = 4.01Å is similar to that of SrTiO3
aSrT iO3 = 3.905Å. The deposition is performed at TS = 750 ◦C with an oxygen back
pressure produced by supplying a constant flux of j02 = 30 mL

min . The laser is operated at
f = 10 Hz for t = 20 s resulting in d = 32 nm thick films [92].

The growth process is validated with XRD, where a rocking curve width of σ < 0.3°
is obtained, confirming the highly oriented crystalline integration of BaTiO3/SrTiO3.

We study the structure of the BaTiO3 virtual substrate in situ with RHEED and LEED
in Figure 5.5 (a) and (b). The RHEED pattern indicates a small degree of misorientations
in the film by the presence of RHEED streaks. LEED shows a square pattern that is in
line with the symmetry of the substrate without any reconstructions. Adding a 5 nm
layer of EuO (aEuO = 5.14Å) on this BaTiO3 virtual substrate a transmission pattern
in RHEED (c) is observed, which indicates island growth. The LEED pattern in (d)
shows blurred reflections indicating a rather disordered EuO film. We argue, that the
unordered state of the EuO film is due to a large tensile strain between EuO and BaTiO3.
The crystal direction of BaTiO3 along (110) provides the smallest mismatch with the
EuO lattice of ≈ 10%.
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core-levels the method developed in Section 4.3 cannot be applied.
For dEuO =1ML no indication of Eu metal is found in the spectrum. This is different

for the 2ML case, where a clear peak asymmetry is observed, as would be expected for
metal rich EuO1-x. This shows, that the redox reaction of Eu on BaTiO3 is limited to a
thickness of approximately 1ML at room temperature.

The crystal structure of BaTiO3 is very similar to SrTiO3– along the (001) direction a
layered structure of TiO2 and BaO planes is expected. In Figure 5.6 (b) the XPS Ti 2p
spectrum for the BaTiO3 virtual substrate shows a TiO2-like spectrum. Upon deposition
of 1ML of EuO, spectral weight at EB = 458 eV is introduced, indicating the reduction
of the surface to Ti2O3, as was the case for SrTiO3 [143]. The spectral weight of this
feature increases upon depositing a second ML of EuO. However, the difference is quite
small, indicating that the interfacial redox process is limited to a EuO thickness between
1ML and 2ML.

In Figure 5.6 (c), the Ba 3d XPS spectrum is depicted. The spectra for substrate and
EuO covered samples are very similar indicating no change in the valency of the BaO
layers in the BaTiO3 virtual substrate. We attribute the enhanced spectral intensity
between the peaks to the variation in the inelastic background signal from lower EB
peaks or Eu Auger excitations.

Finally, a sample is prepared at high temperatures to evaluate the applicability of
the redox growth approach developed in Section 4.7. The chemical composition of a
dEuO5 nm (t = 10 min) sample grown at TS = 500 ◦C is analyzed with HAXPES to access
the bulk properties of this thicker film. For this ex situ experiment we cap the sample with
12 nm of MgO and the experiment is performed at P09/PETRA III with hν = 6000 eV.
The spectrum has been modified by the subtraction of a linear background. Again the
Ba 2p1/2 peak is observed directly in the region of trivalent Eu 3d5/2. The absence of
trivalent Eu is observed and thereby we can shown that stoichiometric EuO grows on
BaTiO3 at TS = 500 ◦C. The spectral weight at 1134 eV and 1162 eV is associated with
the final-state multiplet satellite as reported in the literature [26].

We find that 1ML of Eu reacts with the surface and creates EuO while reducing TiO2
to Ti2O3 - by contrast the Ba spectra are virtually unchanged, indicating that it does
not react with Eu metal. We find that RT deposition leads to the same redox process as
was found for the Eu/SrTiO3 interface. Adding a second mono-layer we detect some
metallic Eu in the spectrum. The Ti3+ intensity increases only little between 1 ML and
2 ML. Additionally feasibility of oxygen free growth of EuO/BaTiO3 is studied using
the redox growth mode also at TS = 500 ◦C.
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Temperature of TC = 70 K are observed.3
To conclude a magnetic over layer is produced for room temperature deposition of

dEuO = 2ML on BaTiO3 virtual substrates, simultaneously a 2DEG is created at the
ferromagnet/ferroelectric interface. This enables the preparation of a ferromagnetically
and ferroelectrically gated 2DEGs in an all oxide heterostructure..

Furthermore it is shown at TS = 500 ◦C, that the oxygen-free preparation of EuO on
BaTiO3 is possible at conditions similar to those found in Section 4.6 demonstrating
again the universality of the proposed growth method.

3 Thickness of the film is estimated from Eu flux as described in Section 4.1 and is expected
to be lower, due to a non-unity sticking coefficient of Eu/SrTiO3.
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Figure 5.9.: Spin dependent projected density of states for the valence band of bulk
EuO (a), and the first (b) and second (c) EuO layer at the EuO/Pt interface. In (b)
and (c) enhanced hybridization of Eu 4f and O 2p bands is observed. Also a significant
density of states is observed at EF contrary to the expected insulating behavior of bulk
EuO. (d) Magnetization as a function of the layer, showing a reduced magnetization of
EuO at the interface while a small magnetic moment is induced into Pt. Shown in red is
the density of states for Eu 4f at EF and the black line denotes the peak location of
bulk Eu 4f . Taken from [109].

5.3. First indication of a two-dimensional hole
gas at the Pt/EuO interface

In the following a study of the interface between a ferromagnetic insulator and Pt is
presented. This interface is of interest due to a variety of effects, like spin pumping or
spin-hall magnetoresistance experiments.

Earlier studies of EuO1-x/Pt have found a reduced magnetic moment at the interface
for EuO [73]. This finding motivated a DFT modeling of the interface [109]. As shown
by Figure 5.9 (d), the theoretical study predicts that the magnetic moment of EuO is
slightly reduced at the Pt interface. This reduced moment is accompanied by an induced
moment into the interfacial Pt. Another prediction of this publication is the occurrence
of a two-dimensional hole gas (2DHG) in EuO at this interface, as is shown in Figure 5.9
(a-c). The authors argue that this behavior is caused by the charge transfer between Pt
and EuO. At the same time, the hybridization between Eu 4f states and O 2p states is
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Component γ [J/m2]
EuO 0.49
TiO2 terminated SrTiO3 1.30-2.06
Pt 2.42
EuO/Pt 2.00

Table 5.1.: Surface and interface free energies γ for the relevant components of EuO
deposition on BaTiO3 virtual substrates from TiO2-terminated SrTiO3.

for the substrate, interface and film contributions taken from the reported values for
SrTiO3, EuO, Pt and the EuO/Pt interface (shown in Table 5.1). From this it can be
expected that the growth of a closed film is just possibe for EuO/Pt, while the opposite
is very unlikely [109].

For the case of Pt/SrTiO3 the free energies indicate that Pt does not wet SrTiO3 as
γSrT iO3 < γPt, even without adding the free energy of the Pt/SrTiO3 interface. However,
successful preparations of closed films of Pt(001)/SrTiO3 (001) have been reported in
the literature [146].

The structure of the prepared Pt/SrTiO3 films is analyzed using XRD and XRR
as depicted in Figure 5.10. Displayed in part (a) of the figure are the Pt and SrTiO3
(002) XRD peaks and the SrTiO3 substrate reflex is used to obtain a calibration for the
absolute 2θ = 46.523° [13]. An out of plane lattice parameter for Pt aoop = 3.943Å is
obtained. This is slightly larger than the expectation of aPt = 3.927Å. The in-plane
component can be calculated via the Poisson ratio of Pt to aip = 3.87Å. We find that
Pt films of this thickness (see XRR below) grow compressively strained with 1.2% with
respect to the SrTiO3 lattice. The error of the measurement is estimated by the relative
width of the Pt peak and amounts to σ2θ/(2θ) = 0.8 %.

The oscillations in the XRD spectrum are Laue oscillations indicating a low roughness
in the film. The spacing of the the Laue oscillations can be used to obtain a thickness
estimate [59], which yields dLaue = 16.4 nm. This is confirmed by a XRR scan depicted
in Figure 5.10 (b). A good fit to the spectrum is obtained using a Pt thickness of
d = 16.7 nm, in agreement with dLaue, and a low roughness of a = 0.4nm for the Pt
surface. The roughness along the Pt/SrTiO3 interface is aint = 0.1nm. This shows, that
the heteroepitaxial relationship of Pt(001)/SrTiO3 (001) is achieved and flat films are
obtained by our virtual substrate preparation.
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Figure 5.11.: (a) RHEED of an annealed Pt/SrTiO3 virtual substrate at Ekin = 10 keV.
The Laue circle and RHEED streaks are indicated in the image. (b) RHEED of a 5 nm
EuO/Pt film, indicating crystalline and island growth. (c) LEED of the as introduced
Pt/SrTiO3 surface. (d) LEED of the same substrate after annealing, exhibiting a pattern
resembling the surface reconstruction of bulk Pt crystals [52].

Figure 5.11 (a) shows a RHEED image of the Pt virtual substrate along the (110)
direction (Ekin = 10 keV). This RHEED pattern was obtained directly after the film
was introduced into the MBE system. RHEED spots on the Laue circle and RHEED
streaks are observed simultaneously indicating a crystalline integration of Pt/SrTiO3
with a layer-by-layer growth mode.

After preparation in the sputter chamber, the film is exposed to air and we measure the
"as introduced" Pt/SrTiO3 film with LEED in Figure 5.11 (b). We observe a square lattice
without any reconstruction on the surface. After annealing for t = 1 h at TS = 600 ◦C is
performed, a surface reconstruction is observed. The (1x1) square reconstructed into the
superposition of a (5x1) and (1x5) pattern, which is indicated by the 4 additional LEED
spots connecting the (1x1) square.

By comparison with the literature, we identify this surface state as the surface
reconstruction observed for bulk single crystalline Pt, which has recently been studied
using SPA-LEED [52]. The study concludes that a hexagonal centered c(26x118) structure
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a EuO/Pt heterostructure grown at the same temperature with an oxygen pressure
pO2 . The temperature is measured using a pyrometer with ε = 0.10 in accordance with
reported emissivity factors for Pt (from the pyrometer manual).

For the EuO/Pt growth, an adsorption limited growth mode is utilized, reducing
the oxygen partial pressure below the stoichiometric value to pO2 = 1.2× 10−8 Torr
(R = 0.75). The EuO film is studied with RHEED as depicted in Figure 5.11 (b). We
observe RHEED streaks together with a transmission pattern indicating an island type
growth mode of EuO/Pt. This behavior is interpreted by the strain of the Pt film, which
is on the order of the strain induced by SrTiO3, for which we found the same behavior
(see Section 4.6). Both samples are capped with 12 nm of MgO prior to exposure to air.

HAX-MCD experiments are performed at P09, PETRA III as described in Subsec-
tion 3.6.1. The goal of the experiment is to measure the element selective magnetic
properties of both samples as a function of temperature. At the cryostat the temperature
diode is mounted on the cold-finger, which leads to a significant deviation between the
measured and real temperature at the sample location. In order to improve the precision
we use the well known behavior of M(T ) for sample a) as a temperature reference.

XMCD spectra of the Eu 3d5/2 core-level are obtained at Tdiode = 4 K, 50 K, 60 K
and 70 K. The absence of an XMCD signal is defined as Treal > 69 K. The XMCD
signal is defined as the difference between spectra obtained using left and right circularly
polarized light as:

XMCD = σ+ − σ− (5.3)

where σ± is the spectrum of the light polarized at small and large diffraction angle of the
transmission crystal polarizator. This choice leads to the appropriate sign convention in
the MCD spectra. The spectra are first corrected for the varying transmission of the
polarizator, and then the difference spectrum is calculated. The conventional method
of displaying the asymmetry is deliberately not applied, as the background correction
can introduce small unwanted features in the spectra. This would is unproblematic for
the strong asymmetry of the Eu 3d5/2 peaks at T = 4 K. However, this measurement
is aimed at detecting the small moments expected at T ≈ TC , where small intensity
changes are in the range of the measured signal.

In Figure 5.12 (a) and (d) we compare spectra of sample a) and b) at Tdiode = 4 K
and in (b) and (c) for Tdiode = 70 K. At low temperature, spectra with similar shape
are observed for both samples, i.e. MCD is observed in both samples. At elevated
temperature sample a) shows the absence of MCD, while sample b) still shows a an
MCD. Figure 5.12 (c) depicts the XMCD signal from sample a) as a function of T . The
inset of the same figure shows a Brillouin function fit to the maximum of the XMCD
intensity. We obtain a good fit with TC,meas = 60 K indicating, that the deviation is
∆T = TC,bulk − TC,meas = 9 K at this temperature.

We present the XMCD for sample b) in (f) of the same figure. Dashed lines indicate
comparison curves from sample a) to enable an identification of MCD. We observe
significant MCD for T = 70 K, 75 K and 80 K, 20 K above the expected value of TC for
bulk EuO. Thereby we find, that the Pt induces a higher transition temperature in the
EuO film, in line with the prediction in the literature [109].
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In order to cross-check the temperature calibration from the MCD-HAXPES measure-
ments and to advance the analysis, sample b) is measured with VSM. We perform a
M(H) measurement in 5 K steps in the range 5 K to 110 K. The results of this M(H,T)
measurement are shown in Figure 5.13. We observe a system with two magnetic phases
where the coercive field is HC = 90 Oe and 280 Oe for T = 5 K. This feature is not
observed for T > 30 K. In view of the island type growth mode of the EuO/Pt interface
we interpret this behavior as a superposition of the magnetic signal of superparamagnetic
particles at the EuO/Pt interface and a ferromagnetic (EuO bulk) phase. The blocking
temperature of the superparamagnet is TB = 30K (as the blocking temperature is a
function of t the measurement time, we specify: TB(10 s)).

The temperature behavior of film is depicted in Figure 5.13 (c). The M(T ) of EuO/Pt
can be described as a superposition of a two ferromagnetic phase system with different
TC . In order to exclude the possibility of Eu metal6 we compare the EuO/Pt film with
a EuO1-x sample. The EuO1-x sample shows only one transition at TC and a slowly
decaying magnetic tail at T > TC . We calculate the temperature derivative of ∂M

∂T
as

shown in Figure 5.13 (d). We observe two peaks for the EuO/Pt interface at T = 67 K
and 90 K, which can be identified as the magnetic transition temperature [147]. In the
case of metallic EuO only one peak is detected at the bulk TC . Therefore, we conclude,
that an under stoichiometric EuO1-x film exhibits a different magnetic behavior than the
prepared sample b) and that the enhanced TC can not be due to the EuO film alone.
This underscores our assumption that the EuO/Pt leads to an interfacial enhancement
of J and causes the observed enhanced TC .

In conclusion, a successful integration of Pt on SrTiO3 was demonstrated. These
virtual substrates are used for EuO deposition, where two independent techniques show
the enhanced magnetic ordering temperature for the EuO/Pt interface. The so prepared
system behaves like a magnetic two coercivity system consisting of a superparamagnetic
interfacial EuO/Pt layer coupled to the ferromagnetic bulk EuO. This supports the
predictions for the EuO/Pt in the literature and motivates the study of EuO/Pt interfaces
with regard to the proposed interfacial 2DHG [109].

6 Which already was absent in our HAXPES measurements in Figure 5.12 (e).



CHAPTER 6

Room temperature magnetism of EuO

The ferromagnetic properties of EuO are strong, as the magnetization is MS = 7 µB/f.u.,
however they are limited to low temperatures (TC = 69 K), as was shown in Section 4.6.
From a technological point of view, this is even below the temperature of liquid nitrogen.
This shifts the area of interest to fundamental studies, e.g. for use of EuO with regard
to spin filter functionality (see Subsection 2.1.3). Therefore, approaches enhancing the
TC are currently under investigation.

6.1. Co/EuO interfacial magnetism
In our approach to enhance the ordering temperature of EuO we look into interface
effects with a room temperature 3d ferromagnet.

Literature review for TC enhancement of EuO
Several routes with the aim of increasing TC have been attempted: One prominent
approach is the doping of EuO with Eu metal or Gd metal. The result is an increased
TC ≈125 K, while introducing conductivity to the EuO layer at the same time. Thereby
the tunnel-barrier functionality is disabled [58]. A second approach is choosing substrates
with compressive strain on the EuO film. Here, it is expected, that the shorter distances
between nearest and next-nearest neighbors increase the wave function overlap and
enhance the exchange coupling strengths J1 and J2 (introduced in Subsection 2.1.2). An
enhanced exchange coupling would lead to a higher TC . However, to date no experiment
has succeeded to introduce ferromagnetism up to room temperature in stoichiometric
EuO films.

The preparation of EuS/Co multi-layers has been published recently in the literature
[148]. EuS is also a ferromagnetic insulator, like EuO, however, it has a lower TC of
16 K . It often replaces EuO since it is stable in atmosphere and the preparation is



106 6. Room temperature magnetism of EuO

less demanding. In Ref [148], the authors observe by HAX-MCD the Eu L edge and
report ferromagnetic properties up to room temperature. By comparison, EuS reveals a
smaller conduction band split 2∆Eex = 0.2 eV, whereas for EuO 2∆Eex = 0.6 eV. The
exchange splitting is the origin of the spin filter effect and therefore is an important
parameter of a spin filter junction. Due to the experimental challenge in synthesis of
EuO this experiment, as presented in [148], has not been performed with EuO even
though improved spin filtering can be expected.

For a successful application of a material as a spin filter tunneling barrier, the spin
polarization P should be as high as possible – ideally 100 %. EuO films as thin as 15Å
are predicted to exhibit P = 98 % [11]. Due to this fact the ferromagnetic properties of
EuO need not be present in bulk EuO. Instead, interfacial phenomena like the magnetic
proximity effect could be a candidate to induce a mangetic moments into EuO thin films
at room temperature.

Another study has used Fe/EuO films and studied the magnetic properties of these
granular films [149]. They provide indirect evidence for an interfacial coupling between
Fe and EuO by a non saturating magnetization at T = 5 K, while the saturation at
T = 300 K is reached for H < 2 kOe. However, no direct evidence is provided that there
is an exchange interaction between EuO and Fe.

In this regard, the magnetic interfacial interaction of the 3d ferromagnet Co is studied
as a function of the EuO thickness in a Co/EuO heterostructure. The element specific
magnetic properties of this prototypical metal/ferromagnetic insulator system is evaluated
using X-ray absorption spectroscopy magnetic circular dichroism (XMCD) at I10 at
diamond light source.

We transfer the growth parameters as shown in Section 4.6 to prepare Co/EuO
interfaces and perform XMCD at the Co/EuO interface to study the element selective
magnetic properties of the 3d/4f interface.

6.1.1. Sum rules and exchange interaction length
In this section we explain how the sum rules are used to quantify the XMCD spectra.
These rules are applied commonly to 3d ferromagnets such as Fe, Ni and Co to analyze
their L3,2 edge dichroism. However, they can be applied for 4f ferromagnets as well and
have been tested on rare earth materials [150] and for the M5,4 edge of europium oxide
[151]. Applied to the M5,4 transition the equations for the orbital moment mOrb and
spin moment mSpin are [152, 153]

mOrb = −2q
r
Nh (6.1)

mSpin = 5p− 3q
r

NH(1+ < TZ >)−1 (6.2)

p =
∫
M5

(
σ+ − σ−

)
dω q =

∫
M5,4

(
σ+ − σ−

)
dω (6.3)

r =
∫
M54

IXAS dω (6.4)
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t [min] 2 4 6 10
dEuO [nm] 2.6 4.7 6.4 8.9

Table 6.1.: EuO thickness as a function of deposition time t at TS = 500 ◦C

fixed aligning field of H = 500 Oe and hysteresis data for H = ±14 T, the measurement
temperature is T = 4 K if not noted otherwise.

We record the Eu M5,4 and for Co the L3,2 edges by X-ray fluorescence XAS with left
and right circularly polarized light.

Shown in Figure 6.3 are (a) the XAS spectra and (b) the XMCD spectra for a varying
dEuO. The XAS spectra reveal a significant over-oxidation of the EuO films for the
Co/EuO heterostructures, while the EuO reference film only shows EuO components.
Comparing this with the XMCD signal, we find that only the EuO related fractions
exhibit a significant XMCD and the Eu2O3 parts show no XMCD as is expected.

The over-oxidation of the films is attributed to a rough Co over layer, which lead to
an insufficient capping. Due to this the XAS integral r is constant, as it is a measure
for the available Eu transitions. However, p and q are smaller, as the fraction of EuO is
reduced. Therefore, the sum rule analysis on mixed valency films leads to lower values
for morb and mspin for over-oxidized films.

Figure 6.3 (b) depicts the XMCD spectra of a thickness series of EuO films. See
Table 6.1 for dEuO(t). For a reference EuO film without cobalt we obtain a negative
XMCD signal (black line), as expected for the XMCD sign convention. Co/EuO
heterostructures show an antiferromagnetic coupling of EuO to the Co over layer, observed
by the positive XMCD signal at theM5 edge for small dEuO. The Co thickness of d = 4 nm
is thick enough to be the pinning layer, as we find, that in all our experiments the Co
layer exhibits a ferromagnetic behavior. The XMCD signal is inverted for dEuO < 6.4 nm,
indicating as expected that the antiferromagnetic coupling between Co and EuO is an
interface effect.

Applying the sum rules to the measured spectra, we obtain the thickness-dependent
magnetic moment per formula unit shown in Figure 6.4. As expected from the model
developed in the previous section, the thin EuO films show a negative mSpin indicating
the antiferromagnetic coupling of EuO to the Co layer. The magnetic moment increases
towards the bulk value of the EuO reference with increasing thickness. For mOrb, we
find small contributions mOrb < 1 µB/f.u. – in line with the expectation of l = 0 from
the 4f7 configuration of EuO. The presence of a non-zero mOrb can not be excluded
and could indicate an induced orbital moment from the Co over layer, because Co has a
non-zero mOrb, as can be seen by its electron configuration with l = 3/2.

Fitting mSpin with the previously developed model, we obtain a good fit using the
obtained mref

Spin from the reference EuO film and 2λAFM = (5.6± 1.4) nm in this way,
we determine the exchange length for the antiferromagnetic coupling between Co/EuO.
The value of λ shows that this is effect is not limited to the interface only, as λ ≈ 6 u c
EuO.
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in accordance with the XMCD sign convention. Consequently, in the region shown in (b)
EuO has a positive asymmetry (negative m) while Co shows the opposite behavior.

In Figure 6.5 (c) a hysteresis at T = 300 K is presented. At these temperatures far
above the TC = 69 K of bulk EuO, no magnetic moment is expected for bulk EuO. Yet,
a sizable EuO XMCD signal is detected. This is indicates, that the exchange mechanism
between EuO and Co leads to an induced magnetic moment of EuO at room temperature.
Only above high fields of HC > (7.22± 0.58) T the EuO magnetization reverse.

The Zeeman energy, is the energy required to "flip a spin", in the sense, that it
resembles the potential energy of a magnetized body in an external magnetic field. We
use the Zeeman energy in order to evaluate the magnetic coupling strength between EuO
and Co at the switching field HC

Eexch ≈ EZeeman = 7µB · (7.2± 0.6) T = (2.90± 0.23) meV (6.8)

where, Eexch denotes the exchange energy and EZeeman the Zeeman energy for the seven
unpaired electrons in the Eu 4f valence level. An estimate for the exchange coupling
strength is obtained by using J = Eexch/2SEuOSCo ≈ 0.278 meV[151], where S denotes
the spin configuration of the respective material. This is a large value for J , as the
reported values for the exchange interaction strength in bulk EuO is J1 = 0.052 meV
[18]. Therefore, we report a strong interface interaction between Co/EuO which induces
magnetic moments even at room temperature.

By the Bloch law it can be shown that the Curie temperature scales proportionally
with J [154] as:

M(T ) = MS

[
1− α

S

(
kBT

2JS

)3/2]
⇔ TC ∝ J ⇒ TC/Tbulk = J/Jbulk ≈ 5 (6.9)

where M is the magnetization at temperature T , MS is the saturation magnetization,
S is the number of spins, kB is the Boltzmann constant, TC is the Curie temperature
and J is the exchange interaction strength. As seen by solving for M(TC) = 0, the
Curie temperature depends directly on J and therefore it is to be expected, that the
enhanced J of Co/EuO is the cause for the significant increase of TC to values above
room-temperature.

In comparison, the study of a multi-layer Co/EuS system has reported a switching
field HC ≈ 4 T indicating, that the interface effect is stronger for the Co/EuO case.

Concluding, the XMCD effect was used to study the Co/EuO interface. The sum
rules for the 3d-4f transition have been applied enabling a quantitative description
of the magnetic properties and a determination of the exchange interaction length
2λAFM = (5.6± 1.4) nm (about 5ML). The hysteresis curves obtained at 4 K and at
300 K show a strong interfacial interaction between Co/EuO leading to the observation
of a room temperature magnetism of the EuO film due to the strong exchange with the
3d ferromagnet Co. The result of equation 6.9 indicates an interfacial TC ≈ 350 K.







CHAPTER 7

Conclusion and Outlook

The ferromagnetic insulator EuO has been studied for varous interface configurations
with oxides and metals and in confined electron systems.

We synthesize EuO on SrTiO3 (001) and other oxides using a novel approach, the
redox reaction with the substrate. For this we develop a quantitative XPS fitting routine
on the basis of a set of Eu 3d reference spectra. The redox growth is possible for
TS = 300 ◦C-600 ◦C, where we detect stoichiometric EuO except for a small interfacial
region. The growth rate was evaluated and we find a Mott-Cabrera like growth limited
by ionic oxygen conductivity of the substrate. The crystal structure is analyzed and
epitaxial integration of EuO(110)/SrTiO3 (100) and EuO(001)/SrTiO3 (001) is obtained.
We detect bulk magnetic properties and a maximal thickness of d ≈ 15 nm for this
growth method. The proposed growth method reduces the complexity, as the necessity
to calibrate the oxygen pressure is circumvented. For films d > 15 nm the well known
adsorption limited deposition method can be employed after the redox growth.

The electric properties of EuO/oxide heterostructures and a EuO/metal interface
is analyzed. Performing ARPES on the EuO/SrTiO3 interface, we detect a 2DEG
which shows comparable properties as the classical 2DEGs, like e.g. LAO/SrTiO3. Our
approach provides two novel prospects. First the preparation of a 2DEG by a redox-
controlled interface reaction and second the integration of a ferromagnetic insulator
with the 2DEG. Hereby, a magnetically gated 2DEG is prepared. This interface could
be interesting to study the transport properties and elucidate whether the 2DEG is
spin-polarized. The integration of EuO with BaTiO3 was studied in a second experiment.
Again, a 2DEG is created by the redox process between Eu metal and BaTiO3. This
interface could be of special interest, as other studies have shown BaTiO3 to retain
its ferroelectric properties, while we find that dEuO = 2 ML exhibits sizable magnetic
properties. This combination with a 2DEG at the interface could pave the way towards a
multiferroic device, as the EuO/BaTiO3 interface could influence the magnetic properties
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as a function of the ferroelectric polarization. The EuO/Pt interface reveals the opposite
electric effect. Here a 2DHG is predicted by theoretical modeling and we measure with
element specific HAX-XMCD and volumetric magnetometry an enhancement of the
Curie temperature. This can be interpreted as a first sign of a magnetic interaction
EuO/Pt interface interaction, which leads to the 2DHG.

The magnetic properties of Co/EuO heterostructures are studied with XMCD. We
find that the sum rules can be applied to this rare earth material. We use this to
determine the exchange length of the Co/EuO interface to 2λAFM = (5.6± 1.4) nm,
which shows that the effect is localized to the interface and only thin films of EuO will
experience the Co/EuO exchange. Measuring a hysteresis loop at room temperature we
observe ferromagnetic properties of EuO, far above its bulk TC = 69 K. We utilize the
hysteresis loop to obtain the Co/EuO exchange coupling strength J = 0.278 meV ≈ 5Jbulk.
We interpret this behavior as a magnetic proximity effect. A EuO ultra-thin film of
dEuO = 2 ML is prepared at room temperature and the Co/EuO interface is also studied.
We obtain comparable results and M(300 K) = 1 µB/f.u.. This shows that a significant
magnetic moment is retained at room temperature even for ultra-thin EuO films.

Realizing a device as displayed in Figure 7.1 (a) may pave the way towards a room
temperature spintronic application of EuO. In Figure 7.1 (b), the Ti L3,2 edge is
depicted. We observe an indication of Ti2O3 at the interface of EuO/SrTiO3. This
observation of reduced Ti3+ cations at the EuO/SrTiO3 is an indicator for the presence of
a interfacial 2DEG, as shown in Section 5.1. Due to the observation of room temperature
ferromagnetism of the Co/EuO heterostructure, spin injection into the interfacial 2DEG
could become feasible. In the literature, the spin injection efficiency for EuO films down
to 7ML thickness has been evaluated to be well above 90% [11], which indicates, that
even for a 2ML EuO thick film sizable spin-polarized electron injection into SrTiO3 could
be possible.

Also, the 2DEG at the EuO/SrTiO3 interface should be studied more closely and
with spin ARPES to assess the spin character of the band structure. In the future, the
additional gas feeds at the MBE system could be used to supply N, enabling the growth of
nitrides. In conjunction with a second K-Cell filled with Gd metal the EuO/GdN interface
could be studied. At this interface a topological state, a so called Chern insulator, is
expected, as is published in the literature [161]. These states can be observed using
ARPES, through the collaboration with a local photoemission group at FZ Jülich.

Another future experiment should be devoted to the study of the purported 2DHG
at the Pt and EuO interface. We propose to study a buried EuO/Pt interface with
HARPES. As we show in Figure 2.11, Pt and Eu both have high Debye-Waller factors
and therefore a study of these two elements can be a successful route to observe the
2DHG. This experiment could lead to the observation of a band structure as depicted in
Figure 7.1 (c).

In conclusion, we developed a novel route to synthesize high quality EuO by utilizing
a redox reaction with the substrate. this further enabled us to observe fascinating
interfacial phenomena in oxide and metal heterostructures, ranging from two-dimensional
conductivity to magnetic proximity effect induced room temperature ferromagnetism in
EuO. This can open up new directions in EuO related research.







APPENDIX A

Appendix

A.1. Umweganregungen
As can be seen in Figure 4.17 the rocking curve is not a simple Gaussian profile as would
be expected. It shows a narrow spike at the center of the reflex. The FWHM of the
spike is below the width of the substrate reflex as shown in Figure 4.17. This leads to
the conclusion, that neither the EuO reflex here measured nor the substrate can explain
this observation. In fact this reflex is an artifact caused by so called Umweganregungen.

A φ-Scan of an out of plane reflex should show a uniform intensity for a full rotation,
as the out of plane reflex is not dependent on the orientation of beam and substrate. Yet,
figure Figure A.1 shows that there is a strong dependency on the orientation. Around 0°
there is an increase in intensity with a factor of about 100 with respect to the normal
intensity.

This effect can be attributed to so called Umweganregungen as presented in 1937 by
[163]. The authors explain, that the narrow intensity spike is attributed to a double
reflex of 2 allowed reflexes whose difference vector in reciprocal space is again the EuO
(002) reflex such as e.g. SrTiO3 (113) and (−1− 1− 1).





Bibliography

[1] W. Van Heddeghem et al., “Trends in Worldwide ICT Electricity Con-
sumption from 2007 to 2012”, Computer Communications 50, 64, (2014)
doi:10.1016/j.comcom.2014.02.008 (cited on page 1).

[2] G. Schmidt et al., “Basic Obstacle for Electrical Spin-Injection from a
Ferromagnetic Metal into a Diffusive Semiconductor”, Physical Review B
62, 4, (1999) doi:10.1103/PhysRevB.62.R4790 (cited on page 2).

[3] T. Santos, “Europium Oxide as a Perfect Electron Spin Filter”, PhD
Thesis Massachusetts Institute of Technology, Department of Materials
Science and Engineering (2007) (cited on pages 2, 34).

[4] H. Miyazaki et al., “Fabrication of Single Crystalline EuO Thin Film with
SrO Buffer Layer on SrTiO3 Substrate”, Journal of Physics: Conference
Series 391, 012047, (2012) doi:10.1088/1742-6596/391/1/012047 (cited on
pages 2, 30, 68).

[5] H. Miyazaki et al., “Single Crystal Growth and Magnetic, Optical, and
Photoelectrical Properties of EuO Thin Film”, Japanese Journal of Applied
Physics 48, 055504, (2009) doi:10.1143/JJAP.48.055504 (cited on pages 2,
68).

[6] N. Iwata et al., “Preparation and Magnetic Properties of EuO Thin Films
Epitaxially Grown on MgO and SrTiO 3 Substrates”, Journal of the Physical
Society of Japan 69, 230, (2000) doi:10.1143/JPSJ.69.230 (cited on pages 2,
68, 76).

[7] G. M. Prinz et al., “Quantum Confinement in EuO Heterostructures”,
Applied Physics Letters 109, 202401, (2016) doi:10.1063/1.4966223 (cited
on page 2).

[8] A. Ohtomo and H. Y. Hwang, “A High-Mobility Electron Gas at the
LaAlO3/SrTiO3 Heterointerface”, Nature 427, 423, (2004) doi:10.1038/
nature02308 (cited on pages 2, 84).



122 Bibliography

[9] W. Han et al., “Spin Injection and Detection in Lanthanum- and Niobium-
Doped SrTiO3 Using the Hanle Technique.”, Nature communications 4, 2134
(2013) doi:10.1038/ncomms3134 (cited on pages 2, 29).

[10] A. G. Swartz et al., “Spin-Dependent Transport across Co/LaAlO3/SrTiO3
Heterojunctions”, Applied Physics Letters 105, 032406, (2014) doi:10.1063/
1.4891174 (cited on page 2).

[11] N. Jutong et al., “Electronic Transport through EuO Spin-Filter Tunnel
Junctions”, Physical Review B - Condensed Matter and Materials Physics
86, 1 (2012) doi:10.1103/PhysRevB.86.205310 (cited on pages 2, 10, 34,
106, 116).

[12] Collaboration: Authors and editors of the volumes III/17G-
41D, in Non-Tetrahedrally Bonded Binary Compounds II , Vol. 41D, edited
by O. Madelung, U. Rössler, and M. Schulz (Springer-Verlag, Berlin/Heidelberg,
2000), pages 1–18, isbn: 978-3-540-64966-3, doi:10.1007/10681735_588
(cited on page 6).

[13] F. Karlsruhe, Inorganic Crystal Structure Database, (2017) https://icsd.
fiz-karlsruhe.de/search/index.xhtml (cited on pages 5, 99).

[14] P. Steeneken, “New Light on EuO Thin Films” (Rijksuniversiteit Gronin-
gen, 2002) (cited on pages 6, 7, 56, 85).

[15] T. Mairoser et al., “High-Quality EuO Thin Films the Easy Way via
Topotactic Transformation”, Nature Communications 6, 7716, (2015) doi:
10.1038/ncomms8716 (cited on pages 6, 56, 68).

[16] S. Blundell, Magnetism In Condensed Matter, Oxford Master Series In
Physics (2000), isbn: 978-0-19-850591-4 (cited on pages 7, 8).

[17] J. Klinkhammer et al., “Spin-Polarized Surface State in EuO(100)”,
Physical Review Letters 112, 1 (2014) doi:10.1103/PhysRevLett.112.016803
(cited on page 8).

[18] a. Mauger and C. Godart, “The Magnetic, Optical, and Transport
Properties of Representatives of a Class of Magnetic Semiconductors: The
Europium Chalcogenides”, Physics Reports 141, 51, (1986) doi:10.1016/0370-
1573(86)90139-0 (cited on pages 8, 112).

[19] R. Schiller and W. Nolting, “Prediction of a Surface State and a Related
Surface Insulator-Metal Transition for the (100) Surface of Stochiometric
EuO”, Physical Review Letters 86, 3847, (2001) doi:10.1103/PhysRevLett.
86.3847 (cited on pages 8, 9, 41, 64, 87, 95).

[20] M. Hoppe, “Magnetic, Structural, and Electronic Properties of NiFe2O4
Ultrathin Films”, Duisburg, Univ, Diss., 2015, Dr. (Duisburg, Univ, Jülich,
2016) (cited on page 9).



123

[21] W. Butler et al., “Spin-Dependent Tunneling Conductance of Fe|MgO|Fe
Sandwiches”, Physical Review B 63, 054416, (2001) doi:10.1103/PhysRevB.
63.054416 (cited on page 10).

[22] N. Hampp, “Temperaturabhängigkeit von Enthalpie H Und Entropie S”,
Apr. 2009 (cited on page 12).

[23] M. Hong et al., “Surface Diffusion on SrTiO3 (100): A Temperature
Accelerated Dynamics and First Principles Study”, Surface Science 617, 237
(2013) doi:10.1016/j.susc.2013.08.002 (cited on pages 12, 30, 79).

[24] a. Einstein, “Über Einen Die Erzeugung Und Verwandlung Des Lichtes
Betreffenden Heuristischen Gesichtspunkt”, Annalen der Physik 322, 132,
(1905) doi:10.1002/andp.19053220607 (cited on page 16).

[25] S. Hüfner, Photoelectron Spectroscopy, Advanced Texts in Physics (Springer
Berlin Heidelberg, Berlin, Heidelberg, 2003), isbn: 978-3-642-07520-9 978-
3-662-09280-4, doi:10.1007/978-3- 662- 09280-4 (cited on pages 16, 17,
19).

[26] E.-J. Cho et al., “Origin of the High-Binding-Energy Structure in the 3
d Core-Level Spectra of Divalent Eu Compounds”, Physical Review B 51,
10146, (1995) doi:10.1103/PhysRevB.51.10146 (cited on pages 20, 52, 59,
87, 93).

[27] T. Valla, “Evidence for Quantum Critical Behavior in the Optimally Doped
Cuprate Bi2Sr2CaCu2O8+”, Science 285, 2110, (1999) doi:10.1126/science.
285.5436.2110 (cited on page 20).

[28] S. Tanuma, C. J. Powell, and D. R. Penn, “Calculations of Electron
Inelastic Mean Free Paths. IX. Data for 41 Elemental Solids over the 50
eV to 30 keV Range”, Surface and Interface Analysis 43, 689, (2011) doi:
10.1002/sia.3522 (cited on pages 21, 22).

[29] J. Maibach et al., “Electric Potential Gradient at the Buried Interface
between Lithium-Ion Battery Electrodes and the SEI Observed Using Photo-
electron Spectroscopy”, The Journal of Physical Chemistry Letters 7, 1775,
(2016) doi:10.1021/acs.jpclett.6b00391 (cited on page 21).

[30] C. S. Fadley, “X-Ray Photoelectron Spectroscopy and Diffraction in the
Hard X-Ray Regime: Fundamental Considerations and Future Possibilities”,
Nuclear Instruments and Methods in Physics Research Section A: Accelera-
tors, Spectrometers, Detectors and Associated Equipment 547, 24, (2005)
doi:10.1016/j.nima.2005.05.009 (cited on page 21).

[31] J. Woicik, editor, Hard X-Ray Photoelectron Spectroscopy (HAXPES),
Vol. 59, Springer Series in Surface Sciences (Springer International Publish-
ing, Cham, 2016), isbn: 978-3-319-24041-1 978-3-319-24043-5, doi:10.1007/
978-3-319-24043-5 (cited on pages 22, 23).



124 Bibliography

[32] K. G. Subhadra, B. Raghavendra Rao, and D. B. Sirdeshmukh,
“X-Ray Determination of the Debye-Waller Factors and Debye Temperatures
of Europium Monochalcogenides”, Pramana 38, 681, (1992) doi:10.1007/
BF02875064 (cited on pages 22, 23).

[33] G. van der Laan and A. I. Figueroa, “X-Ray Magnetic Circular Dichro-
ism—A Versatile Tool to Study Magnetism”, Coordination Chemistry Re-
views 277-278, 95, (2014) doi:10.1016/j.ccr.2014.03.018 (cited on pages 24,
47).

[34] J. Stöhr and H. C. Siegmann, Magnetism: From Fundamentals to
Nanoscale Dynamics, Vol. 152, Springer Series in Solid-State Sciences
(Springer Berlin Heidelberg, 2006), 1 page, isbn: 3-540-30282-4 (cited on
page 24).

[35] J. F. Watts and J. Wolstenholme, An Introduction to Surface Analysis
by XPS and AES (John Wiley & Sons, Ltd, Chichester, UK, Mar. 25, 2003),
isbn: 978-0-470-86793-8 (cited on pages 25, 63).

[36] F. Sánchez, C. Ocal, and J. Fontcuberta, “Tailored Surfaces of
Perovskite Oxide Substrates for Conducted Growth of Thin Films”, Chemical
Society Reviews 43, 2272, (2014) doi:10.1039/c3cs60434a (cited on pages 28–
30).

[37] F. Gunkel, “The Role of Defects at Functional Interfaces between Polar
and Non-Polar Perovskite Oxides” (RWTH Aachen University, Aachen,
2013) (cited on pages 29, 120).

[38] J. G. Connell et al., “Preparation of Atomically Flat SrTiO3 Surfaces
Using a Deionized-Water Leaching and Thermal Annealing Procedure”, Ap-
plied Physics Letters 101, 251607, (2012) doi:10.1063/1.4773052 (cited on
page 29).

[39] M. Kareev et al., “Atomic Control and Characterization of Surface Defect
States of TiO$_2$ Terminated SrTiO$_3$ Single Crystals”, Applied Physics
Letters 93, 061909, (2008) doi:10.1063/1.2971035 (cited on page 29).

[40] G. Koster et al., “Quasi-Ideal Strontium Titanate Crystal Surfaces through
Formation of Strontium Hydroxide”, Applied Physics Letters 73, 2920, (1998)
doi:10.1063/1.122630 (cited on pages 29, 85).

[41] K. Szot and W. Speier, “Surfaces of Reduced and Oxidized SrTiO 3
from Atomic Force Microscopy”, Physical Review B 60, 5909, (1999) doi:
10.1103/PhysRevB.60.5909 (cited on page 30).

[42] Prinsen, “Nucleation and Growth on SrTiO 3 Substrates Characterize by
Ex-Situ AFM” (2007) (cited on page 31).



125

[43] A. Picolin, “Wasser Auf Ungestuften Und Gestuften Platinflächen”, Diploma
(Universität zu Köln, May 2008) (cited on pages 32, 33).

[44] M. Müller, G.-X. Miao, and J. S. Moodera, “Thickness Dependence of
Ferromagnetic- and Metal-Insulator Transition in Thin EuO Films”, Journal
of Applied Physics 105, 07C917, (2009) doi:10.1063/1.3063673 (cited on
pages 34, 64, 85).

[45] M. Müller, G.-X. Miao, and J. S. Moodera, “Exchange Splitting
and Bias-Dependent Transport in EuO Spin Filter Tunnel Barriers”, EPL
(Europhysics Letters) 88, 47006, (2009) doi:10.1209/0295-5075/88/47006
(cited on pages 34, 56, 87).

[46] K. Neureiter, “Entwicklung Und Elektrische Charakterisierung von Oxid-
Basierten Transportstrukturen”, Master Thesis (Universität Duisburg-Essen,
Jan. 3, 2017) (cited on page 34).

[47] A. Naumkin et al., NIST X-Ray Photoelectron Spectroscopy Database,
(Sept. 12, 2012) https://srdata.nist.gov/xps/Default.aspx (visited on
09/23/2017) (cited on page 35).

[48] J. A. Bearden, “X-Ray Wavelengths”, Reviews of Modern Physics 39, 78,
(1967) doi:10.1103/RevModPhys.39.78 (cited on page 35).

[49] M. Eschbach, “Band Structure Engineering in 3D Topological Insulators
Investigated by Angle-Resolved Photoemission Spectroscopy”, Dr. (Duisburg,
Jülich, 2016) (cited on page 35).

[50] G. Rijnders, “The Initial Growth of Complex Oxides : Study and Manip-
ulation” (2001) (cited on pages 36, 37).

[51] F. Jona, J. a Strozier, and W. S. Yang, “Low-Energy Electron Diffrac-
tion for Surface Structure Analysis”, Reports on Progress in Physics 45, 527
(2000) doi:10.1088/0034-4885/45/5/002 (cited on pages 37, 38).

[52] R. Hammer et al., “Surface Reconstruction of Pt(001) Quantitatively
Revisited”, Physical Review B 94, (2016) doi:10.1103/PhysRevB.94.195406
(cited on pages 38, 100).

[53] Y. A. Abramov et al., “The Chemical Bond and Atomic Displacements in
SrTiO3 from X-Ray Diffraction Analysis”, Acta Crystallographica Section
B Structural Science 51, 942, (1995) doi:10.1107/S0108768195003752 (cited
on page 39).

[54] Asylum, Arrow NCR, (2017) https://afmprobes.asylumresearch.com/arrow-
ncr.html (visited on 09/23/2017) (cited on page 38).

[55] D. Nečas and P. Klapetek, “Gwyddion: An Open-Source Software for
SPM Data Analysis”, Open Physics 10, (2012) doi:10.2478/s11534-011-
0096-2 (cited on page 39).



126 Bibliography

[56] M. Faley, in Applications of High-Tc Superconductivity, edited by A. Luiz
(InTech, June 27, 2011), isbn: 978-953-307-308-8, doi:10.5772/16302 (cited
on page 39).

[57] O. Petracic and B. Schmitz, Crosscalibration of Dynacool and MPMS,
2016 (cited on page 40).

[58] S. G. Altendorf et al., “Oxygen Off-Stoichiometry and Phase Separation
in EuO Thin Films”, Physical Review B - Condensed Matter and Materials
Physics 84, 155442 (2011) doi:10.1103/PhysRevB.84.155442 (cited on
pages 41, 105).

[59] L. Spieß et al., Moderne Röntgenbeugung (Vieweg+Teubner, Wiesbaden,
2009), 5 pages, isbn: 978-3-8351-0166-1 (cited on pages 41–43, 99).

[60] M. H. Mendenhall et al., “High-Precision Measurement of the x-Ray Cu
K y Spectrum”, Journal of Physics B: Atomic, Molecular and Optical Physics
50, 115004, (2017) doi:10.1088/1361-6455/aa6c4a (cited on page 42).

[61] C. Kittel, editor, Introduction to Solid State Physics, 8th ed., englisch
(Wiley, New York, NY, 2005), isbn: 978-0-471-68057-4 (cited on page 42).

[62] F. Schaefers, M. Mertin, and M. Gorgoi, “KMC-1: A High Resolu-
tion and High Flux Soft x-Ray Beamline at BESSY ”, Review of Scientific
Instruments 78, 123102, (2007) doi:10.1063/1.2808334 (cited on page 44).

[63] M. Gorgoi et al., “The High Kinetic Energy Photoelectron Spectroscopy
Facility at BESSY Progress and First Results”, Nucl. Instr. Meth. Phys.
Res. A 601, 48, (2009) doi:http://dx.doi.org/10.1016/j.nima.2008.12.244
(cited on pages 44, 58).

[64] J. Strempfer et al., “Fast Helicity Switching of X-Ray Circular Polar-
ization at Beamline P09 at PETRA III”, in (2016), page 030017, doi :
10.1063/1.4952840 (cited on page 45).

[65] A. Gloskovskii et al., “Magnetometry of Buried Layers-Linear Magnetic
Dichroism and Spin Detection in Angular Resolved Hard X-Ray Photoelectron
Spectroscopy”, Journal of Electron Spectroscopy and Related Phenomena
185, 47 (2012) doi:10.1016/j.elspec.2011.11.005 (cited on page 45).

[66] J. Strempfer et al., “Resonant Scattering and Diffraction Beamline P09
at PETRA III”, Journal of Synchrotron Radiation 20, 541, (2013) doi:
10.1107/S0909049513009011 (cited on page 45).

[67] Schlüter, Beamline Parameters, (2017) http://photon-science.desy.de/
facilities/petra_iii/beamlines/p09_resonant_scattering_and_diffraction/
beamline_specifications/index_eng.html (visited on 09/25/2017) (cited on
page 45).



127

[68] F. Bertran, Cassiopeé Beamline and Endstations, (2017) https://www.
synchrotron-soleil.fr/en/beamlines/cassiopee (visited on 09/26/2017) (cited
on page 45).

[69] H. Wang et al., “Complete Polarization Analysis of an APPLE II Undulator
Using a Soft X-Ray Polarimeter”, Journal of Synchrotron Radiation 19, 944,
(2012) doi:10.1107/S0909049512034851 (cited on page 47).

[70] W. H. Hocking and J. A. D. Matthew, “Electron Spectroscopy of
Europium”, Journal of Physics: Condensed Matter 2, 3643, (1990) doi :
10.1088/0953-8984/2/15/019 (cited on page 51).

[71] C. Caspers, “Magnetic Oxide Heterostructures : EuO on Cubic Oxides
and on Silicon” (2013), 152 pages (cited on pages 51, 58, 59, 79).

[72] M. W. Shafer, “Preparation and Crystal Chemistry of Divalent Europium
Compounds”, Journal of Applied Physics 36, 1145, (1965) doi:10.1063/1.
1714142 (cited on page 55).

[73] M. Barbagallo et al., “Thickness-Dependent Magnetic Properties of
Oxygen-Deficient EuO”, Physical Review B 84, (2011) doi:10.1103/PhysRevB.
84.075219 (cited on pages 55, 97, 98).

[74] G.-X. Miao, M. Müller, and J. S. Moodera, “Magnetoresistance in
Double Spin Filter Tunnel Junctions with Nonmagnetic Electrodes and Its
Unconventional Bias Dependence”, Phys. Rev. Lett. 102, 076601 (2009)
doi:10.1103/PhysRevLett.102.076601 (cited on page 56).

[75] R. B. H. Tahar et al., “Tin Doped Indium Oxide Thin Films: Electrical
Properties”, J. Appl. Phys. 83, 2631 (1998) (cited on page 56).

[76] M. Matsubara et al., “Giant Third-Order Magneto-Optical Rotation in
Ferromagnetic EuO”, Phys. Rev. B 86, 195127 (2012) doi:10.1103/PhysRevB.
86.195127 (cited on page 56).

[77] G. Koster, M. Huijben, and G. Rijnders, editors, Epitaxial Growth of
Complex Metal Oxides, 1st edition (Woodhead Publishing, 2015) (cited on
page 56).

[78] R. W. Ulbricht et al., “Adsorption-Controlled Growth of EuO by Molecular-
Beam Epitaxy”, Applied Physics Letters 93, 102105, (2008) doi:10.1063/1.
2973180 (cited on pages 56, 85).

[79] R. Sutarto et al., “Epitaxial and Layer-by-Layer Growth of EuO Thin
Films on Yttria-Stabilized Cubic Zirconia (001) Using MBE Distillation”,
Physical Review B 79, (2009) doi:10.1103/PhysRevB.79.205318 (cited on
pages 56, 61).



128 Bibliography

[80] D. F. Förster, “EuO and Eu on Metal Crystals and Graphene: Interface
Effects and Epitaxial Films”, Inaugural (Universität zu Köln, Köln, Oct. 14,
2011) (cited on page 56).

[81] C. Caspers et al., “Chemical Stability of the Magnetic Oxide EuO Directly
on Silicon Observed by Hard X-Ray Photoemission Spectroscopy”, Physical
Review B 84, (2011) doi:10.1103/PhysRevB.84.205217 (cited on page 56).

[82] C. Caspers et al., “Heteroepitaxy and Ferromagnetism of EuO/MgO (001):
A Route towards Combined Spin- and Symmetry-Filter Tunneling”, Physical
Review B 88, (2013) doi:10.1103/PhysRevB.88.245302 (cited on pages 56,
85, 87).

[83] C. Caspers et al., “Ultrathin Magnetic Oxide EuO Films on Si(001) Using
SiOx Passivation-Controlled by Hard x-Ray Photoemission Spectroscopy”,
Journal of Applied Physics 113, 17C505 (2013) doi:10.1063/1.4795010
(cited on page 56).

[84] A. Schmehl et al., “Epitaxial Integration of the Highly Spin-Polarized
Ferromagnetic Semiconductor EuO with Silicon and GaN”, Nature Materials
6, 882 (2007) doi:10.1038/nmat2012 (cited on page 56).

[85] D. V. Averyanov et al., “Direct Epitaxial Integration of the Ferromagnetic
Semiconductor EuO with Silicon for Spintronic Applications”, ACS Applied
Materials & Interfaces 7, 6146 (2015) doi:10.1021/am5089007 (cited on
page 56).

[86] K. J. Hubbard and D. G. Schlom, “Thermodynamic Stability of Binary
Oxides in Contact with Silicon”, J. Mater. Res. 11, 2757 (1996) (cited on
page 56).

[87] D. G. Schlom and J. H. Haeni, “A Thermodynamic Approach to Select-
ing Alternative Gate Dielectrics”, MRS bulletin 27, 198 (2002) (cited on
page 56).

[88] L. P. H. Jeurgens et al., “Thermodynamic Stability of Amorphous Oxide
Films on Metals: Application to Aluminum Oxide Films on Aluminum
Substrates”, Phys. Rev. B 62, 4707 (2000) doi:10.1103/PhysRevB.62.4707
(cited on page 56).

[89] C. S. Fadley, “X-Ray Photoelectron Spectroscopy: Progress and Perspec-
tives”, Journal of Electron Spectroscopy and Related Phenomena 178-179,
2, (2010) doi:10.1016/j.elspec.2010.01.006 (cited on page 57).

[90] J. Zegenhagen, “Photoelectron Spectroscopy of Transition Metal Oxide
Interfaces”, Eur. Phys. J.-Appl. Phys. 70, 20701 (2015) (cited on page 57).



129

[91] H. Ohta et al., “Highly Electrically Conductive Indium–Tin–Oxide Thin
Films Epitaxially Grown on Yttria-Stabilized Zirconia (100) by Pulsed-Laser
Deposition”, Appl. Phys. Lett. 76, 2740 (2000) doi:http://dx.doi.org/10.
1063/1.126461 (cited on pages 57, 59).

[92] C. Buchal et al., “Epitaxial BaTiO3 Thin Films on MgO”, Mater. Sci.
Eng. B 56, 234 (1998) (cited on pages 57, 91).

[93] M. Quaas et al., “Investigation of Diffusion and Crystallization Processes
in Thin ITO Films by Temperature and Time Resolved Grazing Incidence
X-Ray Diffractometry”, Surf. Sci. 540, 337 (2003) (cited on page 61).

[94] M. Burgener and A. Goldmann, “Oxidation of Ultrathin Indium Layers
on W(110) - A Core-Level Photoemission Study”, Surf. Sci. 540, 89 (2003)
doi:10.1016/S0039-6028(03)00775-1 (cited on page 62).

[95] V. Christou et al., “High Resolution X-Ray Photoemission Study of Plasma
Oxidation of Indium–Tin–Oxide Thin Film Surfaces”, J. Appl. Phys. 88,
5180 (2000) doi:http://dx.doi.org/10.1063/1.1312847 (cited on page 62).

[96] C. Powell and A. Jablonski, “Surface Sensitivity of X-Ray Photoelectron
Spectroscopy”, Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment 601,
54 (2009) doi:10.1016/j.nima.2008.12.103 (cited on page 63).

[97] W. S. M. Werner, W. Smekal, and C. J. Powell, editors, NIST
Database for the Simulation of Electron Spectra for Surface Analysis, Ver-
sion 2.0 (National Institute of Standards and Technology, 2014) (cited on
page 63).

[98] R. J. Konings et al., “The Thermodynamic Properties of the F-Elements
and Their Compounds. Part 2. The Lanthanide and Actinide Oxides”, J.
Phys. Chem. Ref. Data 43, 013101 (2014) doi:10.1063/1.4825256 (cited on
page 64).

[99] W. M. Haynes, CRC Handbook of Chemistry and Physics, 95th edition
(CRC press, 2013) (cited on page 64).

[100] H. J. T. Ellingham, “Reducibility of Oxides and Sulphides in Metallurgical
Processes”, J. Soc. Chem. Ind. 63, 125 (1944) doi:10.1002/jctb.5000630501
(cited on pages 65, 68).

[101] P. S. Manning et al., “The Kinetics of Oxygen Transport in 9.5 Mol%
Single Crystal Yttria Stabilised Zirconia”, Solid State Ion. 100, 1, (1997)
doi:http://dx.doi.org/10.1016/S0167-2738(97)00345-7 (cited on page 66).

[102] K. L. Ngai, J. Santamaria, and C. Leon, “Dynamics of Interacting
Oxygen Ions in Yttria Stabilized Zirconia: Bulk Material and Nanometer
Thin Films”, Eur. Phys. J. B 86, 1 (2013) (cited on page 66).



130 Bibliography

[103] C. Mitra et al., “Electronic Structure of Oxygen Vacancies in SrTiO 3 and
LaAlO 3”, Physical Review B 86, (2012) doi:10.1103/PhysRevB.86.155105
(cited on page 69).

[104] N. Cabrera and N. F. Mott, “Theory of the Oxidation of Metals”,
Reports on Progress in Physics 12, 163, (1949) doi:10.1088/0034-4885/12/
1/308 (cited on page 73).

[105] J. Kruger and H. T. Yolken, “Room Temperature Oxidation of Iron
at Low Pressures”, CORROSION 20, 29t, (1964) doi:10.5006/0010-9312-
20.1.29t (cited on page 73).

[106] M. Adachi et al., in Oxides, Vol. 36A1, edited by Y. Shiozaki, E. Naka-
mura, and T. Mitsui (Springer-Verlag, Berlin/Heidelberg, 2002), pages 1–
7, isbn: 978-3-540-63274-0, doi:10.1007/10426842_33 (cited on page 80).

[107] D. N. Müller, Pirvate Communication, E-mail (cited on page 80).
[108] Y. Wang et al., “Prediction of a Spin-Polarized Two-Dimensional Electron

Gas at the LaAlO 3 / EuO ( 001 ) Interface”, Physical Review B 79, (2009)
doi:10.1103/PhysRevB.79.212408 (cited on page 80).

[109] K. D. Fredrickson and A. A. Demkov, “Spin-Polarized, Orbital-Selected
Hole Gas at the EuO/Pt Interface”, Journal of Applied Physics 119, 095309,
(2016) doi:10.1063/1.4942837 (cited on pages 83, 97, 99, 102, 104).

[110] S. Thiel, “Tunable Quasi-Two-Dimensional Electron Gases in Oxide Het-
erostructures”, Science 313, 1942, (2006) doi:10.1126/science.1131091 (cited
on page 84).

[111] K. Ueno et al., “Electric-Field-Induced Superconductivity in an Insulator”,
Nature Materials 7, 855, (2008) doi:10.1038/nmat2298 (cited on page 84).

[112] H. Nakamura et al., “Tuning of Metal–Insulator Transition of Quasi-Two-
Dimensional Electrons at Parylene/SrTiO 3 Interface by Electric Field”,
Journal of the Physical Society of Japan 78, 083713, (2009) doi:10.1143/
JPSJ.78.083713 (cited on page 84).

[113] N. Reyren et al., “Superconducting Interfaces Between Insulating Oxides”,
Science 317, 1196, (2007) doi:10.1126/science.1146006 (cited on page 84).

[114] A. Brinkman et al., “Magnetic Effects at the Interface between Non-
Magnetic Oxides”, Nature Materials 6, 493, (2007) doi:10.1038/nmat1931
(cited on page 84).

[115] A. D. Caviglia et al., “Electric Field Control of the LaAlO3/SrTiO3
Interface Ground State”, Nature 456, 624, (2008) doi:10.1038/nature07576
(cited on page 84).



131

[116] A. D. Caviglia et al., “Tunable Rashba Spin-Orbit Interaction at Oxide
Interfaces”, Physical Review Letters 104, (2010) doi:10.1103/PhysRevLett.
104.126803 (cited on page 84).

[117] A. Joshua et al., “Gate-Tunable Polarized Phase of Two-Dimensional
Electrons at the LaAlO3/SrTiO3 Interface”, Proceedings of the National
Academy of Sciences 110, 9633, (2013) doi:10.1073/pnas.1221453110 (cited
on page 84).

[118] T. D. Ngo et al., “Polarity-Tunable Magnetic Tunnel Junctions Based
on Ferromagnetism at Oxide Heterointerfaces”, Nature Communications 6,
8035, (2015) doi:10.1038/ncomms9035 (cited on page 84).

[119] E. Lesne et al., “Highly Efficient and Tunable Spin-to-Charge Conversion
through Rashba Coupling at Oxide Interfaces”, Nature Materials 15, 1261,
(2016) doi:10.1038/nmat4726 (cited on page 84).

[120] Q. Song and H. Zhang, “Observation of Inverse Edelstein Effect in Rashba-
Split 2DEG between SrTiO3 and LaAlO3 at Room Temperature”, eprint
arXiv:1609.06207 (2016) (cited on page 84).

[121] D. Stornaiuolo et al., “Tunable Spin Polarization and Superconductivity
in Engineered Oxide Interfaces”, Nature Materials advance on, 1 (2015)
doi:10.1038/nmat4491 (cited on page 84).

[122] V. T. Tra et al., “Ferroelectric Control of the Conduction at the LaAlO3 /
SrTiO3 Heterointerface”, Advanced Materials 25, 3357, (2013) doi:10.1002/
adma.201300757 (cited on page 84).

[123] A. F. Santander-Syro et al., “Two-Dimensional Electron Gas with
Universal Subbands at the Surface of SrTiO3”, Nature 469, 189, (2011)
doi:10.1038/nature09720 (cited on pages 84, 86, 88, 89, 94).

[124] W. Meevasana et al., “Creation and Control of a Two-Dimensional Elec-
tron Liquid at the Bare SrTiO3 Surface”, Nature Materials 10, 114, (2011)
doi:10.1038/nmat2943 (cited on pages 84, 88).

[125] A. F. Santander-Syro et al., “Orbital Symmetry Reconstruction and
Strong Mass Renormalization in the Two-Dimensional Electron Gas at the
Surface of KTaO 3”, Physical Review B 86, (2012) doi:10.1103/PhysRevB.
86.121107 (cited on pages 84, 88).

[126] C. Bareille et al., “Two-Dimensional Electron Gas with Six-Fold Sym-
metry at the (111) Surface of KTaO3”, Scientific Reports 4, (2015) doi:
10.1038/srep03586 (cited on pages 84, 88).

[127] A. F. Santander-Syro et al., “Giant Spin Splitting of the Two-Dimensional
Electron Gas at the Surface of SrTiO3”, Nature Materials 13, 1085, (2014)
doi:10.1038/nmat4107 (cited on page 84).



132 Bibliography

[128] T. C. Rödel et al., “Engineering Two-Dimensional Electron Gases at the
(001) and (101) Surfaces of TiO 2 Anatase Using Light”, Physical Review
B 92, (2015) doi:10.1103/PhysRevB.92.041106 (cited on pages 84, 88).

[129] E. Frantzeskakis et al., “2D Surprises at the Surface of 3D Materials:
Confined Electron Systems in Transition Metal Oxides”, Journal of Electron
Spectroscopy and Related Phenomena 219, 16, (2017) doi:10.1016/j.elspec.
2016.10.001 (cited on page 84).

[130] T. Taniuchi et al., “Imaging of Room-Temperature Ferromagnetic Nano-
Domains at the Surface of a Non-Magnetic Oxide”, Nature Communications
7, 11781, (2016) doi:10.1038/ncomms11781 (cited on page 84).

[131] T. C. Rödel et al., “Universal Fabrication of 2D Electron Systems in
Functional Oxides”, Advanced Materials 28, 1976, (2016) doi:10.1002/adma.
201505021 (cited on pages 85, 86, 88–90, 94).

[132] C. T. Campbell, “Metal Films and Particles on Oxide Surfaces: Structural,
Electronic and Chemisorptive Properties”, Journal of the Chemical Society,
Faraday Transactions 92, 1435, (1996) doi:10.1039/ft9969201435 (cited on
page 85).

[133] T. Gerber et al., “Thermodynamic Stability and Control of Oxygen Reac-
tivity at Functional Oxide Interfaces: EuO on ITO”, J. Mater. Chem. C 4,
1813, (2016) doi:10.1039/C6TC00170J (cited on pages 85, 87).

[134] R. Sutarto, “EuO and Gd – Doped EuO Thin Films : Epitaxial Growth
and Properties” (2009) (cited on page 85).

[135] D. F. Förster et al., “Epitaxial Europium Oxide on Ni(100) with Single-
Crystal Quality”, Physical Review B 83, (2011) doi:10.1103/PhysRevB.83.
045424 (cited on page 85).

[136] C. Caspers et al., “Electronic Structure of EuO Spin Filter Tunnel Contacts
Directly on Silicon”, Physica Status Solidi - Rapid Research Letters 5, 441
(2011) doi:10.1002/pssr.201105403 (cited on pages 85, 87).

[137] C. Caspers et al., “Interface Engineering to Create a Strong Spin Filter
Contact to Silicon”, Scientific Reports 6, (2016) doi:10.1038/srep22912
(cited on page 85).

[138] G. M. Prinz et al., “Quantum Confinement in EuO Heterostructures”,
Applied Physics Letters 109, 202401, (2016) doi:10.1063/1.4966223 (cited
on page 85).

[139] T. C. Rödel, “Two-Dimensional Electron Systems in Functional Oxides
Studied by Photoemission Spectroscopy” (Université Paris-Saclay, Saint-
Aubin, Sept. 8, 2016) (cited on pages 88, 94).



133

[140] C. Chen et al., “Observation of a Two-Dimensional Liquid of Fröhlich
Polarons at the Bare SrTiO3 Surface”, Nature Communications 6, 8585,
(2015) doi:10.1038/ncomms9585 (cited on page 88).

[141] Z. Wang et al., “Tailoring the Nature and Strength of Electron–phonon
Interactions in the SrTiO3(001) 2D Electron Liquid”, Nature Materials,
(2016) doi:10.1038/nmat4623 (cited on page 89).

[142] S. Cao et al., “Magnetoelectric Coupling at the EuO/BaTiO3 Interface”,
Applied Physics Letters 102, 172402 (2013) doi:10.1063/1.4803492 (cited
on page 90).

[143] R. L. Kurtz and V. E. Henrich, “UHV-Cleaved Single Crystal Ti2O3
(101-2) by UPS and XPS”, Surface Science Spectra 5, 182, (1998) doi :
10.1116/1.1247849 (cited on page 93).

[144] R. Schiller, “Correlation Effects and Temperature Dependencies in Thin
Ferromagnetic Films: Magnetism and Electronic Structure” (2000), 110 pages
(cited on page 95).

[145] J. Son, J. Cagnon, and S. Stemmer, “Strain Relaxation in Epitaxial Pt
Films on (001) SrTiO3”, Journal of Applied Physics 106, 043525, (2009)
doi:10.1063/1.3207795 (cited on page 98).

[146] M. E. Schrader, “Young-Dupre Revisited”, Langmuir 11, 3585, (1995)
doi:10.1021/la00009a049 (cited on page 99).

[147] M. B. Yazdi et al., “Possible Evidence for a Spin-State Crossover in
the Verwey State in Fe 3 O 4 Thin Films”, Physical Review B 93, (2016)
doi:10.1103/PhysRevB.93.014439 (cited on page 104).

[148] S. D. Pappas et al., “Direct Evidence for Significant Spin-Polarization of
EuS in Co/EuS Multilayers at Room Temperature.”, Scientific reports 3,
1333 (2013) doi:10.1038/srep01333 (cited on pages 105, 106).

[149] T. Konno et al., “Structure and Magnetic Properties of Fe/EuO Granular
Films”, Materials Science and Engineering: A 217-218, 331, (1996) doi:
10.1016/S0921-5093(96)10328-2 (cited on page 106).

[150] C. T. Chen et al., “Experimental Confirmation of the X-Ray Magnetic
Circular Dichroism Sum Rules for Iron and Cobalt”, Physical Review Letters
75, 152, (1995) doi:10.1103/PhysRevLett.75.152 (cited on pages 106, 107).

[151] C. Wäckerlin et al., “Strong Antiferromagnetic Exchange between Man-
ganese Phthalocyanine and Ferromagnetic Europium Oxide”, Chem. Com-
mun. 51, 12958, (2015) doi:10.1039/C5CC01823D (cited on pages 106, 107,
112).



134 Bibliography

[152] B. T. Thole et al., “X-Ray Circular Dichroism as a Probe of Orbital
Magnetization”, Physical Review Letters 68, 1943, (1992) doi:10.1103/
PhysRevLett.68.1943 (cited on page 106).

[153] P. Carra et al., “X-Ray Circular Dichroism and Local Magnetic Fields”,
Physical Review Letters 70, 694, (1993) doi:10.1103/PhysRevLett.70.694
(cited on page 106).

[154] F. Bloch, “Zur Theorie Des Ferromagnetismus”, Zeitschrift für Physik 61,
206, (1930) doi:10.1007/BF01339661 (cited on page 112).

[155] C. Chien and D. H. Reich, “Proximity Effects in Superconducting/Magnetic
Multilayers”, Journal of Magnetism and Magnetic Materials 200, 83, (1999)
doi:10.1016/S0304-8853(99)00318-2 (cited on page 114).

[156] O. Rader et al., “Fe-Induced Magnetization of Pd: The Role of Modified
Pd Surface States”, Physical Review Letters 72, 2247, (1994) doi:10.1103/
PhysRevLett.72.2247 (cited on page 114).

[157] J. van Lierop et al., “Proximity Effects in an Exchange-Biased Ni 80 Fe
20 / Co 3 O 4 Thin Film”, Physical Review B 75, (2007) doi:10.1103/
PhysRevB.75.134409 (cited on page 114).

[158] F. Maccherozzi et al., “Evidence for a Magnetic Proximity Effect up
to Room Temperature at Fe / ( Ga , Mn ) As Interfaces”, Physical Re-
view Letters 101, (2008) doi:10.1103/PhysRevLett.101.267201 (cited on
page 114).

[159] E. Johnston-Halperin et al., “Spin-Polarized Zener Tunneling in (Ga,Mn)As”,
Physical Review B 65, (2002) doi:10.1103/PhysRevB.65.041306 (cited on
page 114).

[160] A. Liechtenstein et al., “Local Spin Density Functional Approach to
the Theory of Exchange Interactions in Ferromagnetic Metals and Alloys”,
Journal of Magnetism and Magnetic Materials 67, 65, (1987) doi:10.1016/
0304-8853(87)90721-9 (cited on page 114).

[161] K. F. Garrity and D. Vanderbilt, “Chern Insulator at a Magnetic
Rocksalt Interface”, Physical Review B 90, (2014) doi:10.1103/PhysRevB.
90.121103 (cited on page 116).

[162] Winkler, Spin-Orbit Coupling Effects in Two-Dimensional Electron and
Hole Systems, Springer Tracts in Modern Physics (Springer-Verlag, Berlin
Heidelberg, 2003) (cited on page 117).

[163] M. Renninger, “"Umweganregung", Eine Bisher Unbeachtete Wechsel-
wirkungserscheinung Bei Raumgitterinterferenzen”, Zeitschrift für Physik
106, 141 (1937) doi:10.1007/BF01340315 (cited on page 119).



Own Publications

[1] T. Gerber et al., “Thermodynamic Stability and Control of Oxygen Reac-
tivity at Functional Oxide Interfaces: EuO on ITO”, J. Mater. Chem. C 4,
1813, (2016) doi:10.1039/C6TC00170J.

[2] P. Lömker et al., “Two-Dimensional Electron System at the Magneti-
cally Tunable EuO/SrTiO3 Interface”, Physical Review Materials, Rapid
Communications 1, 062001(R) (2017).



Conference Contributions

[1] P. Lömker, “Redox Controlled Magnetic Oxide Hybrids: EuO on Sr-
TiO3(001)”, 7th International Conference on Hard X-Ray Photoelectron
Spectroscopy, Nov. 9, 2017.

[2] P. Lömker, “Tunable Redox-Created 2DES at the EuO/SrTiO3 Interface”,
DPG Frühjahrestagung, Mar. 24, 2017.

[3] P. Lömker, “Utilizing Substrate Properties for Oxygen “Free” Growth of
EuO on SrTiO3”, 8th Joint BER II and BESSY II User Meeting, Aug. 12,
2016.

[4] P. Lömker, “Introducing Magnetic Functionality into Oxide Heterostruc-
tures by Thermodynamic Stabilization: EuO/SrTiO3”, DPG Frühjahresta-
gung, Oct. 3, 2016.

[5] P. Lömker, “Electronic Structure and Ferromagnetic Properties of Al EuO
SrTiO3 Heterostructures”, 580. WEH Seminar - Oxide Spintronics, July 1,
2015.



Patrick Lömker
Curriculum Vitae

Personal data
Date of birth 19th January 1990
Place of birth Leverkusen

Nationality German

Experience
since 11/2014 Forschungszentrum Jülich GmbH, Jülich

PhD student at the Peter-Grünberg-Institut (PGI-6)
10/2013 - 09/2014 Forschungszentrum Jülich GmbH, Jülich

Master student at the Peter-Grünberg-Institut (PGI-6)
01/2013 - 09/2013 Head Acoustics GmbH, Herzogenrath

Student assistant in the acoustics research department
10/2011 - 03/2012 RWTH Aachen University, Aachen

Student assistant at the Institute for Solid State Physics
10/2007 - 10/2008 University of Cologne, Cologne

High school student at the university
08/2006 - 06/2007 Saint John’s Jesuit High School, Toledo, OH, USA

Exchange student programme

Education
since 11/2014 Technical University Dortmund, Dortmund, PhD student in

Physics
10/2012 - 09/2014 RWTH Aachen University, Aachen, Physics , Qualification: Mas-

ter of Science in Physics
10/2009 - 09/2012 RWTH Aachen University, Aachen, Physics

Qualification: Bachelor of Science in Physics
06/2000 - 06/2009 Otto-Hahn Gymnasium, Monheim am Rhein

Qualification: Abitur
06/1996 - 06/2000 Geschwister-Scholl-Grundschule, Monheim am Rhein

Voluntary Social Service
10/2014 - present Die Johanniter, Aachen

Leader of the disaster relief team
03/2010 - present Die Johanniter, Aachen

Volunteer in a disaster relief team
11/2009 - 11/2013 RWTH Aachen University, Aachen

Active participant in the student body for Physics at RWTH Aachen
University, organization of first year’s events.





Acknowledgment

This work has been greatly benefited from many people which I would like to
acknowledge:

• Martina Müller, for enabling research of this interesting topic in the scope of
her engaging Young Investigators Group, initiating and continuing coopera-
tions with numerous international scientists and research facilities. Thankyou
also for your ongoing support.

• Carsten Westphal, for the interest in the topic and for agreeing to take up
the second referee

• Wolfgang Rhode, for chairing the promotion examination

• Catalin Gainaru, for agreeing to take up the role of the scientific member of
the examinators

• Katrin Neureiter, who contributed to this work with her master thesis

• Correction readers: Tim Flatten, Tristan Heider, Ronja Hinz, Mai Hussein
and Marek Wilhelm

I thank Claus Michael Schneider for providing a very good working enviroment
in his institute PGI-6@FZ Jülich. The colleagues from PGI-6@FZ Jülich have
provided my work with a great atmosphere. In particular I want to thank Umut
Parlak for his help preparing Pt/SrTiO3 substrates.The technical support from
Thomas Jansen, Heinz Peiffer and Norbert Schnitzler was invaluable - thank you!



140 Acknowledgment

I want to thank especially Timm Gerber, who was an excellent colleague and
discussion partner. Further more I thank the present and former colleagues in the
Young Investigators Group.

The discussions on thermodynamic potentials with Claire Besson and David
Müller were very insightful and lead to the idea of oxygen-free growth of EuO on
SrTiO3 - thank you very much for your support!

The collaboration with Andres Santander-Syro, Tobias Chris Rödel, Emmanuel
Frantzeskakis and Ji Dai has lead to great results for the ARPES studies of 2DEGs
between SrTiO3 and BaTiO3.
The support of synchrotron measurements was excellent and I want to thank

the beamline staff at the beamlines:

• KMC-1 (BESSY, HZB, Berlin): Mihaela Gorgoi

• P09 (PETRA III, DESY, Hamburg): Anrei Gloskovskii, Christoph Schlueter
and Wolfgang Drube, and

• I10 (Diamond Light Source, Didcot): Peter Bencok and Paul Steadman.

I thank Jürgen Schubert for his support with discussions on X-ray diffraction
and preparation of PLD grown thin films of indium tin oxide and BaTiO3.
I thank Thomas Brückel for being able to use the magnetometers at JCNS-

2/PGI-4 and Oleg Petracic for discussions on magnetism.
Last but not least, I want to dearly thank my family and friends, for all their

support and that I have the high honor of having them.



Schriften des Forschungszentrums Jülich 
Reihe Schlüsseltechnologien / Key Technologies 

Band / Volume 160 
Corynebacterium glutamicum – a novel platform for the production 
of plant polyphenols 
N. Kallscheuer (2018), X, 98 pp
ISBN: 978-3-95806-291-7

Band / Volume 161 
Neurons on 3D polymer nanostructures 
A. Belu (2018), vii, 135 pp
ISBN: 978-3-95806-296-2

Band / Volume 162 
Tailoring and Characterisation of Bioelectronic Interfaces 
A. Markov (2018), 75 pp
ISBN: 978-3-95806-298-6

Band / Volume 163 
Epitaxy of group IV Si-Ge-Sn alloys for advanced 
heterostructure light emitters 
N. von den Driesch (2018), viii, 149 pp
ISBN: 978-3-95806-300-6

Band / Volume 164 
Impact and Regulatory Control of the CGP3 Prophage in 
Corynebacterium glutamicum 
E. Pfeifer (2018), IV, 206 pp
ISBN: 978-3-95806-301-3

Band / Volume 165 
Establishment of Bacterial Microcompartments in the  
Industrial Production Strain Corynebacterium glutamicum 
I. Huber (2018), X, 114, XI-XXXIV pp
ISBN: 978-3-95806-302-0

Band / Volume 166 
Current-Induced Magnetization Dynamics in Ferromagnetic Nanowires 
M. I. Khan (2018), vi, 138 pp
ISBN: 978-3-95806-308-2

Band / Volume 167 
Management of Electrophysiological Data & Metadata  
Making complex experiments accessible to yourself and others 
L. Zehl (2018), 182 pp
ISBN: 978-3-95806-311-2



Schriften des Forschungszentrums Jülich 
Reihe Schlüsseltechnologien / Key Technologies 

 
Band / Volume 168 
Investigation of GeSn as Novel Group IV  
Semiconductor for Electronic Applications 
C. Schulte-Braucks, Christian (2018), xx, 165, XII pp 
ISBN: 978-3-95806-312-9 
 
Band / Volume 169 
Tailoring the Electronic Properties of Epitaxial Oxide Films  
via Strain for SAW and Neuromorphic Applications 
Y. Dai (2018), VI, 133 pp 
ISBN: 978-3-95806-319-8 
 
Band / Volume 170 
The electronic structure of transition metal dichalcogenides investigated 
by angle-resolved photoemission spectroscopy 
M. Gehlmann (2018), ii, 108, XVIII pp 
ISBN: 978-3-95806-324-2 
 
Band / Volume 171 
Control of neuron adhesion by metal nanoparticles 
A. Q. Tran (2018), viii, 108 pp 
ISBN: 978-3-95806-332-7 
 
Band / Volume 172 
Neutron Scattering   
Lectures of the JCNS Laboratory Course held at Forschungszentrum Jülich  
and at the Heinz-Maier-Leibnitz Zentrum Garching 
edited by T. Brückel, S. Förster, G. Roth, and R. Zorn (Eds.) (2018), 
ca 300 pp 
ISBN: 978-3-95806-334-1 
 
Band / Volume 173 
Spin scattering of topologically protected electrons at defects 
P. Rüßmann (2018), vii, 230 pp 
ISBN: 978-3-95806-336-5 
 
Band / Volume 174 
Interfacing EuO in confined oxide and metal heterostructures 
P. Lömker (2018), vi, 140 pp 
ISBN: 978-3-95806-337-2 
 

Weitere Schriften des Verlags im Forschungszentrum Jülich unter 
http://wwwzb1.fz-juelich.de/verlagextern1/index.asp 






	Introduction
	Background 
	The ferromagnetic insulator EuO 
	Properties and synthesis of EuO thin films
	Magnetism of EuO
	Spin filtering 

	Aspects from physical chemistry 
	Ellingham diagram 
	Surface dynamics of SrTiO3

	Photoelectron and X-ray absorption spectroscopy 
	X-ray absorption spectroscopy
	Three step model of photoemission 
	Spectral features
	Implications of hard X-ray photoelectron spectroscopy 
	X-ray magnetic circular dichroism 
	Thickness determination by AR-XPS



	Experiment
	Preparation of SrTiO3substrates
	Oxide MBE for the preparation of ferromagnetic oxides 
	Patterning EuO based transport structures 
	In situ characterization techniques 
	X-ray photoelectron spectroscopy (XPS)
	Reflection high energy electron diffraction (RHEED)
	Low energy electron diffraction (LEED)

	Ex situ characterization techniques
	Atomic force microscopy (AFM)
	Volumetric magnetometry
	X-ray diffraction and reflection (XRD,XRR)

	Synchrotron-based photoelectron spectroscopy 
	Hard X-ray photoelectron spectroscopy 
	UV and soft X-ray angle-resolved photoelectron spectroscopy 
	Soft X-ray absorption spectroscopy and magnetic dichroism


	Results
	Oxygen-free growth of thin EuO films 
	From europium to europium-oxide
	Stoichiometric growth of EuO on yttria-stabilized zirconia 
	XPS-based stoichiometry determination of Eu compounds
	Determination of the Eu-metal content
	Limitations of the distillation condition: EuO/ITO 
	Oxygen free growth of EuO/SrTiO3
	Application of oxygen free growth of EuO on other oxides

	Two-dimensional electron gas
	Magnetically tunable EuO/SrTiO32DEG
	Towards multiferroic two-dimensional electron gases: EuO/BaTiO3
	First indication of a two-dimensional hole gas at the Pt/EuO interface

	Room temperature magnetism of EuO 
	Co/EuO interfacial magnetism
	Sum rules and exchange interaction length
	XAS-MCD results

	Room temperature magnetism in ultra-thin Co/EuO interfaces
	Origin of the antiferromagnetic Co/EuO exchange interaction?

	Conclusion and Outlook
	Appendix
	Umweganregungen

	Bibliography
	Acknowledgment

	174 Titelei.pdf
	Leere Seite

	Leere Seite



